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RESUMO

ESTUDO NUMERICO DE OTIMIZACAO E DESEMPENHO DE TURBINAS
EOLICAS OFFSHORE SUPORTADAS POR MONOPILE COM TLCD

Autor: Mauricio Vitali Mendes

Orientador: Lineu José Pedroso

Coorientador: Marcus Vinicius Girao de Morais

Programa de Pos-graduaciio em Estruturas e Construcio Civil
Brasilia, setembro 2024

Tecnologias de controle de vibragdo como o Tuned Liquid Column Damper
(TLCD) podem auxiliar ou garantir o avanco do projeto, da fabricacdo e da construgao
de grandes turbinas eolicas offshore (OWTs). Esses dispositivos de controle aumentam
a seguranca e a durabilidade da OWT ao atenuar vibragdes estruturais que surgem de
cargas aleatdrias de vento e ondas que podem comprometer a operacao e a integridade
da turbina edlica.

Para garantir um ganho maximo no desempenho estrutural da OWT com o uso do
TLCD, um processo de otimizag¢do ¢ empregado para buscar os pardmetros 6timos do
TLCD que minimizem a resposta da OWT. O uso do TLCD 6timo apresentou uma
reducdo nos deslocamentos longitudinais da OWT maior que 35% e atingiu uma
reducdo maxima de 60%. O controle de vibragdo da OWT pelo TLCD 6timo provou ser
eficiente e robusto sob diferentes fontes de incerteza, como parametros basicos de vento
e onda e parametros estruturais. A resposta da OWT teve uma redug@o média de 45%.

Além do ganho de desempenho estrutural, o uso do TLCD em OWTs oferece a
possibilidade de economia adicional em material e fabricagdo de estruturas de suporte
da OWT (torre e fundagdo). O projeto 6timo simultdneo de OWT e TLCD ¢ proposto e
avaliado na tese. O procedimento adotado demonstra a viabilidade do uso de TLCD no
projeto de OWTs com reducdo de custos de producdo, mantendo o desempenho
estrutural. Em conjunto com TLCD, a otimizag¢ao do projeto de OWT reduz o volume
da estrutura em até 17% e os custos de producdo e fabricacdo em 20%. O processo de
otimiza¢do ¢ computado pelo método do Algoritmo Genético (GA) e a andlise do
desempenho estrutural ¢ avaliada por uma abordagem simplificada do procedimento de
Perfomance-Based Wind Engineering (PBWE).

Além disso, os dispositivos semiativos demonstram desempenho robusto no
controle de vibragdes causadas por cargas aleatdrias, instilando confianca em sua
confiabilidade. A tese investiga os TLCDs com amortecimento on-off regulado por um

controlador geral. Uma valvula elétrica é empregada para controlar e alternar a razdo de
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bloqueio da valvula do TLCD, modulando assim o amortecimento do dispositivo. Entre
as leis de controle semiativo convencionais, o controle Groundhook ¢ adotado. A
eficacia do TLCD semiativo € avaliada em OWTs de 5-MW, 10-MW e 15-MW. O
desempenho das OWTs ¢ analisado sob varios cenarios de velocidade do vento e
parametros de onda correspondentes. Os resultados indicam que os TLCDs semiativos
reduzem significativamente os deslocamentos dos OWTs operacionais e estacionados.
Assim, a tese destaca a grande adaptabilidade e eficiéncia do TLCD em melhorar
o desempenho estrutural dos OWTs sob cargas de vento e onda. Além disso, o trabalho
contribui para a compreensao ¢ o conhecimento relacionados as complexidades que

envolvem a analise do controle de vibragao de turbinas eolicas offshore

Palavras-chave: Controle de vibragoes; Amortecedor de coluna liquida sintonizado; Turbinas
eolicas offshore; Vibragdo aleatoria; Design otimo, Perfomance-Based Wind Engineering.
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ABSTRACT

NUMERICAL STUDY OF OPTIMIZATION AND PERFORMANCE OF
MONOPILE-SUPPORTED OFFSHORE WIND TURBINES WITH TLCD

Author: Mauricio Vitali Mendes

Advisor: Lineu José Pedroso

Co-advisor: Marcus Vinicius Girao de Morais

Programa de Pos-graduaciio em Estruturas e Construcio Civil
Brasilia, September 2024

Vibration control technologies like the Tuned Liquid Column Damper (TLCD)
can aid or ensure the advance of large Offshore Wind Turbines (OWTs) design,
manufacturing, and building. These control devices enhance the OWT safety and
durability by mitigating structural vibrations that arise from random wind and wave
loads that could compromise the wind turbine operation and integrity.

To ensure a maximum gain to the OWT structural performance with the TLCD
use, an optimization process is employed to search for the TLCD optimal parameters
that minimize the OWT response. The optimal TLCD use presented a decrease in the
OWT longitudinal displacements, which was bigger than 35% and reached a 60%
maximum decrease. The OWT vibration control by the optimal TLCD proved to be
efficient and robust under different sources of uncertainty, such as basic wind and wave
parameters and structural parameters. The OWT response had on average a 45%
decrease.

In addition to the structural performance gain, the TLCD use in OWTs also offers
the additional savings possibility in OWT support structures (tower and foundation)
material and manufacturing. The OWT and TLCD simultaneous optimum design is
proposed and evaluated in the thesis. The adopted procedure demonstrates the TLCD
use feasibility in the OWTs design with production costs reduction while maintaining
structural performance. In conjunction with TLCD, OWT design optimization reduces
structure volume up to 17% and 20% costs in production and manufacturing. The
optimization processes apply the Genetic Algorithm (GA) method, and the structural
performance analysis is evaluated by simplified approach from the Performance-Based
Wind Engineering (PBWE) procedure.

Also, semi-active devices demonstrate robust performance in controlling
vibrations caused by random loads, instilling confidence in their reliability. The thesis
investigates the TLCDs with on-off damping regulated by a general controller. An

electro valve is employed to control and switch the TLCD valve blocking rate, thereby
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modulating the device damping. Among conventional semi-active control laws,
groundhook control is adopted. The semi-active TLCD effectiveness is evaluated on a
5-MW, a 10-MW, and a 15-MW OWT. The OWTs performance is analyzed under
various wind speed scenarios and corresponding wave parameters. Results indicate that
semi-active TLCDs significantly reduce operational and parked OWTs displacements.
Thus, the thesis highlights the great TLCD adaptability and efficiency in
enhancing the OWTs structural performance under wind and wave loads. Also, the work
contributes to comprehension and knowledge related to the complexities that involve

offshore wind turbine vibration control analysis.

Keywords: Vibration control; Tuned Liquid Column Damper, Offshore Wind Turbines; Random
vibration; Optimal Design,; Performance-Based Wind Engineering
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1. INTRODUCTION

1.1 GENERALITIES

Sustainable and renewable energy sources, such as wind energy, have been
gaining traction and investment on global and national levels. Onshore wind energy in
Brazil has an installed capacity of 25 GW, representing about 13% of the Brazilian
electrical grid. According to the Brazilian Wind Energy Association (ABEEolica) the
country holds the sixth position worldwide in installed capacity and is currently the
third-largest investor in this sector.

In January 2022, a Brazilian decree was published, marking the beginning of a
new phase for wind energy in the country: offshore wind energy generation. The decree
regulates areas allocation and natural resources use in the coastal waters under the
Federal domain for electricity generation.

Brazil has an extensive continental shelf with 7,367 km of coastline and 3.5
million km? of maritime space under its jurisdiction. As the Energy Research Company
(EPE) pointed out, this space presents potential for offshore wind energy generation of
almost 700 GW in waters with depths of up to 50 meters and 1000 GW in areas up to
100 meters deep. Aiming to resort part of this potential, 36 offshore wind farm projects
(with a total 80 GW potential) are already in the bidding process, according to Instituto
Brasileiro do Meio Ambiente ¢ dos Recursos Naturais Renovaveis (IBAMA). The
Brazilian federal states involved are Piaui, Ceara, Rio Grande do Norte, Espirito Santo,
Rio de Janeiro, and Rio Grande do Sul.

Alongside the available natural capacity, certain conditions surrounding offshore
wind turbines offer significant advantages over onshore technology. Wind in the marine
environment has higher average speeds and exhibits less turbulence (fluctuations in the
average speed) due to the sea surface low roughness. Thus, benefiting from greater
power and wind stability, Offshore Wind Farm projects in different regions have shown
higher capacity than onshore projects.

Offshore wind technology has been identified as one of the leading solutions for
producing green hydrogen, which employes electricity from renewable sources,
replacing the current blue hydrogen produced with natural gas. In Brazil, green
hydrogen production plants are built in ports. Naturally, offshore complexes emerge as

an option for integrating the green hydrogen production system with wind farms.



Another factor pointing to the national potential for offshore wind energy
generation is the natural possibility of integrating this sector with the oil and gas
industry. Consequently, there is a scope economy resulting from the joint operation of
the sector's existing infrastructure and all the technical and scientific knowledge
acquired through the development of E&P projects (oil exploration and production).
Offshore wind turbine technology resembles alternatives in the oil and gas sector.
Offshore wind farms projects can accelerate their development while reducing
technology costs.

Investment in research, innovation, and technology is crucial for the offshore
industry growth, as high costs related are still a major obstacle to starting the offshore
projects expansion. Over the years, the industry has been developing and designing
larger turbines (Figure 1.1) aiming for higher productivity at a lower cost. Offshore
wind turbines such as the IEA WIND 15-MW Offshore Reference Wind Turbine, as
presented in the National Renewable Energy Laboratory (NREL) recent technical report
(Gaertner et al., 2020), have a 240 meters rotor diameter and support structures (tower

and foundation) sizing over 200 meters length.
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Figure 1.1. Evolution of Wind Turbine dimensions (Source: Burton et al., 2021).

The offshore wind turbines structural design, due to the offshore technology
evolution, results in highly slender structures. Thus, these structures are known to be
susceptible to vibration problems that can affect their efficiency, integrity, and lifespan.
To preserve these turbines, which represent a significant investment, and extend their
lifespan, this research investigates and analyzes the use of the Tuned Liquid Column

Damper (TLCD).



Originating from naval engineering studies, this device has been adapted for
numerous civil structures including buildings, bridges, towers, and, more recently, for
wind turbines. Offering efficient random vibrations control from wind and sea forces, it
presents low installation and maintenance costs compared to alternative damping

devices, making it a standout choice for offshore wind turbine applications.

1.2 PROBLEMATIC

The offshore wind industry is moving towards larger wind turbines to generate
more power per unit, rather than relying on numerous smaller units. This trend results in
offshore wind turbines with larger, longer, and, consequently, more flexible towers and
blades (Jahani et al., 2022).

These complex and dynamically active machines feature heavy rotating masses
positioned atop slender and flexible structures, rendering them dynamically sensitive
(Bhattacharya, 2019). Excessive vibrations in OWT various parts, including the
foundation, tower, blades, hub, and drivetrain, may occur due to simultaneous loading

from environmental forces (Figure 1.2).

Figure 1.2. Offshore wind turbines and some natural actions in the offshore environment
(Source: Ciampoli & Petrini, 2010).

Wind and wave load in the environment exhibit a random and irregular nature,

characterized by fluctuations in intensity, frequency, and direction over time. These



characteristics pose challenges in defining the design solution and gathering data and
information obtained through field observations.

Environmental loads (wind and waves) and mechanical loads (resulting from rotor
vibration and blade passing, namely 1P and 3P, respectively) have frequencies that

closely match the OWTs first frequencies (Figure 1.3)
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Figure 1.3.. OWT designs related to frequencies limited by environmental and mechanical loads
(Source: Bhattacharya, 2019).

Under this aspect, three main regions are considered for offshore wind turbine
design. The "soft-soft" region is associated with highly flexible structures and is hardly
applicable for fixed-bottom foundations. Designing in the "stiff-stiff" region entails
undesirable costs related to robust and massive structures. The "soft-stiff" region
represents the current trend in OWT design concerning structural and sustainable
performance.

Still, if the loading frequency approaches the structure natural frequency the
displacements experienced will be dynamic amplified and excessive vibrations may
compromise the OWT structural safety and integrity and could reduce its foreseen life
span.

Random vibration suppression in offshore wind turbine components through
passive, semi-active, or active control methods is a subject of great interest for many
researchers, as highlighted by Machado & Dutkiewicz (2024). However, optimizing the
control devices design and evaluating the wind turbines performance with and without
damping devices in the offshore environment is a complex task. There are many sources

of uncertainty related to the problem.



1.3 OBJECTIVES

The present study aims to contribute to numerical modeling, the optimum design,
and the performance assessment of monopile-supported offshore wind turbines with
vibration control under random wind and wave loads. Specific objectives are defined to
achieve the thesis overall goal, such as:

(a) Evaluate the optimized Tuned Liquid Column Damper parameters to
elucidate its behavior and to aid the control device preliminary design for
monopile-supported OWTs.

(b) Assess OWTs performance with the optimal TLCD presence to observe its
efficiency considering different wind and wave loads intensities.

(c) OWT structure and TLCD simultaneous design to reduce the tower and
foundation mass and ensure the maintenance of the wind turbine structural
performance.

(d) Address to the tuned liquid column damper an on-off damping regulated by a
general controller to evaluate possible gains in the OWT vibration control with

the use of the semi-active control approach and strategy.

1.4 METHODOLOGY

Slender structures, like monopile-supported offshore wind turbines, are
susceptible to dynamic amplification issues due to the closely matched frequencies from
the continuous dynamic loading from wind and waves in the offshore environment.
Control devices installed in OWTs absorb and dissipate part of the energy contained in
the oscillating structure (Lantz et al., 2019). Thus, as they reduce the structural vibration
level the device control can enhance the wind turbine performance. Additionally,
integrating the Tuned Liquid Column Damper (TLCD) into the OWT support structure
design offers potential cost savings while maintaining the structural reliability regarding
the natural hazards. This thesis investigates different TLCD applications in monopile-
supported offshore wind turbines and evaluates its impact on the structure performance.
This section outlines the methods and approaches presented and employed through the
work to evaluate the research objectives mentioned.

To thoroughly explore the Tuned Liquid Column Dampers (TLCDs) potential
applications in Offshore Wind Turbines (OWTs), reference models of OWTs are
considered. These models include the NREL 5-MW Reference WT (Jonkman et al.,
2009; Jonkman & Musial, 2010), the 10-MW OWT presented in by Bortolotti et al.,
2019), and the IEA WIND 15-MW OWT (Gaertner et al., 2020). By employing these



reference models, the aim is to describe the influence and behavior of the parameters
involved and elucidate their effects on the response of the support structure. The
numerical model of the support structure for these offshore wind turbines were built
using beam finite elements.

In the offshore environment, wind and wave conditions are characterized by
randomness and irregularity. In this scenario, wind and wave actions on the structure are
represented considering their respective power spectra. First, the OWT with TLCD
structural response to random loads is evaluated by stochastic analysis in the frequency
domain. Later, the wind and wave load are computed in the time domain trough their
related PSD and a time history analysis for the OWT with TLCD is used to evaluate the
semi-active vibration control.

To maximize the passive Tuned Liquid Column Dampers potential employed for
controlling the OWTs random vibrations, a metaheuristic method such as the Genetic
Algorithms (GA) is used for the optimization process, as described by Colherinhas et al.
(2021) and Mendes et al. (2023). Initially, for comparison purposes and algorithm
validation the damper optimization is obtained via response mapping. Subsequently, GA
is explored to analyze variations in the TLCD optimal parameters. Based on this
analysis, the OWT response decrease achieved by the optimal TLCD use is evaluated. A
probabilistic performance analysis is computed to account the uncertainties related to
the offshore environment and to predict and demonstrate the OWT performance with
TLCD for different wind and wave intensities.

A rational and robust approach to evaluate the OWTs performance with a TLCD is
computed through a probabilistic analysis by the Performance-Based Wind Engineering
(PBWE) procedure (Augusti & Ciampoli, 2008; Petrini, 2009; Ciampoli et al., 2011).
The OWTs structural performance with TLCD is defined by simplified probabilistic
terms given the occurrence of uncertain parameters involved and considered in the
analysis. Basic parameters definition in the offshore environment is typically limited
and characterized by a high level of uncertainty. Similarly, some OWTs structural
parameters are also uncertainties objects. These parameters characterization is achieved
through probability distribution functions and the probabilistic analysis is computed
through a Monte Carlo simulation.

After an initial case study evaluating the Genetic Algorithms (GA) routine
employed in the thesis analysis and examining the behavior of optimal parameters of
passive TLCDs and their influence on the structural response of the Offshore Wind

Turbine (OWT), two additional applications of the damper in wind turbines are



explored. Firstly, simultaneous optimization of the wind turbine support structure with
TLCD is proposed. Secondly, the response of the OWT with semi-active TLCD is
evaluated by alternately controlling its damping using an electro valve.

The OWT and TLCD simultaneous optimization objective is to reduce the support
structure volume, thereby leading to cost reduction, while maintaining similar
performance compared to the reference and original OWT design. This structure volume
decrease is achieved by modifying the tower and monopile diameter and thickness. The
optimization process of the support structure design of the OWT with TLCD is
computed using the GA routine. For the structure, local buckling at the tower base is
assessed according to DNVGL (2017). Additionally, the displacement at the optimized
tower top should not exceed that of the original tower and the tower top dimension is
linked to the TLCD dimension. As a practical consideration, the TLCD is positioned
within the tower top and the liquid column displacement is limited.

Finally, the semi-active TLCD is explored and the response decrease in different
OWTs are evaluated under random wind and wave loads. The OWTs are considered in
two conditions: operation or parked (for wind speeds exceeding the cut-out speed).
Structural analysis is conducted in the time domain and calculated using the Newmark
Method. For dynamic analysis in the time domain, methods presented in Borri & Pasto
(2006), Augusti & Ciampoli, (2008), and Burton et al. (2021) are employed to account
for the random action of wind over time, and Chakrabarti (2005) is used for the random
action of waves over time. Through a parametric study, the combination of maximum
and minimum damping of the semi-active TLCD is determined. The semi-active control
method adopted is based on groundhook control. The response of the OWTs is observed
at different mean wind speeds and, consequently, different wave heights and
frequencies. The results obtained are compared with those computed for the passive
TLCD.

The numerical studies conducted and presented in this thesis are computed using
self-made codes or adapted from literature. Computational analysis of these routines are

performed on the MATLABO platform.

1.5 MOTIVATION AND CONTRIBUTION

Renewable and clean energies use, such as wind power, to produce electricity
stands as a promising source for mitigating global warming and enhancing public health

through the pollutant emissions decrease. Renewable energy sources offer increased



reliability and stability for electrical grids. Moreover, the resources available for energy
production renders scarcity as a non-critical factor.

Offshore wind energy still faces challenges to become globally competitive
compared to other renewable energy options. Offshore Wind Farms entail high
production, operation, and maintenance costs. The control devices employed, such as
TLCDs, aim to ensure greater safety and reliability for offshore wind turbines. They
enable the reduction of structural risks and extend the structure's lifespan.

Compared to other control devices, the TLCD boasts low production costs, easy
installation, and relatively straightforward adaptation to structures, along with simple
maintenance procedures. Furthermore, it delivers competitive results in vibration
control (accelerations, displacements, fatigue failure, etc.).

Thus, the content presented in this thesis contributes to scientific knowledge on
vibration control in offshore wind turbines based on current bibliographic and
theoretical references. It employs optimization processes, allowing for the mapping and
understanding of parameters that can be directed in a more effective and efficient
manner. The thesis introduces and applies recent concepts and procedures for the
performance approach of OWTs, such as the simplified form of PBWE. Future research
endeavors can benefit from the studies developed and presented in this research. This is
a highly relevant topic in contemporary times, presenting promising prospects for the
publication and dissemination of the research done by the Dynamics and Fluid-Structure

Group (GDFE) and the Systems Dynamics Group (GDS).

1.6 SCOPE AND LIMITATIONS

It is worth highlighting both the scope and limitations of the theoretical
formulation and numerical model employed in this research, which are focused on the
OWTs vibration control numerical analysis.

The liquid inside the TLCD is considered incompressible. Its dynamic equilibrium
equation is based on the liquid column rigid body behavior and modal forms related to
sloshing are disregarded. Damping is solely attributed to local pressure loss due to the
valve presence and computed according to the valve blocking ratio as per Wu et al.
(2005). The coupling with the structure is inertial coupling and is limited to the
longitudinal response of the structure.

The OWT support structure (tower and foundation) is modeled using 4-DOF

(Degrees of Freedom) beam elements, considering the Euler-Bernoulli theory. The



rotor-nacelle assembly (RNA) is represented in the OWT model as a lumped mass at the
tower top. The structural response is assumed to remain within the elastic regime.

The wind action is considered only in the longitudinal direction causing vibrations
in the OWT out-of-plane direction. Wind velocities result in wind drag on the structure
and thrust on the rotor. The wind structural loading is determined from the Kaimal
spectrum, while the rotor thrust loading is computed using the rotationally sampled
spectrum. The rotor loading in the time domain is approximately determined from the
specified thrust curve for each rotor obtained from technical reports.

The wave force is determined by the Morison Equation, which comprises the
inertial and drag components. To determine the wave velocity and acceleration the
Linear Wave Theory based on the Linear Airy formulation is considered.

The structure does not account for any aeroelastic or hydro elastic phenomena.
Therefore, conditional probabilities of interaction parameters given the occurrence of

basic parameters of the environment and structure are disregarded.

1.7 TEXT ORGANIZATION

Initially, the Tuned Liquid Column Damper and the Offshore Wind Turbine
theoretical formulation are presented in Chapter 2. Formulations for both passive and
semi-active TLCDs are introduced. Next, the wind turbine with the coupled damper
formulation is presented. Last, a brief literature review for offshore wind turbines
foundations is provided, highlighting the main methods for soil-structure interaction in
the monopile foundation, with a focus on the spring model (coupled and distributed).

The formulation used for random vibrations analysis is presented in the third
chapter. The structure's response formulation in the frequency domain is defined. The
expressions for the energy spectra and the random wind and wave forces considered in
the analysis along the structure and rotor are discussed. Additionally, the formulation
employed to compute the wind and wave actions in the time domain from their
respective Power Spectral Densities (PSDs) is highlighted.

In Chapter 4, computational optimization processes are gathered and presented.
The genetic algorithm stages used for optimizing the TLCD coupled to the offshore
wind turbine are highlighted, as well as for the OWT with TLCD optimal design,
considering the simultaneous structure and the damper optimization.

Chapter 5 addresses the OWT with TLCD analysis procedure the using the

simplified Performance-Based Wind Engineering approach. The points of uncertainty



involved in the assessment are highlighted. The performance-based design simplified
approach is presented and the solution method through a Monte Carlo simulation is
detailed.

Chapter 6 presents the applications, analyses, and results obtained for the thesis
study object. The first case studies and analyzes the optimal TLCD. Subsequently, the
case of the OWT and TLCD simultaneous optimization is proposed and analyzed. The
third and final case study evaluates the time history of different OWTs considering
semi-active TLCD control.

In conclusion, Chapter 7 provides the findings of the study and outlines
recommendations for further research on the random vibration control of OWTs using

TLCDs.
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2. OWT & TLCD NUMERICAL MODELS

In this chapter, the bibliography and the theoretical formulation used to build the
OWT and TLCD numerical models are presented. Formulas for the passive and semi-
active tuned liquid column damper, for the damper and offshore wind turbine coupling,
and for the structure are detailed.

Initially, the passive TLCD standard formulation is highlighted, considering the
U-shaped reservoir filled with water. Next, the governing equations of the semi-active
TLCD are presented, designed by controlling the alternate blocking ratio of the electro
valve. Finally, the system of equations for coupling the damper to the wind turbine is
presented.

The offshore wind turbine support structure (tower and foundation) is numerically
modeled using beam elements. Additionally, for a monopile foundation, the
formulations of the soil-structure interaction phenomenon are presented, with a focus on
three approaches adopted in the literature: coupled springs, distributed springs, and

advanced models.

2.1 TUNED LIQUID COLUMN DAMPER (TLCD)

Usually, passive TLCDs are composed of a U-shaped tank partially filled with
liquid, typically water. The liquid column motion inside the reservoir absorbs part of the
energy from the vibrating structure (Yalla, 2001), in this case, the offshore wind turbine.
Commonly, the liquid column oscillation is damped by an orifice positioned at the
midpoint of the tube horizontal section (Balendra et al., 1995; Gao et al., 1997). By
absorbing part of the energy from the oscillating structure and dissipating this energy by
the liquid column passing through the orifice, it is possible to restore the structure
equilibrium to which the TLCD is coupled.

The TLCD performance is comparable to the traditional Tuned Mass Dampers
(TMD) and the Tuned Liquid Dampers (TLD) performances, offering advantages such
as low cost, absence of moving mechanical parts, relatively easy installation or
adaptation to existing structures, and simple maintenance (Hochrainer & Ziegler, 2006;
Souza, 2003; Yalla, 2001).

To achieve significant structural vibration mitigation in the system where the
TLCD is installed, careful consideration of the structure's characteristics is essential

(Ashasi-Sorkhabi et al., 2017). TLCD offers versatile configuration options, including
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variations in its geometric design (Altay & Klinkel, 2018; Ding et al., 2022; Konar &
Ghosh, 2023; S. K. Lee et al., 2011; Rozas et al., 2016), adaptability for controlling
vibrations induced by different types of dynamic forces (Chakraborty et al., 2012;
Ghosh & Basu, 2004, 2005; Sonmez et al., 2016), and the capacity to incorporate
complementary mechanisms for enhanced performance (Bhattacharyya et al., 2017; Gur
et al., 2015; Hochrainer & Fotiu, 2018; Hochrainer & Ziegler, 2006; La & Adam, 2018;
Park et al., 2018).

Indeed, the TLCD stands out as a prominent damper among many others, which
justifies its study and development for application in structures subjected to significant
dynamic actions, such as offshore wind turbines.

The damper's performance is strongly influenced by its parameters, such as its
operating frequency, dimensions, and damping. Therefore, the optimization methods
application is extremely pertinent for the TLCD design (Alkmim et al., 2018; Balendra
et al., 1995; Gao et al., 1997; Mendes et al., 2023; Sarkar & Chakraborty, 2018; Wu et
al., 2005).

Typically, the liquid column oscillation is damped by an orifice positioned
halfway along the horizontal section of the tube. With the TLCD absorbing part of the
structure's energy and dissipating it through the liquid's movement in the tube passing
through the orifice, it is possible to restore the equilibrium of the structure to which the

TLCD is attached (Figure 2.1).
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Figure 2.1. A TLCD visual representation and its parameters.

Considering the TLCD U-shaped tube with a constant liquid column cross-

sectional area Ay, the tube mass is negligible compared to the liquid column mass, and
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that the flow is incompressible, the equation of motion for the liquid inside the

container, as presented by Yalla et al. (2000), is described by:

PrasLeYy + %pfAffflyflyf +2ppArgyy = —prArBris @D
where, p; is the liquid density (water density), g is the gravity acceleration (9.8 m/s?),
By is the liquid column part in the tube horizontal section, Ly is the liquid column total
length (L = By + 2hy), and hy is the liquid column part in the tube vertical section.
Vs, Y5, and J¢ represent the liquid's response in the reservoir in terms of displacement,
velocity, and acceleration, respectively. X, is the structure acceleration.

The head loss coefficient & is regulated by the valve area blocking ratio, ¥,. For

a random vibration analysis in the frequency domain, its equivalent linear form is
employed. Among the available linearization methods in the literature, (Yalla, 2001)

provides the equation of motion for the water in the TLCD, as presented below:

where, my is the liquid column mass within the tube, cfis the liquid column linear
damping, ks is the liquid column stiffness and ay is referred to as the TLCD aspect ratio

(ratio between the liquid column horizontal and total length), expressed as:

my = prArLs (2.3)
Cr = 2mpwy (s 2.4)
ke = 2p;Arg (2:5)
ar = By/Ly (2.6)

which wf and {f indicates the TLCD natural frequency (rad/s) and damping ratio,
respectively. The TLCD natural frequency is determined by:
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The structure response mitigation strongly depends on the device parameters. For

a passive TLCD, parameters such as the aspect ratio a;, tuning ratio y (Equation (2.8)),
mass ratio yy (Equation (2.9)), and damping ratio {; are the set of relevant parameters

to be observed in the damper design:

Ve = wp/ws (2.8)

Hr = mg/mg (2.9)

where, w; and m, represent, respectively, the OWT undamped fundamental frequency

(rad/s) and the OWT mass.
2.1.1 SEMI-ACTIVE TLCD

Initially, a passive TLCD design includes defining its operating frequency, which
is strongly related to the structure natural frequency and the liquid column damper
dimensions. Also, the tuned liquid column damper design is influenced by the loading
nature that acts on the structural system. Essentially, the design relates to the force
amplitude and frequency characteristics. The device parameters are defined and fixed
for its lifespan.

In the offshore wind turbines case, some of the loads acting on the structure, such
as wind, wave, current, or even seismic forces, exhibit a random nature with varying
amplitudes across a frequency range that changes over time. These forces are
statistically represented through their respective power spectrum (British Standards
Institution., 2006; 2009). In this scenario, the passive tuned liquid column damper may
be required to operate outside its standard design (resonance with the structure).

Semi-active devices exhibit a robust performance in structural vibration control
and yield good results for random loadings such as winds, waves (Sarkar &
Chakraborty, 2018; Yalla et al., 2000, 2001), and earthquakes (La & Adam, 2018).
Semi-active control devices mechanically operate like a passive control device. But
certain device components are alternately or continuously switched according to a
predetermined control strategy. The TLCD semi-active approach and design commonly

alternates its damping and/or natural frequency over time.
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The TLCD natural frequency can be regulated by changing the device stiffness.
This adjustment can be achieved by closing the TLCD vertical section or by adding
pressurized gas to this part (Bhattacharyya et al., 2017; Hochrainer & Fotiu, 2018;
Hochrainer & Ziegler, 2006; Hokmabady et al., 2019; Mousavi et al., 2013; Shum et al.,
2008). Another method for adjusting the TLCD frequency is proposed by Ghosh & Basu
(2004) and Sonmez et al. (2016), where the TLCD is connected to the primary structure
via a spring system. These two semi-active technologies involve increasing the stiffness
of the TLCD, which raises the device’s natural frequency. However, slender structures
like OWTs typically oscillate at low frequencies. Therefore, these two semi-active
methodologies applications may be outweighed by others for TLCD semi-active
vibration control in wind turbines.

The effects of varying TLCD damping through alternate or continuous regulation
have been studied. Anson et al. (2002), Ni et al. (2004), Sarkar & Chakraborty (2018),
Wang et al. (2005), and Yang et al. (2002) employ a magnetorheological fluid and an
electromagnet which through the magnetic field variation the device switches damping
value. La & Adam (2018) and Yalla et al. (2000; 2001) used an electro valve to control
the TLCD valve blocking ratio 1, and alter the device damping in an alternate or
continuous manner.

The semi-active TLCD with an electro valve has its dynamic equilibrium equation

equal to the passive damper (Equation (2.1), but the head loss coefficient ¢ varies over

time and is determined as a function of the valve blocking ratio ¥, (Wu et al., 2005):

(o) = (=0.69g + 215" )Mo (1 —9h,) 72 (2.10)
2.1.2 GROUNDHOOK CONTROL STRATEGIES FOR SEMI-ACTIVE TLCD

As depicted, the semi-active TLCD absorbs a part of the energy from the primary
system and dissipates this energy through its own damping mechanisms. Moreover, the
semi-active device can be regarded as a passive damper with adjustable parameters that
can be switched at any given moment.

The device functionality can be delineated through advanced technologies
presented in the vibration control literature (Fitzgerald & Basu, 2020; Machado &
Dutkiewicz, 2024; Saaed et al., 2015). Concepts originally applied to the automotive

industry are employed into structural vibration control procedures (Altay, n.d.-a;
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Casciati et al., n.d.; Koo et al. (2004) In Search of Suitable Control Methods for Semi-
Active Tuned Vibration Absorbers, n.d.; La, 2012; Potter et al., 2010; Shen et al., 2013).

Among the methods analyzed for structural vibration control, the Groundhook
control approach stands out. Its primary objective is to mitigate the vibrations within the
primary system (OWT structure). Altay (2021), Casciati et al. (2006), and Koo et al
(2004) present two Groundhook variants. One relies on the structure velocity Xg
(Velocity Based Groundhook - VBG), and the other strategy centers on the structure
displacement x; (Displacement Based Groundhook - DBG). These laws were initially
developed for a semi-active tuned mass damper.. Both control strategies focus on the
semi-active control device velocity Y.

La & Adam (2018) and Yalla et al. (2000, 2001) apply these control laws to the
semi-active Tuned Liquid Column Damper (sSTLCD). Two scenarios are established: a
maximum damping condition (associated with the maximum blocking ratio ¥,,,4,) and a
minimum damping condition (associated with the minimum blocking ratio Y,,,;,). The
best choice for semi-active device damping is evaluated at each time step (t;).

The sTLCD maximum damping condition is activated when the structure velocity
Xs or displacement x; is opposite (in signal) to the fluid column velocity y;. The
objective is to maximize the STLCD damping force when the structure and the damper
motion have opposite directions. On the other hand, the minimum damping condition is
activated to minimize the STLCD damping force when the structure velocity Xg or
displacement x; has equal signal to the fluid column velocity y;. The goal is to
minimize the STLCD damping force so that the liquid column inertia does not “pull” the
structure away from its equilibrium position.

In mathematical terms, we have the VBG control strategy expressed as

J.Cs(ti).').’f(ti) <0, Yo = Ymax (2.11)

Xs(DYr) >0, Yo =Y (2.12)
and the DBG control strategy as:
xs(ti)yf(ti) <0, Yo = Ymax (2.13)

J.Cs(ti)yf(ti) >0, Yo = Vmin (2.14)
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2.1.3 GROUNDHOOK STRATEGY BASED ON RESPONSE INCREMENTS

In this study, for the semi-active control of structural vibrations in Offshore Wind
Turbines, a control strategy is proposed with scenarios and evaluation parameters
resembling the DBG control strategy (Equations (2.13) and (2.14)). A groundhook
control law based on the response increments, referred to as A-DBG, evaluates the
increments of the structure's displacement Ax; and of the liquid column velocity Ay, at
each time step t; instead of assessing the structure's displacement xg and the fluid
column velocity y. This approach (Equations (2.15) and (2.16)) is used to determine

the valve blocking ratio and consequently the sSTLCD damping.
Axs(ti)Ayf(ti) <0, Yo = VYmax (2.15)

Axs(ti)Ayf(ti) >0, Yo =Ymin (2.16)

The dynamic equilibrium equation in time domain for a single-degree-of-freedom

(SDOF) structure coupled with an sTLCD is defined as follows:

B | 4 e AR G S

The structure response considering the different groundhook control laws (VBG,
DBG, and A-DBGQG) is compared next. For that purpose, a structure with a single degree
of freedom modeled as a damped mass-spring system is employed. The SDOF structure
has a unitary mass and stiffness and proportional damping (¢ = 2{;msw,) with a
damping ratio of 1%. Coupled to structure, a TLCD with 2% mass ratio (Equation (2.9))
and an 0.50 aspect ratio (Equation (2.6)) is adopted.

The system is subjected to a sinusoidal force f(t) with frequency Q and unit
amplitude applied only to the structure (with a natural frequency ws). The structure
response with TLCD is computed using the Constant Average Acceleration Method of
Newmark (Clough & Penzien, 2003).

The passive TLCD tuning ratio and damping rate are determined from an
analytical formulation presented in Hochrainer & Ziegler (2006), where the TLCD

optimal parameters are based on the device mass ratio and aspect ratio:
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\llﬂlf(l_afg) (2.18)

yf,opt =

1+,Uf

$opt = (2.19)

For the semi-active TLCD with alternately controlled damping, a maximum
damping equal to twice the optimal passive damping (¢r = 2{f optlfMsY5,0pt Ws) and a
minimum damping equal to 60% of the optimal passive damping are considered.

Evaluating the structure displacements (normalized by the structure maximum
displacement in steady state computed with the passive TLCD presence) for different
frequencies and different groundhook control strategies (Figure 2.2), it is possible to
observe that the proposed A-DBG control law, which defines the on-off damping at each
time step based on the structure's displacement increment and liquid column velocity
increment, shows greater response suppression over a frequency range relevant to the
structure (0,95 < Q/ws; < 1,05). In this range, significant dynamic phenomena’s

(resonance or beating) may occur and amplify the structure dynamic response.
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Figure 2.2. Frequency response of a single degree of freedom structure controlled by passive
(PSV) or semi-active TLCD regulated by VBG, DBG, and A-DBG groundhook strategies.

2.2 OFFSHORE WIND TURBINE WITH TLCD

Studies and experiments for the application of TLCDs in wind turbines naturally
arise from verifying the efficiency of this fluid dynamic device in mitigating vibrations.

As offshore wind turbines increase in size, move further from the coast, and are
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constantly subjected to greater wind and wave forces, it is essential to analyze their
dynamic response and seek to minimize structural vibrations.

The control technologies use can assist or even enable the advancement of design
and construction of OWTs with larger dimensions (Lantz et al., 2019). Control devices
provide reliable OWT designs in the presence of wind and wave loads within a
frequency range (close to the fundamental frequency of the structure) that could
otherwise compromise structural safety and the OWT proper operation.

Moderate and frequent wind and wave loads can produce significant vibrations in
the structure, reducing the OWT lifespan (Orlando et al., 2021). These vibrations can
also cause malfunctions in turbine mechanical equipment that is sensitive to structural
acceleration (Duenas-Osorio & Basu, 2008). Colwell & Basu (2009) demonstrate that a
monopile-type OWT equipped with a TLCD and subjected to wind and wave forces can
achieve peak response reductions of up to 55%. It was also observed that implementing
the damper in the turbine significantly extends its lifespan by analyzing the structure's
fatigue. (Mensah & Duenas-Osorio, 2014) show the vibration control effectiveness in
towers and the consequent improvement in site-specific risk. Buckley et al. (2018)
verify that the structure interaction with the soil plays a crucial role in the TLCD design
for wind turbine towers vibration control. Optimal parameters, such as the TLCD mass
ratio and tuning ratio to the tower's natural frequency, after considering soil-structure
interaction, were key factors for the TLCD design to achieve better performance. Sarkar
& Chakraborty (2017; 2019) evaluate the TLCD with magnetorheological fluid
application effects in OWTs, considering different wind, sea, and ground motion
conditions. The MR-TLCD demonstrates satisfactory performance, significantly
reducing the tower's response.

The TLCD optimal parameters are linked to the considered random excitation and
numerical results from (Gao et al., 1997; Yalla, 2001; Alkmim et al., 2018; Mendes et
al., 2023) show that the device parameters are significantly affected by the load. To find
the optimal TLCD parameters that minimize the OWT structural response optimization
methods can aid the device control design.

For a monopile-supported OWT fragility study under wind, wave, and earthquake
simultaneous load, Hemmati et al. (2019) numerically determines the optimal TLCD.
The damper reduces the OWT fragility across all cases, resulting in a system reliability
increase under multi-hazard conditions.

Implementing these devices can enhance the overall system reliability, thereby

reducing downtime and maintenance needs, and leading to higher energy conversion
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rates (Mensah & Duefias-Osorio, 2014). The TLCDs use is effective for reducing
vibrations in OWTs, whether they are in operation or parked position. This capability
enables the manufacture and building of increasingly larger structures and with higher
productive wind turbines.

Currently, offshore wind turbine structural analysis models have been
significantly enhanced with new global implementation projects (Zuo et al., 2020).
These turbines structural behavior is influenced by nonlinearities (Bisoi & Haldar, 2014,
2015; Damgaard et al., 2013), fragilities (Hemmati et al., 2019; Zhang et al., 2023), and
many related environmental and structural interaction phenomena’s (Barbato et al.,
2010; Ciampoli & Petrini, 2010; Dai et al., 2021; Ishihara & Wang, 2019; Serensen &
Ibsen, 2013) which explain and contains complex factors related to the system structural
analysis.

The finite element model (Figure 2.3) for the OWT structure is frequently used to
analyze the macro effects of the OWTs structural response. This model is widely
employed in numerical simulations in the field and represents an appropriate approach

(Petrini et al., 2010) for both serviceability and ultimate OWTs analysis.
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Figure 2.3. Schematic representation of TLCD (a), the OWT system and environmental loads
(b), and OWT numerical model scheme (c).

Examining recent works in this scope, OWTs with TLCDs numerical models
essentially consider the coupling between the damper and the structure in translation, as

evidenced recent works (Colwell & Basu, 2009; Duefnias-Osorio & Basu, 2008;
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Hemmati et al., 2019; Mensah & Duenas-Osorio, 2014; Sarkar & Chakraborty, 2018).
Some studies (Shum & Xu, 2004; Taflanidis et al., 2005) investigate the rotation
influence in the TLCD performance for different vibration control scenarios. The
damper demonstrates good efficiency in controlling both translational and rotational
displacements. Shum & Xu, (2004) show that the TLCD rotation has an insignificant
effect on its translational movement. Additionally, it is worth noting that OWTs should
exhibit rotations of less than 0.5° (DNVGL-ST-0126, 2018; DNV-OS-J101, 2014).
Thus, the coupling between the OWT and the TLCD is given as:

T
Ms sy l (2.20)
My My
mg; ={0 aym; 0} 221
_[es O
c=|o Cf] (2.22)
k, 0
k=g kf] (2.23)

where mg, ¢y, and kg are the OWT mass, damping, and stiffness matrix, respectivelly.
The mass and stiffness matrix for the OWT are computed from the Euler-Bernoulli
beam theory. The rotor-nacelle assembly (RNA) mass is lumped at the structure last
node. The damping matrix for the offshore wind turbine is determined considering the
mass and stiffness proportional damping. The TLCD aspect ratio af is computed from
Eq. (2.6). The TLCD mass my, damping ¢y, and stiffness k; parameters are defined in
Equations (2.3)-(2.5). Thus, the dynamic response for the OWT and TLCD system is

then expressed as

mx(t) + cx(t) + kx(t) = f(t) (2.24)
which,

x(t) = {x,(0) y, )}

. (2.25)
x(t) = {x1(t) ¢1(8) ... %, () P (©) yr (D)}
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where the structure response in time x¢(t) in the fore-aft (out-of-plane) direction holds
the monopile and tower nodal horizontal displacement x;(t) and rotation ¢;(t). The
over dot expresses time differentiation. The force vector f(t) computes the wind and

wave load on the OWT. These random loads are detailed later in the next chapter.

2.3 OWT MONOPILE

Wind turbines main components are the foundation, grid connection cables, tower,
nacelle, power train gears, generator, and rotor blades. This section focuses on the
monopile foundation, which is a crucial component that transfer the permanent (static)
and dynamic loads from the structure to the soil throughout the wind turbine lifespan.
Further discussion to other types of offshore foundations can be found in Morais et al.
(2024).

In addition to the static actions, wind turbines are subjected to significant dynamic
loads and cyclic loadings that act in ultimate and service-level forces combinations
(Nardelli & Futai, 2022). The progressive increases in turbine sizes, tower heights, and
rotor diameters result in significant increases in the foundations overturning moments,
which increase the tower and foundation costs. Despite the foundation importance for
the proper wind turbine functioning, wind turbine sites are rarely located in favorable
terrain (Pham et al., 2018).

The wind turbine foundations costs can be defined by factors such as soil type,
construction materials, power capacity, tower height, and surface roughness (Horgan,
2013). The choice of wind turbine foundation types and sizes is affected by the site
geotechnical conditions, the wind turbine rated power, and the tower type
(Hassanzadeh, 2012; Milititsky, 2019).

Figure 2.4 presents some OWTs foundations common configurations: (a) single
large gravity-based, (b) monopile, (c) suction bucket, (d) tripod, (e) jacket foundation,
(f) tension leg platforms, (g) semisubmersible platforms, (h) spar-buoy platforms, and
barge-based. These OWT foundations can be divided into shallow water foundations (a-

e) and floating structures (f-h).
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Figure 2.4. Types of offshore wind turbine foundations.

In water depths ranging as deep as 50 metres (Jahani et al., 2022; X. Wang et al.,
2018; X. Wu et al., 2019) or 60 metres (Musial et al., 2022), several fixed bottom
foundation types can be considered for OWTs based on the site-specific conditions and
project requirements. Some of the commonly recommended foundation options for this
depth range include the following:

(a) Gravity-Based Structures (GBS): GBS foundations, which utilize large
concrete or steel structures placed on the seabed, can be considered for water
depths up to 20-30 metres. These foundations rely on their weight to provide
stability and resist dynamic loads.

(b) Monopile Foundations: Monopiles can still be a viable option in the 30-50
metre depth range, depending on soil conditions. However, as the water depths
increase, the diameter and wall thickness of monopiles may need to be larger to
ensure sufficient structural stability.

(c) Suction Bucket Foundations: Suction bucket foundations are another
innovative option that are suitable for the 5-50 metre depth range. These
foundations are installed by creating a vacuum in the bucket, which allows
them to be embedded into the seabed (Byrne et al., 2002). They provide a
stable and cost-effective solution for certain soil conditions.

(d) Tripod Foundations: Tripod foundations are another option that can be suitable
for water depths in the 30-50 metre range. These structures have three main
piles that are connected at the top and provide stability and load-bearing
capacity.

(e) Jacket Structures: Jacket structures, consisting of a lattice-like framework of

steel tubular members, are often used in water depths that are beyond the range
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of traditional monopiles. They provide a stable and robust foundation solution
for deeper waters, including the 20-50 metre range.

(Bhattacharya et al., 2021)classified the current OWT foundations as a function of
rated power versus water depth (Figure 2.5). Grounded foundations (e.g., GBSs,
monopiles, and jackets) are suitable for water depths from 50 to 60 metres up to rated
powers of 10 MW. The most appropriate foundation type selection within the depth
range of 30-50 meters depends on factors such as soil conditions, site-specific
considerations, cost-effectiveness, installation methods, and project-specific
requirements. A thorough analysis of these factors is necessary to determine the optimal

foundation solution for a given offshore wind project.
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Figure 2.5. Grounded foundation configurations of wind turbine rated power (MW) as a
function of water depth (m) (Source: Bhattacharya et al., 2021)).

Monopile foundations are a commonly used foundation type for offshore wind
turbines (Passon, 2015). They are designed to provide stability and support for wind
turbine structures in relatively shallow water depths, typically up to approximately 30-
50 metres (Kallehave et al., 2015).

Monopile foundations consist of single large-diameter steel piles that are driven
vertically into the seabed (Jenkins et al., 2021; Letcher, 2023). The piles are typically
cylindrical in shape and have conical or tapered tips to facilitate easier penetration into
the soil. The monopiles diameters and wall thicknesses depend on various factors,
including the structural requirements, soil conditions, and expected loads from the wind

turbine.
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The monopile installation process involves using specialized equipment (Jiang,
2021), such as pile driving hammers or hydraulic jacking systems, to drive the pile into
the seabed. The pile is driven until it reaches a predetermined depth, and factors such as
the soil strength and the needed embedment depth for stability are typically considered.
This operation causes high-level broadband noise with a notable impact on marine life
(Jiang, 2021; Kikuchi, 2010).

Once a monopile is fully installed, a transition piece is attached to the pile top of
(Chaves Junior et al., 2020). The transition piece provides a connection point between
the monopile and the wind turbine tower. It also provides support to an accessing
platform. The transition piece is a monopile foundation design weakness to be
optimized (Esteban et al., 2015; Hamilton & Abadie, 2023; Y. S. Lee et al., 2014).

Monopile foundations offer several advantages: (a) relatively cost-effective, (b)
straightforward installation, especially in comparison to other foundation types, and (c)
versatile application for a wide range of soil conditions, including sandy, clayey, or
mixed soil profiles. However, the monopile foundations limitations are primarily
evident in relatively shallow water depths. As the water depth increases, the monopile
diameter and wall thickness may need to be larger to ensure sufficient structural stability
with some soil-structure interactions considerations. There are some foundation
concepts that use hybrid monopiles with footing plates to improve their performance in
terms of the horizontal and overturning moments (Trojnar, 2019).

Additionally, in areas with challenging soil conditions, such as soft clays or loose
sands, additional measures, such as predrilling or soil improvement techniques, may be
needed to enhance the foundation's stability. Despite these limitations, monopile
foundations remain a popular choice for OWTs due to their cost-effectiveness,
simplicity, and proven performance in various offshore wind projects worldwide
(Passon, 2015).

During the design process of OWTs, several design tasks and criteria analyses are
necessary to ensure that the foundation do not exceed relevant limit states and allowable
turbine-specific natural frequency ranges (DNV & Risg, 2002; DNVGL-ST-0126,
2018b; DNV-RP-C205, 2007; Jenkins et al., 2021; Letcher (Ed.), 2023).

In the offshore wind turbine design context, three prominent methods address the
soil-structure interaction (SSI) phenomenon (Bhattacharya, 2019). These include
simplified models with coupled springs, models with distributed springs, and numerical
methods such as finite elements, discrete elements, finite differences, and boundary

elements. Significant standards and technical reports (British Standards Institution.,
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2006a; DNV-0OS-J101, 2014; Jonkman et al., 2009) refer to SSI for offshore wind

turbine design.
2.3.1 COUPLED SPRINGS

The simplified method with coupled springs represents the soil-monopile coupling
stiftness by a set of springs in the translational and the rotational directions, along with a

cross-term (Bhattacharya, 2019). This model can be expressed in a matrix form as:

Kx K
Kgx K¢Z]{;}={1@} (2.26)

where for the soil-pile assembly K,, represents the translational stiffness, Kgg
represents the rotational stiffness, and K4 and Ky, represents the coupled stiffness.

This formulation assumes that a transverse force also induces the foundation-soil system
rotation and, likewise, an applied moment causes translation.

At the seabed level, the springs set is superimposed onto the monopile element
(Figure 2.6), while above this level, the monopile is modeled conventionally with its
properties. In this method, no additional mass is added to the substructure (foundation)
at the seabed level due to soil-structure interaction. Additionally, the SSI damping
effects can be accounted (Damgaard et al., 2013; Ishihara & Wang, 2019; Medina et al.,
2023; Padron et al., 2022).

Tower Tower
Monopile Monopile

—_—

Sea Mean Level

Seabed Level Kx,Kx¢, Ko

Coupled Springs

Figure 2.6. Coupled spring model at the seabed level.

In the simplified coupled-springs models the spring system stiffness is calculated
using closed-form solutions. Initially, based on parameters related to the wind turbine
foundation and the soil in which the monopile is driven, the pile behavior must be
determined. This can be characterized as either a long flexible pile or a short rigid pile.
The flexible pile fails due to the formation of plastic hinges within the pile, while the
rigid short pile exhibits rigid-body rotation with failure occurring in the soil (Arany et

al., 2016).
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The simplified model’s formulation (coupled springs) for piles is extensively
developed and documented in the literature. For long and flexible piles (Table 2.1),
notable formulations are presented (Gazetas, 1984, 1991; Pender, 1993; Randolph,
1981; Shadlou & Bhattacharya, 2016). For spring stiffness calculation, some parameters
depend on the pile foundation, such as the pile Young modulus E,, the pile diameter D,,,
and the pile length L,. Regarding the soil, it's necessary to know its strength at a depth
equivalent to one pile diameter Eg;, and how to characterize its resistance profile. In the
formulas proposed in the literature, there's a distinction between soils with a constant,
linear, or parabolic resistance profile, indicating typically overconsolidated clay,

normally consolidated clay, or sandy soils, respectively.

Table 2.1. Stiffness formulas for coupled springs in the case of piles considered flexible (Source:

Bouzid, 2018).

Formula per Soil profile Ky x/EspDp K.4/EspD? Kyg/EspDj
Constant
0.14 0.43 0.71
Randolph (1981) 1.63(Ep/Esp) = —034(E,/Esp) ~ 0.20(E,/Esp)
0.21 0.50 0.73
Gazetas (1991) 1.00(E,/Esp) —0.22(E,/Esp) 0.18(E,/Esp)
0.19 0.50 0.73
Shadlou e Bhattacharya (2016) 1'58(Ep/ESD) _0-33(Ep/ESD) O-ZO(Ep/ESD)
Linear
0.33 0.78
Randolph (1981) 0.85(E,/Esp) —031(E,/Esp)  0.19(E,/Esp)
0.35 0.80
Gazetas (1991) 0.60(E,/Esp) —0.59(E,/Esp) 0.15(E,/Esp)
0.34 0.78
Shadlou e Bhattacharya (2016) 0'86(Ep/ESD) _0-29(Ep/ESD) 0-19(Ep/ESD)
Parabolic
0.28 0.77
Gazetas (1991) 0.80(E,/Esp) —0.24(E,/Esp) 0.15(E,/Esp)
0.27 0.76
Shadlou e Bhattacharya (2016) 1.11(E,/Esp) —0.32(E,/Esp) 0.19(E,/Esp)

Meanwhile, formulations for short rigid piles (Table 2.2) can be found in the

works of Abed et al., (2016), Aissa et al. (2017), Poulos & Davis (1980), and Shadlou &
Bhattacharya (2016).These studies primarily focus on formulations applicable to wind
turbines with monopile foundations. Additionally, the works of Varghese et al. (2022)
also provide solutions for other types of offshore foundations, such as caisson, gravity,

and jacket.

27



Table 2.2. Stiffness formulas for coupled springs in the case of piles considered rigid (Source:
Bouzid, 2018).

Formula per Soil profile K,./EspDp Ky4/EspDj Kyp/EspDy
Constant
0.67 1.64 2.49
Aissa et al. (2017) 2'76(LP/DP) _1'595(LP/DP) 1'73(LP/DP)
0.62 1.56 2.5
Shadlou e Bhattacharya (2016) 3'49(LP/DP) _1'935(LP/DP) 1‘80(LP/DP)
Linear
1.67 2.66 3.60
Abed et al. (2016) 1.71(Ly,/Dy) ~1.23(Ly,/Dy) 1.15(L,/Dy)
1.53 2.50 3.45
Shadlou ¢ Bhattacharya (2016) 2.56(L,/Dp) ~1.93(L,/Dy) 1.73(Ly,/Dy)
Parabolic
1.00 1.77 2.56
Abed et al. (2016) 2.84(L,/D) —2.93(Ly/Dp) 3.89(L,/Dj)
1.07 2.00 3.00
Shadlou € Bhattacharya (2016) 2'91(LP/DP) _1'96(LP/D17) 1'77(L17/Dp)

2.3.1.1 OWT Frequency with Coupled Springs

The use of simplified models with coupled or lumped springs to determine the
soil-foundation system stiffness allows the foundation displacements and rotations
calculation at ground level (standards establish limits). Also, it can provide an estimate
to the OWT natural frequency considering the soil presence.

The wind turbine natural frequencies and vibration modes modeled by beam
elements with coupled springs can be computed numerically by solving the eigenvalue
and eigenvector problem. As an alternative, Arany et al., (2016) present an analytical
method ((2.27) to determine the monopile-supported OWT fundamental frequency with
coupled springs (fs) based on the OWT fundamental frequency with fixed base (frg)

considered as a cantilever beam and influenced by dimensionless flexibility coefficients.

fes = Cx C¢ Cs fra (2.27)

The tower fundamental frequency, simulated by a cantilever beam with a lumped

mass at the tip, is computed by:

frp = L SErlr (2.28)
FB 21T : 33 .
Ly (mRNA T 140 mT)
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where mgy,4 is the RNA mass, my is the tower mass, Ly is the tower length, and E is
the Young modulus of the material composing the tower. The tower inertia I with

variable section is given by:

1
IT == _tTT[(Db3 + Dt3) (229)

16

with,
mr
t, = —— (2.30)
‘ prlrDrm

Dy = (Dy + D;)/2 (2.31)

where, pr, tr, Dy, and D; represents the tower specific mass, the average tower
thickness, the tower diameter at the base, and the tower diameter at the top.

The OWT fundamental frequency shift due the substrate presence (soil) is

accounted through the dimensionless flexibility coefficients (Cy and Cy) using the

following functions:

1
Ce=1- ,with  a=0,5 (2.32)
* 1+a(n—nZ/ng)
1
Cp =1~ ,with b =06 (2.33)
¢ 1+b(ng —n,5/1x )
where,
3
N, = Kyly (2.34)
*  El
Kag L7 (2.35)
nxd) = EIT] :
KyL
_ Selr
Ny = (2.36)

n

where E1,, the tower equivalent bending stiffness, is given by:
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2 _ 3
fla) = > 247q 1) ,with q = D,/D, (2.38)
32¢q2Inq—3q*>+4q—1

Finally, the foundation flexibility coefficient C; is obtained by:

C. = 1 (2.39)
$ 1+Tf(1+rl)3—rf

with the bending stiffness ratio 77 (between tower and monopile) and the length ratio 7;

(between tower and monopile) are given by:
rf S ETIT/EPIP (240)

1= Ls/Lr (241)

where Lg is the length from the bottom of the tower to the seabed level, E, is the
foundation material Young modulus, and I, is the monopile moment of inertia.

The calculations sequence presented above estimates the OWT fundamental
frequency with lumped springs in an approximate manner. A more detailed OWT modal
analysis considering SSI can be computed using analytical methods Ferreira et al.
(2024) or numerical methods with distributed springs to achieve higher precision

results.

2.3.2 DISTRIBUTED SPRINGS

In this methodology, the soil-structure interaction is modeled through independent
springs distributed along the length of the pile. It is based on the theory presented in
Winkler (1867) and Hetényi (1946) classical works where an analytical solution for the
beam deflection on an elastic base is developed.

For laterally loaded piles the distributed spring model approach to soil-structure
interaction phenomenon operates on the key assumption that the soil reaction is directly
linked to the soil-pile system displacement. In this context, the pile deflection (y) at a
specific depth (z) induces a corresponding soil reaction force (p) at the same location of
the pile's displacement.

This soil-foundation system behavior is numerically modeled using distributed

independent springs along the pile length (Figure 2.7). The springs are positioned at the
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elements nodes that constitute the monopile. Typically, the monopile is represented by

Euler-Bernoulli beam element or frame elements.

Tower T Tower
Monopile Monopile

X

Sea Mean Level

—_—

p-y springs y

Seabed Level [

11t

Figure 2.7. Model of independent p-y springs distributed along the pile length.

Initially, for specific piles geometry and soil types (Matlock, 1970; Reese et al.,
1974; O'Neil and Murchinson, 1983) charts provided the relation for the pile deflection
y (in meters) and the soil reaction per pile unit length p (in N/m). These charts are
referred to as p-y curves. Therefore, through these curves, it is possible to represent the
physical soil-structure system behavior. Numerically, the soil reaction p value is
computed based on the loading characteristics, the soil resistance, and the substrate
reaction modulus at the analyzed depth.

For typically sandy soils, the expression for the hyperbolic soil reaction to the
monopile deflection y originates from Reese et al. (1974) and O'Neil and Murchinson

(1983) relevant studies:

= Ip, t h(khz) 242
p = Apy tanh (2 =y (2.42)

where, the value of A depends on the loading type (0.9 for cyclical loading), p,, is the
ultimate soil resistance, and kj, is the initial substrate reaction modulus at depth z below
the seabed level, in the case of the OWTs monopile. The ultimate soil resistance p,, for

sandy soils is given by the minimum value between p,; (shallow mechanism) and p, 4

(deep mechanism).
pus = (Crz+C,D,)y'z (2.43)
Pua = C3 Dy y'z (2.44)

where C;, C,, and C; (Figure 2.8.a) and the initial soil subgrade reaction modulus kj

(Figure 2.8.b) are coefficients given as a function of the soil's shear angle ¢'.
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Figure 2.8. Coefficients provided as a function of the soil's shear angle. (a) and initial modulus
of subgrade reaction kj, (b) (Fonte: Bhattacharya, 2019).

For typically clayey soils, Bhattacharya (2019), Bisoi & Haldar (2014; 2015), and
Wang et al. (2018) with reference to design standards, which are based on the
experimental works of Matlock (1970) and Reese et al. (1975), present the p-y curve
formulation for this type of soil. Considering the parameters z; and y, defined by:

zp = 65,D,/(y' +]5,) (2.45)

Ye =2,5¢. D,y (2.46)
where s,, is the submerged unit weight of the soil and y’ is the undrained shear strength
of the clay. €, and | are parameters that reflect the load-deflection curve. Bisoi & Haldar
(2014) adopt 0.01 and 0.5 for ¢, and J values, respectively. Meanwhile, Wang et al.
(2018) considering stiff clay, adopts a value of 0.25 for J.

From the z; and y, values, computed by equations above, the soil resistance per

pile unit length p (N/m) can be determined for z < zp

0,50 py, (¥/y)'/? ,  fory <3y,
P=4072p,{1 - (1 —2z/zp)(y = 3y.)/12y.} ,  for3y. <y <15y, (247
0,72 py , fory > 15y,

and for z > zg, considering
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_ {0,50 pu O/¥)? , fory <3y (2.48)
0,72 py, ,  fory >3y,

where, the ultimate soil resistance per pile unit length p,, (N/m) for typically clayey

soils expressed by:

3s,+v'z+Js,z/D , orz<z
pu={ “ u?/Dy ! R (2.49)

9s, , for z > zg

The p-y curves for sandy and clayey soils presented in this section are just some
examples of p-y curves available in the literature. Several other authors have studied,
developed, and proposed expressions for the constitutive behavior predicted for
different soil types (Welch and Reese, 1972; Reese and Nyman, 1978; Johnson et al.,
2006; Rollins et al., 2005; Simpson & Brown, 2003; Franke and Rollins, 2013; Wang
and Reese, 1998; Liang et al., 2009).

As previously described, the approach to soil-structure interaction using the
distributed spring model considers the pile supported laterally by independent springs,
without interaction between adjacent springs. These springs represent the soil reaction
to foundation deflection with the system (soil-structure) mechanical behavior described
by p-y curves.

Meanwhile, the pile can be modeled using analytical formulations or through
numerical methods, typically, employing beam elements or frame elements to discrete
models. The spring elements’ stiffness is determined from the p-y curve slope.

(Damgaard et al. (2013) uses numerical integration method to determine the p-y
curve secant stiffness, thereby establishing the spring stiffness. Meanwhile, Carswell et

al. (2015) and Bouzid (2018) compute the spring stiffness K, (Equation (2.52) by

taking the p-y curve derivative with respect to y and multiplying by the pile tributary

length [; (commonly one meter).

dp

K iaz

py =1

L Eyy (2.50)

For typically sandy soils represented by the p-y curve in Eq. ((2.42.), we have:
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dp 2 kh VA
Koy =liEpy =L o= {kh z (1 ~tanh? 312 y)} @.51)

For the monopile-supported OWT analysis with soil-structure interaction some
authors (Amar Bouzid, 2018; Carswell et al., 2015; Damgaard et al., 2013) assume the

springs linearization based on the initial secant stiffness, given by:

K, =1 2P l; (ky 2) 2.52)
= 5 — = . hZ ‘5
=yl T

For small vibrations, due to the general behavior of OWTs, modeling the springs
as linear elements (inside an elastic regime) for modal analysis is commonly accepted in
the literature. Also, some authors (Kallehave et al., 2012; Serensen, 2012; Serensen et
al., 2010; Wiemann et al., 2004) propose an analytical formulation and alteration for the
initial stiffness by considering the pile geometry and stiffness.

Moreover, the distributed springs methodology with a constitutive relationship
demonstrated by p-y curves has been employed for OWT modal analysis (Ferreira et al.,
2024), for dynamic analysis considering various scenarios such as rotor-stopping
vibration (Damgaard et al., 2013), for wind and waves loads analysis in wind turbines
(Bisoi & Haldar, 2014; P. Wang et al., 2018) and extreme events like earthquakes
(Medina et al., 2023; Padron et al., 2022). Additionally, different authors have assessed
the structural effects on OWT (tower and monopile) due to dynamic actions using soil-
structure interaction through p-y curves, for risk mitigation and performance
incrementation using passive devices (Colherinhas et al., 2024), for a fragility analysis
(Hemmati et al., 2019), for a confidence study developed (Carswell et al., 2015), or for
scour effects evaluation on monopile foundations (Serensen & Ibsen, 2013).

Furthermore, significant standards refer to this methodology for OWTs design.
2.3.3 ADVANCED METHODS

The approach of soil-structure interaction using advanced methods aims for a
robust and detailed analysis of foundations and soil. Numerical methods employed for
such analysis include finite element methods, discrete element methods, finite
difference methods, etc. Traditionally, the Finite Element Method (FEM) is the most

widely used..
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The model and structural analysis of foundation design using advanced numerical
methods enable detailed sizing for the foundation and, consequently, for the turbine. It is
possible to incorporate complex soil behavior into the numerical model, such as
appropriate material properties, constitutive models (elastic, nonlinear elastic, plastic),
and stratified and varied profiles according to different locations (Kaynia, 2021).

The approach with advanced methods allows addressing soil behavior under
cyclic loading conditions. By accurately considering the constitutive model of the soil,
it becomes possible to reproduce the more realistic behavior of soil under dynamic
loading conditions (Andersen, 2015; Jostad et al., 2014).

The use of advanced numerical methods allows for estimating the deformation
mobilized in the soil field near the foundation and determining changes in soil strength
due to loading cycles. The discrete element model of soil facilitates incorporating
results from advanced soil testing, such as in the PISA project for piles (Byrne et al.,
2017, 2019). In this approach, the numerical model is structurally employed to obtain
foundation stiffness, deflection, and moment in the pile in the presence of soil.

Results obtained from advanced analysis can be applied to calibrate the springs
(Figure 2.9), either through simplified methods (Abed et al., 2016; Aissa et al., 2017) or
through distributed springs (Amar Bouzid et al., 2013; B. W. Byrne et al., 2019; Kaynia,
2021). This methodology has been well developed and explored in literature, as spring
methods (especially p-y springs) demonstrate good application characteristics,
understanding, and computational efficiency (Byrne et al., 2019), enjoying widespread

acceptance in the industry.

3D FEA Winkler model

Figure 2.9. Joint approach to the phenomenon of soil-structure interaction using numerical
and p-y spring methods (Source: Kaynia, 2021).

This combined approach to the soil-structure interaction phenomenon using

advanced and simplified methods presents significant prospects for foundation design.
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Initially, the complex behavior of the soil is simulated using finite element or discrete
element methods. Subsequently, equivalent springs are derived based on the results
obtained from numerical models. This results in greater computational efficiency for

structural analysis and the sizing of both the foundation and the wind turbine.
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3. RANDOM VIBRATION

The loads which Offshore Wind Turbines are subjected, such as wind and wave,
are random in nature. The structure dynamic analysis can be taken and determined in
stochastic terms (Clough & Penzien, 2003; Newland, 2003; Blessmann, 2005; Borri &
Pasto, 2006; Li & Chen, 2009; Inman, 2014) since the load is understood as a random
process. The forces are considered stationary, where the process statistical moments
(mean, square mean, variance and standard deviation) are invariant for any instant in
time.

We can consider the structure response x(t) subjected to an arbitrary force f (1)
as:

x(t) = f+ooh(t —1)f(7)dr (3.1

where f(7) is the force that represents the stationary random process and h(t — 7) is the
structure response function. It is assumed that x(t) = 0 for (t — 1) < 0, that is, the
response is zero when it is evaluated an instant before the force application. Considering

the variable change 8 = t — t, we have:

x(t) = f " h@)f e - 0o (3.2)

assuming h(8) = 0 for 6 < 0.
To analyze the OWT vibration under random loads f (), the autocorrelation
function is employed. The autocorrelation function R,,(7) is determined as the

expectation E (-) between the process sampled at time t and time t + 7:
E[lx(®)x(t + )] = Ry, (7) (3.3)
Introducing the value of x(t) expressed in Equation (3.2), we have

Elx(®)x(t + )] = E|[*7 hO)f (£ — 0)d0, [7 h(8)f (t + 7 — 6,)d6,

= [ h@ode, | n@,)d0, Blfe - 0)f e+ 7 6)] (3.4)

_ f h(6,)de, f h(65)d6, Ry (1)
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Using the Fourier Transform (Eq. (3.5) and the inverse Fourier Transform (Eq.
(3.6) it is possible to express the relationship between the autocorrelation function R(7)

and the power spectral density S(w) of the random process as:

S(w) = %f 00R(T)e_i“”dr (3.5)

R(z) = f C S(w)eltda (3.6)

Applying the inverse Fourier Transform relation (3.6) to R¢¢(7), we obtain:

R (2) = f h(8,)d6; f h(0,)d0, Ry (1) =

+ 00

+oo +o0
= f h(@l)del h(QZ)dHZ f Sff(w)elw(‘[—ez-l-el)dw

— 0o

+o oo +o0 (37)
=f U h(el)delj h(@z)dez]Sff(w)eiw(r—92+01)dw

+0o

4o [ 400
= f [ h(8,)ei®f14d0, h(8,)e w2 dOZ] Sff(a))ei‘”dw

— 0o

In the expression above, the two integrals inside the bracket represent the
structure frequency response function H and its conjugate H*. Rewriting this

expression, we have
+ o0 )
Ry, (1) = j H(w) H*(w) Sfp(w)e*“ dw (3.8)

or, simply, by observing the inverse transform in Equation (3.6):

Sxx(w) = |H(w)|2 Sff(w) (3.9)

where S,, is the OWT response power spectrum. It’s relevant to elucidate that the
equation above represents the random force input into the system and its response. The
random force is characterized by its power spectrum Sfr and the system by the
frequency response function H.

After defining the autocorrelation function for the random process and

considering the loading stationary properties, we can characterize the OWT random
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response from the first and second order statistic moments (mean p, and variance o,2,
respectively), by:
E[x(t)] = Elx] = p (3.10)

0y = E{[x(t) — el [x(t + 7) — po]} = Ry (1) — G.11)

For the analysis of stationary random processes, the standard procedure separates
the static component and the dynamic (fluctuating) component. Where, the first relates

to the mean and the second to the variance. Considering T = 0, we have:

+00

0,2 = E[x(8)?] = Rya(0) = f |H(0) 125} (@)de (3.12)

3.1 FREQUENCY RESPONSE FUNCTION

The SDOF frequency response function for any kind of loading is easily
determined. The dynamic equilibrium equation for a damped structural system

represented solely by a SDOF is given as:

mi(t) + cx(t) + kx(t) = f(t) (3.13)

where m, c, and k represent, respectively, the system mass, damping, and stiffness. x(t)
is the oscillating structure displacement, while the over dot represents differentiation in

time.

Considering a harmonic force f(t) expressed in the complex domain

f(t) = Fpe'®* (3.14)
and the structure particular solution x,, (t) given by
xp(t) = Xpe'®t (3.15)
Substituting these terms in Eq. (3.13) we have

Xo = H(w)Fo (3.16)

where,
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1
Hw) = (k — w?m + iwc) 3.17)

The structure response amplitude X, in the frequency domain depends on the
harmonic force amplitude F; and the function H(w), so called the frequency response
function.

A discrete structure represented numerically by multiple degrees of freedom
(MDOF) has its dynamic equilibrium given by Equation (2.24). For the discrete

structure the frequency response function is expressed by:

Hw) =k-w’m+iwc]™? (3.18)
where,
Hi1(w) - Hyp(w)
Hw =| : (3.19)
Hpy(w) - Hnn(w)

The OWT is characterized by the frequency response function H(w) under
random loading expressed in terms of its power spectrum Sgf(w) has its structural
response computed through the power spectrum S,,(w) (Figure 3.1). Expanding

Equation (3.9) to a discrete structure with MDOF, we have

Sx(w) = |H(a))|2 Sff(w) (3.20)
with
Sx1x1 (w) - lexn (w)
S (W) = : : 3.21)
anxl (w) - anxn (w)
Sf1f1(w) Sflfn(w)
S (@) Spp (@)
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Figure 3.1. Response spectrum of the discrete structure under random wind and wave actions.

3.2 WIND LOAD ON THE OWT SUPPORT STRUCTURE

Atmospheric turbulence produces a fluctuating wind load (gust) that can cause
considerable forces on the structure over time. Depending on the excitation frequency,
the OWT can have its dynamic response amplified and present accelerations,
displacements, deformations and stresses relevant to service and/or ultimate
performance.

For the OWT random vibration analysis under wind loading along the tower and
the monopile above mean sea level the force power spectral density matrix S¢r (Eq.
(3.9)) is consequence of the wind turbulence (fluctuating portion). The wind load
spectrum is obtained from the longitudinal wind speed.

The longitudinal wind loading (Blessmann, 2005; Borri & Pasto, 2006) is
represented by the drag force generated in the structure. From its density p,, the wind
area incidence on the structure A;, the pressure coefficient related to the drag coefficient
C,, the wind velocity given by the superposition of its average speed U(z) , and from

its floating component (turbulence) u(z,t) we have the longitudinal wind load f(z,t)

as:

F@ D) = 2 paAiCalU (@) + ulz D]
2 (3.23)

= %paAiCd [U(2)? +2U(2)u(z,t) + u(z, t)? ]
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Considering u(z, t)? negligible when compared to the other terms, we have the
wind load given by the sum between the average component f and the fluctuating

component (turbulence) f;(z, t)

flz,t) = % padiCal(2)? + podiCal(Z)u(z, £) = F(2) + (2 0) (3.24)

where
fz) = % paAiCaU(2)? (3.25)
fi(z,t) = paA;CaU(2u(z,t) (3.26)

For the discrete offshore wind turbine model, we can assume the loading

generated by turbulence on the structure at a height z above mean sea surface level, as:

fi(z,t) = paCaU(2) j u(z, t)dA (3.27)
A

Turbulence can be represented in stochastic terms and considered as a random and
stationary process (Blessmann, 2005; Borri & Pasto, 2006; Li & Chen, 2009; Burton et
al., 2021). Considering the stationary stochastic process for f;(z,t) and applying the
autocorrelation function (Eq. (3.3)) to statistically characterize the random process, we

have:

thft(z’ T) = E[ft(Z; t) ft(Z,t +1)]

= [psCaU@)]° L L E[u(z,t) u(z,t + 1)]dAdA (3.28)

=[prdl7(z)]2f fRuu(z,T)dAdA
A Ja

Applying the Fourier transform (Eq. (3.5)), the turbulent wind loading spectrum

can be defined as:

S 1) = {prCal (@) Sugu, (2, ) (3.29)

As elucidated in Blessmann (2005), Borri & Pasto (2006), Li & Chen (2009), and

Burton et al. (2021), for the above equation, a unitary value was considered for the
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aerodynamic admittance. Furthermore, considering the discretized structure in MDOF,

the turbulent wind spectrum includes spatial correlation information, expressed by:

Susy 1) = [Suan, 1) Sy (22, 1) Coher, 2 ) (3.30)

where Sy, is the wind cross spectral density between the vertical coordinates i and j

and defined the wind auto spectrum S, ,,; and Sujuj related to wind fluctuations at the

vertical coordinates z; and z;. The coherence function Coh(z;,zj, f) describes the

turbulence spatial correlation between two points separated vertically. The coherence

function is given by:
Coh(z;,zj, f) = exp(—12Az [ (f/ U)? + (0.12/L.)? 1) (3.31)

where L. is the coherence scale parameter (assumed equal to L) and Az is vertical

distance between points z; and z;.

In the applications and analysis made throughout the thesis, the Kaimal spectrum
(Figure 3.2) is considered to characterize the wind longitudinal turbulence load on the

structure. The Kaimal spectrum formula (Burton et al., 2021) is expressed as:

402 L, /U
Suu; (2, f) = & k/L (Z)5/3 (3.32)
k
(1+6f U(z))

0.3

0.25

Normalised Kaimal Spectrum

10°3 1072 107" 10°
Frequency (Hz)

Figure 3.2. Normalized Kaimal spectrum (f Sy, (f)/0:2).
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The mean wind velocity U(z) for different heights z is calculated using the
following potential law:

a

— — Z

U(2) = Uyes (—) (3.33)
Zref

where Uref is the reference mean velocity at a given reference height z..¢, z is the

analyzed height (vertical coordinate), and « is the wind shear exponent. For the

longitudinal wind (k = 1), we have (Burton et al., 2021)

g1 = Iref (0,75 Uref + 56) (334)

o0, represents the standard deviation of the wind speed variations about the mean wind
and I..r the reference value of the turbulence intensity. L is related to a scale integral

parameter and for the longitudinal turbulence it is expressed by

L= 81A, (3.35)
where,
A =42mor 0.7z ,forz < 60m (3.36)

For the OWT analysis due to aerodynamic loading on the support structure (tower
and monopile), the process begins with assembling the spectral matrix for longitudinal
turbulence speed. A spectral matrix related to the longitudinal turbulence speed is
created, according to the discrete structure. The turbulence spectrum matrix is then used
to generate a spectral matrix of turbulence drag forces. These drag forces are applied to
the tower and monopile above the mean sea level. This process simulates the
aerodynamic loading due to turbulence in the vibration analysis of the OWT support

structure.

3.3 WIND LOAD ON THE OWT BLADES

Wind loads in the OWT are of great importance. In addition to the wind
turbulence that reaches the structure, the turbulence in the rotating blades (Figure 3.3)
may produce excessive vibrations along the structure. The rotor experiences a thrust

force in the OWT out-of-plane direction caused by passings gusts during the blade’s
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rotation. The wind fluctuation over the blades can be expressed in terms of the
turbulence intensity and the correlation function for wind fluctuations (gusts) taken at
different blade radii (Murtagh et al., 2005; Sarkar & Chakraborty, 2017; Colherinhas et
al., 2020; Burton et al., 2021). Also, a power spectrum related to the phenomena

describes how the energy content of a burst is distributed over different frequencies.

mean wind speed furbd ence

wind ficld

_ y | - /j
instantaneous

&

\
steady wind profile

Figure 3.3. Passing gust during blades rotation (Source: Hau, 2013).

The representation and application of the turbulence load over the blades in the
frequency domain takes basic assumptions, such as: the linear relationship between
wind fluctuations and the resulting loads; the flexibility of the blade is not considered,
being assumed completely rigid; the blades have constant local torsion, that is, they do
not have a pitching movement; the blade remains unstalled, i.e., the variation of the lift
coefficient with the angle of attack (dC;/day) is constant (usually adopted as 2m); the
drag term is ignored; the wake is 'frozen', that is, the induced speed remains constant
despite fluctuations (Burton et al., 2021). Also, considering the turbulence scale much
higher in relation to the blade radius, we have the blade root bending moment standard

deviation in the OWT out-of-plane direction given by:

1 ac R
oy = (E'Daﬂrd—a;> oy f c(r) r?dr (3.37)
0

where o, is the standard deviation of gust speed that affects the rotor area, which, due to

the frozen wave assumption, is equivalent to the standard deviation of wind turbulence
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with undisturbed flow. Furthermore, p, is the air density, 2, the rotor rotation

frequency, and c(r) is the blade section (Figure 3.4) length (chord) at radius r taken

from the blade root.
Leading Mean camber line
edge (halfway between top and bottom)
Angle of radius Trailing
edgc
Chord, ¢
Leading
edge

Chord line Trailing

edge
angle

Figure 3.4. Blade section (Source: Manwell, 2009).

As described and presented in Burton et al. (2021), longitudinal wind fluctuations
are not perfectly correlated, so the power spectrum generated by the blade's bending
moment, due to wind fluctuations that affect the rotor disc, is defined using the

correlation function:

1 dac
Sy = ( Pa " da, l f f S (rl,n,fk)c(n)c(r)rz 2drldr =

= (%pfﬂrj—s:) ZZS (ri7, fi)e () e(ry) r2r2(Ar )2

i=1j=

(3.38)

where ¢(r;) and c(r) are the lengths of the blade section at points (radii) r; and 7; and
Ar is the distance between radii 7; and 7;. Figure 3.5 presents the rotor thrust power

spectrum for the NREL 5-MW Reference Offshore Wind Turbine (Jonkman et al., 2009;
Jonkman & Musial, 2010) determined as presented in Equation (3.38).

The rotationally sampled power spectrum S;; for points 7; and 7; of the rotating

blade is determined through the rotationally correlation function x).

T
Su"(ri,rj,fk) = Zf K,‘j(ri,rj,r) cos(2nf,T) dt (3.39)
0
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Figure 3.5. NREL 5-MW Reference OWT rotor thrust spectrum.

In practice, the rotationally sampled spectrum S, is calculated using the Discrete
Fourier Transform (DFT). To establish the correlation functions as periodic with respect

to period T, the rotationally autocorrelation function and the cross-correlation function
for T > T/2 are shifted from k§(r;, T — 7) and x(r;, 1, T — 7)). Thus, with «;° (where
the asterisk highlights the function shifted from —t to 7 > T/2) the DFT of the

rotational spectrum is expressed by:

N-1
1
S,f(ri,rj,fk) = 2T Nz K;‘;"(ri,rj,kT/N) cos(2mf/N) (3.40)
p=0

where N instants are considered over the period T and for frequencies w; = k/T (with
k =1,2,..,N —1). The sum is calculated using the FFT algorithm with N = 22 and
the wind turbulence duration as T = 400 s. It is worth noting that the number of points
analyzed directly affects the quality and precision of the results (Burton et al., 2021).

The rotationally sampled spectrum S,? for r; =7; is computed from the

rotationally autocorrelation function kg (73, T) given by

1
3

20,2 s/2
ra/3) (1.34Lk )

K ( s ) s K ( s ) eren(ﬂrr/Z)2
13\1.34L,)  2-1.34L, *3\134L, s

ko(r,7) =
(3.41)

47



where K is a Bessel function, L, is defined in Equation (3.35), Q, is the rotor frequency
related to its rotations per minute (rpm), and s is the separation distance (Figure 3.6)
between a fixed point and a position seen by a point at a radius r (or two radius) on the

rotating blade is computed by:

s = U%1? + 47, sin%(Q,7/2) (3.42)

Figure 3.6. Relevant parameters for the rotationally sampled spectrum S,? (Source: Sarkar &
Chakraborty, 2017).

For different points along the blade (7; # r;j) the rotationally cross-correlation

function k} is given by:

o( ) = 20,7 ( s/2 )1/3
o0 =t /3y \1.34L,
(3.43)
s 1 s s r? + rjz — 211 cos(Q,T)
Ki/3 -5 K3 ( )
1.34L, 21.34L, 1.34L, 52
with s for r; # 7;j obtained through:
s? = U%t% + 1} + 17 — 2175 cos(Q,.7) (3.44)

In short, the rotationally sampled spectrum quantifies the rotor thrust as a
consequence of the turbulence load over the OWT rotating blades. The wind fluctuation
energy content impinging on the turbine rotor is analyzed all over the blade length. It is

worth noting that the OWT blades cut the gusts repeatedly, given that the gust period is
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much greater than the blade revolution. When the blade may be thought of as
encountering the initial gust after each full revolution, pronounced peaks of energy
occur (Figure 3.7). This phenomenon is called gust slicing and explains the peaks

shown in the rotationally sampled power spectrum (Figure 3.5).
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Figure 3.7. Normalized rotationally auto-correlation function for alongwind wind fluctuations
seen by points on a rotating blade at different radii.

3.4 WAVE LOAD ON OWT MONOPILE

Besides wind load, wave loads may compromise the OWT performance. Wave
load peak frequency approaches the structure natural frequency and the OWT can
experience excessive vibrations Next, are presented the basic hypotheses, the boundary
conditions and the formulation used to determine the wave load that occurs in the
offshore wind turbine OWT monopile. The approach considers the stationary random
process of wind waves, as they are commonly called. Thus, the sea behavior is defined
based on its power spectrum, where the energy variation in its state is well represented.

Regarding the basic hypotheses to formulate the problem (Brebbia & Walker,
1979; Adams & Barltrop, 1991; Pedroso, 1992; Li & Chen, 2009; Sarpkaya, 2010), the
sea is taken as an incompressible, an inviscid, and an irrotational fluid (V X v = 0).

Based on these hypotheses, we have

L = 09 09 09
U=VCD=( )

a;@;g (3.45)

where @(x,y, z) is the fluid velocity potential and V the gradient vector. A surface with

constant @ and constant potential energy is then defined.
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From the hypothesis of incompressibility and considering the conservation of flow

mass (Brebbia & Walker, 1979; Pedroso, 1992), we have

—+pV =0 (3.46)

dp/dt =0 (3.47)

Thus, by the incompressibility and mass conservation hypothesis:

V-3=0 (3.48)

By introducing Equation. (3.45) in (3.48) we have the condition to be met in the

fluid domain, given by:

V29 =0 (3.49)

Regarding the boundary conditions for the fluid domain (Figure 3.8), the surface
height 1 is considered small, and the surface tension is disregarded, while the bottom is
considered horizontal, flat and impermeable (Brebbia & Walker, 1979; Adams &
Barltrop, 1991; Pedroso, 1992; Li & Chen, 2009, Sarpkaya, 2010). Thus:

dn 09
- = 3.50
otz Jor 2=0 (3-50)
0P
¥ —gn for z=0 (3.51)
0P 10%@
E = —EF fOT z=0 (352)
0®
Fri 0 for z=-h (3.53)

For the plane wave problem (two-dimensional), the following expression is

assumed as a solution to the problem:

D(x,z,t) = @(x) Hy(z) g(t) (3.54)
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Figure 3.8. Fluid domain (Source: Brebbia & Walker, 1979).

Applying the variable separation method, considering the boundary conditions
presented, and the Linear Wave Theory (Brebbia & Walker, 1979; Adams & Barltrop,
1991; Pedroso, 1992; Li & Chen, 2009; Sarpkaya, 2010), we have the following

expression:

A,g cosh[k(z + h)]

P(x,z,0,0) = — cosh(kh)

cos(kx — wt) (3.55)

where, A, is the wave amplitude, g is the gravity acceleration (9.81 m/s?), w the wave

circular frequency (rad/s), h the seabed depth, and z the analyzed depth. The

wavenumber k is determined by the following expression:

w? = gk tanh(kh)

(3.56)

The horizontal wave velocity u, and acceleration u,, which will later be used to

determine the wave force over the OWT monopile, are obtained by

0P ( =4 cosh[k(z + h)] ; 357
Foie u,(x,z,w,t) = —A,w sinh(xh) sen(kx — wt) (3.57)
9% cosh[k(z + h)]

— =7 = P - 3.58
FER U (x,z,w,t) = A, Sinh (<) cos(kx — wt) ( )
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To compute the force applied to the OWT monopile (slender and vertical cylinder)
due to the action of the wind wave, the well-known Morison formula can be adopted
(Brebbia & Walker, 1979; Adams & Barltrop, 1991; Pedroso, 1992; Li & Chen, 2009,
Sarpkaya, 2010), which consists of the drag and inertia components superposition
(Figure 3.9). Where, the drag force is related to the flow speed passing through the pile,
while the inertia force is generated by the fluid acceleration. Thus, from the Morison

Equation:

1 nDj
flx,z,w,t) = EpSCdeluxlux + psC; = U (3.59)

where p is the density considered for the sea, Cj; is the drag coefficient, C; is the inertia

coefficient, and D,, is the pile diameter.
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Figure 3.9. Wave force and its components in the monopile (Source: Brebbia & Walker, 1979).

Generally, the use of random vibration analysis assumes a linear analysis.
However, drag force presents the nonlinear term for velocity. Through equivalent
statistical linearization (Brebbia & Walker, 1979; Adams & Barltrop, 1991; Li & Chen,
2009; Sarpkaya, 2010), we have the linearized Morison Equation given by:

2
b 4. (3.60)

1
flx,z,w,t) = EpSCde 8/m oy, uy + psC; 2

where o, is wave velocity u, standard deviation.
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If the waves at different points (x, z) are perfectly correlated along the x direction,
the random field can be simplified to a random process (Brebbia & Walker, 1979;
Adams & Barltrop, 1991; Li & Chen, 2009; Sarpkaya, 2010), given as

U (%, 2, w,t) = Hy(w,z) n(x, t) (3.61)
U (x, 2z, ,t) = Hy(w,2z) 17(x, t) (3.62)
and due to the perfectly correlated points along x:
Uy (2, w,t) = Hy(w,z) n(t) (3.63)
(2, 0,8) = Hy (@,2) 1(t) (3.64)

Thus, Equation (3.60) can be rewritten as:

1 D} _
f(z,w,t) = EpstDp 8/m oy Hy(w,2) n(t) + psC;—— Hy (0, 2) 1(t) (3.65)

As presented previously, a stationary random process 77(t) can be characterized by

the correlation function R, (0). From this relationship, the wave random process may
be quantified employing the wave power spectrum S,,(w). Thus, the wave force

spectrum is given by

H} (w,2) Sy (w) (3.66)

1 nD,?
Spr(w, z) = EpSCde 8/ma,, + psCiTa)

where

_cosh[k(z + h)]
Hn(w,z) =w W (367)
Many variables and natural conditions control the formation of wind waves.
Widely used, the Pierson-Moskowitz (PM) and Joint North Sea Wave Project
(JONSWAP) spectrum are applicable for a zero-mean stationary stochastic process Syy,.

For a given wave frequency f (s~! or Hz) JONSWAP spectrum (IEC, 2009) is defined
by:
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S;s(f) =CQ) Spm(f) y™s (3.68)

The peak shape parameter y and exponent a;s of the peak enhancement factor

y%is are determined by:

5 for T,/VH; <3.6
y ={exp(5.75 - 1.15T,/VH;) for 3.6 <T,/VH; <5 (3.69)
1 for T,/vVHs > 5.0
ais = ex —M for c¢= {0'0” <J (3.70)
js = P T 22| =10.09,f > f, :

The peak frequency f, (= 1/T,) (Holthuijsen, 2007) is computed from the

average wind speed U;, at a height of 10 meters:

T, = 7.14(1.075 - Uyo)/g (3.71)

Finally, the Pierson-Moskowitz Sp,; spectrum (British Standards Institution.,

2009) is given by the following expression

Spu(f) = 0,3125 HZ fi} f~° exp[-1,25(f;, /f)] (3.72)

where the wave height Hg (Holthuijsen, 2007) can be determined by:

Hy = 0.21(1.075 - Ty)%/g (3.73)

Figure 3.10 presents an example, taken from (British Standards Institution., 2009),
where the Pierson-Moskowitz spectrum and the JONSWARP spectrum are presented. For
the sea state the significant wave height H is taken as 14.4 m, the peak frequency f, as
0.065 Hz, and the peak shape parameter y as 3.3.

Adopting the JONSWAP spectrum for the random process of wind waves S, , we

have the wave load for a given frequency, as (Li & Chen, 2009):

2
H,,Z(a), z) S]S(f) (3.74)

1 nD,*
Sff(f;Z)z EpstDp 8/m oy, + psCiTw
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Figure 3.10. Pierson-Moskowitz and JONSWAP spectrum for the given conditions.

3.5 WIND AND WAVE RANDOM LOADS IN TIME DOMAIN

Wind and wave load on the OWT (Figure 3.11) are presented with a fairly
approximation when expressed through their PSD (British Standards Institution., 2006,
2009). Based on the related PSD these random loads may be computed in time domain

using harmonics. These are detailed in the following section for wind and wave loads.
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Figure 3.11. OWT with monopile foundation under random wind and wave load in time.
3.5.1 WIND LOAD ON STRUCTURE

The wind force f(t) in the OWT structure is computed by the superposition of a

mean component f and a turbulent component f;(t), considered as a stationary
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Gaussian stochastic process (Borri & Pasto, 2006; Li & Chen, 2009). The mean

component, related to the mean wind speed U(z), is given by:

f(z) = %paCdAiUiz(Zi) (3.75)

The wind turbulent component, considered as a stationary Gaussian stochastic
process with zero mean, over time can be understood as the superposition of harmonic
functions. The wind gust speed u;(t) at height z; can be expressed as follows (Borri &
Pasto, 2006):

[11(D)] [Hu:lu:l (wr) ]{cos(ankt +61)]
u, (t) N AV Hy,u, (@r)  Hy,u, (@) cos(2rawt + 6;)
uz(t) | = Z Hu3u1 (wi) Hu3u2 (wi) Hu3u3 (wi) | cos(2mwyt + 63)

. k=1| . |
lun(t)J lHunul (@) Hypu, (@) Hypuo (@) o Hy (wk)J lCOS(ZTIwkt + Gn)J

(3.76)

where Huiuj is the harmonic amplitude related to the height z;, w; is the harmonic

frequency in rad/s and 6; the random phase angle from 0 to . The harmonic amplitude

Hul.u]. is determined by (Burton et al., 2021)

Su,-u]- (wi) = Huiu]- (wp) - Huiuj (wk)_l

[Hulul (wi) ]
Hu2u1 (wi) Hu2u2 (wi) |

= Hu3u1(wk) Hu3u2(wk) Hu3u3(wk) ‘
Hunul(wk) Hunuz(wk) Hunu3(wk) Hunun(wk) (3.77)
[Hulul(wk) Huzul(wk) Hu3u1(wk) Hunul(wk)]
I Hu2u2 (wi) Hu3u2 (wg) . Hunuz (wi) I
| Hu3u3 (wi) - unu3 (W)
l Hunun(wk)

with Suzu; can be found and defined in Eq. (3.30).

The wind drag force on the OWT support structure is computed by superimposing

the two components:

fi®) = paCdA AU +w (Y (3.78)
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Figure 3.12 presents the wind speed (mean plus fluctuation) computed at a height

z of 80 m for U, equal to 11.4 m/s at the reference height z,, 5 of 10 m with wind shear

exponent a of 0.14 and the turbulence intensity /,..f of 0.14.
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Figure 3.12. Wind speed with the mean wind and turbulence speed superposition.

The wind speed signal in time domain by Equation (3.76) transformed to the
frequency domain and compared to the Kaimal spectrum generated by the exact
expression (Eq. (3.32)) demonstrates that the random wind signal over time maintains

the original spectrum characteristics (Figure 3.13).
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Figure 3.13 Random wind signal compared to Kaimal's expression.
3.5.2 WIND ROTOR THRUST
The thrust force on the rotor due to the wind load on the OWT rotating blades is

approximately reproduced (Kjourlag, 2013). The technical reports of NREL 5-MW
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Reference WT for Offshore (Jonkman et al., 2009), 10-MW OWT (Bortolotti et al.,
2019), and IEA Wind 15-MW Offshore Reference WT (Gaertner et al., 2020) present in
their respective documents’ curves that define the thrust force on the rotor as a function
of the wind speed, as discussed in (Lin et al., 2023). Figure 3.14 presents Thrust curve
for the 10-MW OWT (Bortolotti et al., 2019).

0 5 10 15 20 25
Velocity (m/s)

Figure 3.14. 10-MW OWT thrust as a function of wind speed.

In the analysis conducted in this work, the wind speed at the height of the OWT
hub is first determined, obtained by the sum of the mean speed U(z) and the turbulence
speed u;(t). Subsequently, using fit functions in MATLAB®, which express the thrust
force as a function of speed, based on values defined for the NREL 5-MW (Jonkman et
al.,, 2009), the 10-MW OWT (Bortolotti et al., 2019), and the IEA Wind 15-MW
(Gaertner et al., 2020), the force on the OWT rotor in time domain is computed (Figure

3.15). The thrust force on the rotor is considered lumped and applied to the last node of

the tower.
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Figure 3.15. 10-MW OWT approximate thrust force in time.
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3.5.3 WAVE LOAD

The wave force that impinges on the OWT monopile can be expressed by the
Morison formula (Equation (3.59). Considering linear wave theory, the wave speed u

and acceleration u at a given depth z at time ¢ are given by (Chakrabarti, 2005):

N H?]'wi
u(z,t) = 2 — cosh[k;(h + z)] cos(2rw;t + 6;) (3.79)
; 1smhicih
i=
1(z,t) = " 0 h[x;(h + 2)] sin(2 6,) 3.80
u(z,t) = chos [ki(h + z)] sin(RQrw;t + 0; (3.80)

=1

where, h is the seabed depth and 6; a phase angle randomly computed from 0 to . The

wavenumber k; is determined iteratively by the expression:

wf = gx; tanh(k;h) (3.81)

The wave spectral amplitude H,, is obtained from the JONSWAP spectrum (Eq.
(3.68):

Hy, = jz f wmsjs((u)dw (3.82)
Wi-1

Figure 3.16. and Figure 3.17. presents the wave speed and acceleration at the 10 m
depth for seabed level of 20 m. The peak frequency and wave height are defined by
Equations (3.71) and (3.73) for the average wind speed at 10 m above sea level equal to
11.4 m/s.

The pile considered within his example has a diameter of 6 m. The drag
coefficient is assumed to be 1.0 and the inertia coefficient equal to 2.0 for the pile. The
sea water density is adopted equal to 1,025.0 g/m?. Considering these parameters and
the wave speed and acceleration presented above, the wave force overtime defined by

Morison's Equation is presented in Figure 3.18.
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Figure 3.16. Wave speed in time with amplitude related to the JONSWAP spectrum.
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Figure 3.17. Wave acceleration in time with amplitude related to the JONSWAP spectrum.
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Figure 3.18. Wave load in time domain.
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The definition of the wave velocity and acceleration with amplitude related to the
JONSWAP spectrum by Equations (3.79) and (3.80) presents a random pattern given the
phase angle 8; random computation. The wave load transform from the signal in time
domain to the frequency domain demonstrates that the random signal in time preserves

the spectral characteristics of the exact expression (Eq. (3.68)) as shown in Figure 3.19.
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Figure 3.19. Random wave load signal compared to exact expressions.
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4. OPTIMAL DESIGN

In recent years, a significant amount of capital has been invested in OWT farm
design and construction. Despite a slowdown, 2022 represented the third-best year for
the wind energy industry. Furthermore, by 2027 it is estimated that 680 GW of wind
capacity will be installed globally, totaling 2 TW in operation by 2030 (Global Wind
Energy Council, 2023).

The energy industry seeks optimal solutions that are economical and suitable for
offshore wind turbine operation. The OWT support structure (tower, transition piece,
and foundation) represents a significant amount of the cost (Stehly et al., 2023).
Enhancing the reliability while reducing the material and manufacturing expenditure of
the structure is feasible with the use of the Tuned Liquid Column Damper.

The optimal design of the TLCD for controlling vibrations in an OWT requires
great effort. OWT are relatively complex structural and mechanical systems located in a
highly demanding environment (Petrini et al., 2010). OWTs are subject to random and
irregular environmental wind and wave conditions. Thus, the optimal design involving
an offshore wind turbine is not a trivial task (Muskulus and Schafhirt, 2014).

Gradient methods (based on calculus) application for the optimal design of the
TLCD such as Gao & Kwok (1997), Yalla (2001), Hochrainer & Ziegler (2006) present
some limitations for the design accounting the OWT structure and the offshore
environment. The use of meta-heuristic algorithms is preferred (Karpat, 2013; Gentils et
al., 2017; Martinez-Luengo et al., 2017; Furlanetto et al., 2020; Colherinhas et al., 2021;
Colherinhas et al., 2022; Al-Sanaad et al., 2021; Mendes et al., 2023; Yu et al., 2023).

To ensure a gain in structural performance, optimization seeks the optimal TLCD
parameters that minimize the response of the OWT. Also, the tuned liquid column
damper offers the possibility of additional savings in material and manufacturing of
offshore wind turbine support structures. Thus, the simultaneous optimal design of the
OWT and TLCD is also studied and proposed. For the optimization process in these
cases, the Genetic Algorithms (GA) method is used.

Genetic Algorithms (GAs) were created and developed by John Henry Holland,
his students, and colleagues at the University of Michigan during the 1960s and 1970s
(Mitchell, 1998). The original objective was to formally study the adaptation

phenomena occurring in nature. Goldberg (1989) introduced GAs as an optimization
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technique in his book "Genetic Algorithms in Search, Optimization, and Machine
Learning," through simulations of genetic systems.

Genetic Algorithms (GAs) have expanded across the academic community with
applications in a variety of unconventional problem domains. GAs finds applications in
various scientific fields, including optimization problems, machine learning,
development of strategies and mathematical formulas, economic model analysis,
engineering problems, and diverse applications in Biology. Examples include
simulating bacteria, immune systems, ecosystems, and discovering the structure and
properties of organic molecules (Mitchell, 1998; Luque & Alba, 2013).

Computational resources for numerical modeling have been increasingly in
demand. Evolutionary computation has enabled the solution of multi-objective
optimization problems, allowing for the simultaneous analysis of various design
parameters. Below are presented parts of the workflow that comprise the Genetic

Algorithm routine (Colherinhas, 2016; Colherinhas et al., 2020) adopted in this thesis.

4.1 GENETIC ALGORITHM COMPUTATIONAL ROUTINE

Figure 4.1 presents the algorithm flow. Initially, the first population is created
with chromosomes (individuals’ cases of OWT with TLCD) that have genes (OWT or
TLCD parameters) determined from a random distribution within pre-established limits
(minimum values L; and maximum values L associated with the individuals' genes).
These chromosomes or individuals have their value defined by the objective function
through the analysis of one or more variables. The chromosomes undergo a selection
process where the fittest (defined by the value associated with the objective function)
have a greater ability to transfer their characteristics to the next generation of
individuals through crossover. A small portion of the population may have their genetic
information altered through a mutation process. Deterministic methods such as elitism
can ensure that a percentage of the best individuals are present in the next generation,
while decimation eliminates a percentage of the worst individuals. The algorithm

terminates at the end of the specified number of generations Ny,
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Figure 4.1. Genetic Algorithm flowchart for optimizing the TLCD or OWT parameters.
4.1.1 OBJECTIVE FUNCTION

The designation of the objective function f,, j (i) is self-explanatory. It denotes
the analysis of the optimization objective through a function, where the variable or
parameter analyzed expresses the target of the optimization process. The goal is to
maximize or minimize the defined variable or parameter for the analyzed problem.

Commonly, the objective function for a vibration control optimization assesses
the structural response (displacements, accelerations, inter-story displacements, etc.)
based on the parameters of the control device (Farshidianfar & Soheili, 2014;
Colherinhas et al., 2020; Mendes et al., 2023). Meanwhile, for the OWT structures
optimal design the focus relies on the structure's volume determined by tower and
foundation parameters (Uys et al., 2006; Karpat, 2013; Gentils et al., 2017; Martinez-
Luengo et al., 2017; Furlanetto et al., 2020; Al-Sanaad et al., 2021).

4.1.2 SELECTION

After evaluating the objective function for the N individuals in the population, a
dedicated algorithm separates individuals (cases of OWT with TLCD) with the best
parameters (evaluated according to the objective function) through random choices.
Selection depends on the score assigned to each case. Among various selection
approaches, the Roulette Wheel Selection method is employed (Katoch et al., 2021).

This is a classic method of proportional selection, where the probability P; to one

case i among a generation of N cases to be selected depends on the value associated
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with the established objective function. This probability, also referred to as "slice," is

expressed as:

fobj (D)

= il foni @)

4.1)

A case with a higher objective function value f,;;(i) and a higher probability P;

has a greater chance of being selected. Subsequently, the cumulative probability q;,

defined as the sum of probabilities Py, is given by

i
g = Z P, 42)
k=1

The selection of case i for the subsequent stages of the algorithm depends on the

following condition rand < q;. Where rand is a random value between zero and one.

4.1.3 CROSSOVER

Crossover, unlike elitism and culling, operates with the probability of individuals
crossing over within the population. Descendants (new individuals) for the next
generation are generated from this crossover, ensuring gene exchange. Thus, a new
population is created, ensuring that genes are passed on. This step is crucial for
subsequent generations, so it is advisable to adopt a crossover probability above 60% to
ensure that more than half of the individuals produce offspring and pass on their genes.

For optimization studies in this research, employing the genetic algorithm
developed by Colherinhas (2016), the crossover stage adopts the Blend Crossover
(BLX-a) method, where a new case z is generated by the following expression from

individuals x and y

z=x+ Ly —x) 4.3)

with

B~U(—a,1+ a) (4.4)

where U represents a uniform distribution and « is adopted as 0.25. There's a possibility
that the descendant z may extrapolate beyond the genes of individuals x and y,

precisely due to the use of the coefficient a. Therefore, through this coefficient,
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individuals with genes beyond the limits established in the initial parameters can
emerge, leading to new solutions and expanding the analysis range within the
population. Consequently, there is greater genetic variability among the chromosomes

(individuals) of the next generation.
4.1.4 ELITISM AND DECIMATION

Elitism and decimation are based on deterministic selection of individuals from
the population based on the objective function. In elitism, a portion of the best cases, or
those objectively most fit within the population, are guaranteed to be included in the
next generation. Meanwhile, decimation eliminates some cases, specifically those with
low fitness, ensuring they are not present in the next generation population. Thus, both
deterministic methods aim to improve the next generation's population by selecting and

eliminating the most and least fit individuals, respectively.

4.1.5 MUTATION

Mutation introduces randomly generated new information into the next
generation. A probability of occurrence is defined for altering the parameter(s) of some
cases in the next generation. It is important to note that the probability of mutation
should not be high (suggested around 5%) to avoid a new population with individuals
having lower objective function values, which could affect the analysis convergence.

In the genetic algorithm, uniform mutation is considered. For individuals
undergoing genetic mutation, the altered gene of the individual is randomly selected

within the interval U(L;, Lg), constrained by the lower limit L; and upper limit L.

4.2 TLCD OPTIMIZATION

The optimization process of vibration absorbers dates to classical works such as
Den Hartog (1956) and Warburton (1981; 1982). They developed and presented exact
formulas to define the tuned vibration absorbers optimal parameters with the aim of
minimizing structural vibrations.

Considering the previous approach, Kwok and Gao (1997), Yalla (2001), and
Hochrainer and Ziegler (2006) elucidate and present optimal formulas to determine
some of the TLCD parameters. The mass ratio uy and the aspect ratio ay
(Equations(2.9) and (2.6)) show predictable behavior for reducing the structural

response. The work focuses on the formulation to define the optimal TLCD tuning ratio
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Yy and the damping ratio {r. The analytical formulation presented is considered the
spring-mass model for the primary system (structure) under different forces.

Proposing formulas for damper optimal parameters is an arduous task and it is not
always possible to reach analytical solutions due to the complexity of the systems
involved. Thus, robust optimization methods are applied to numerically define the
damper parameters that present the best structure performance (Farshidianfar & Soheili,
2014; Colherinhas et al., 2020; Mendes et al., 2023; Colherinhas et al., 2024).

The TLCD optimization process focuses on the optimal tuning ratio y; and
optimal damping ratio {; search. In the process of finding the parameters that minimize

the structural response, the objective function is defined as
1
forj = o? (4.5)

with

+ oo

ol = | @S

The discrete OWT with TLCD frequency response matrix H(w) is composed
according to Equations (2.20)-(2.24), while S¢f(w) contains the PSDs related to wind
and wave action on the turbine. The remaining steps of the process follow the previous

description summarized by the flowchart in Figure 4.1.

4.3 OWTAND TLCD SIMULTANEOUS OPTIMIZATION

Equipping the OWT with a TLCD also offers the possibility of additional savings
in material and manufacturing of offshore wind turbine support structures (tower and
foundation) besides enhancing structural performance. The simultaneous OWT support
structure with TLCD optimizing process is based on searching DV values for the wind
turbine structure and damper, which present the structure with its minimum volume. The
solution presented must comply with the structural requirements defined for the tower
and liquid column operating requirements.

For the optimization process, the set of DVs chosen to solve the analyzed problem
is pre-defined. Each variable has minimum and maximum values established that form

the domain of each variable (25, in the search for the optimal design of the structure and
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damper. The union of the domains of each DV makes up the optimization process
domain 2pr.

The objective of optimization is established by the objective function (OF) which
must be minimized. In this work, the objective is to reduce the volume of the offshore
wind turbine support structure with TLCD. For the structure optimization process, the
analysis seeks optimal values for the monopile diameter d,,, and the thickness t,,, for
the tower diameter at the base d, j, and at the top d;; and values for the tower thickness,
also at the base t,;, and at the top t;.. The conical geometry of the original tower is
maintained for optimized tower.

The search for the optimal structure with the help of TLCD requires also defining
optimal damper parameters. The tuning ratio y; and the proportional damping ratio (¢
are DVs for the TLCD. Other damper parameters, such as the mass ratio uy and the
aspect ratio ay, have their values previously defined and constant throughout the
analysis.

During optimization, the DVs must present an optimal solution that complies with
design constraints established for the structure and the liquid column damper. For the
offshore wind turbine, it is established that the maximum horizontal dynamic
displacement at the tower top X; ,nq, must be less than or equal to an established limited

displacement X j;,,,. The horizontal displacement at the tower top X¢ 4, 1S computed

by:

Xt,max = Yo Ox (4.6)

where g, is the structure rms horizontal displacement at the top and g, is the peak
factor for the stationary stochastic process. The peak factor is given by (Borri and Pasto,

2006):

9o =+ 2In(nT) + 0.5772/4/2In(nT) 4.7

where 7 is taken as the fundamental frequency of the OWT and T (one hour) is the time
interval over which the value is evaluated.

For OWT support structures with shell geometry special attention must be given
to local buckling (Dimopoulos & Gantes, 2013; Dimopoulos et al., 2015): oy}, stress at
the tower base must be lower than the critical buckling stress o, in the section. This

assessment follows the conditions and formulation presented in DNVGL, (2017) and
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explored by Uys et al. (2006) and Karpat (2013). The tower stress at the base o, is
considered as the sum of the axial stress g, generated by the OWT's self-weight G and
the bending stress g, generated mainly by the moment M caused by the rotor thrust due

to wind flow.

Otp = 04 +0p < 0y 4.8)
with

0, =G/(2nreptsy ) and oy = M/(ﬂrtz,btt'b ) (4.9)

where 7y}, 1s the radius of the evaluated section, in this case, the base of the tower. The
critical buckling stress g, in the session is computed according to DNVGL, (2017)
considering a shell segment of 18 meters with a stiffening ring for each segment, steel
with elastic modulus of 210 GPa, yield stress of 355 MPa and shear modulus equal to
0.3.

The restriction established for the TLCD effectiveness in controlling the wind
turbine vibrations follows the theoretical formulation where the liquid column

maximum displacement allowed Y 4, must not be greater than hy. So that part of the

liquid column that descends in one of the two vertical sections of the U-tube during the

fluid oscillation remains in the vertical section (see Figure 1.1).
Vfmax < hg (4.10)
for

he = (Ly — Bf)/2 (4.11)

The liquid column maximum vertical displacement Y 4, is computed as

Yfmax = o0y 4.12)

with the liquid column displacement standard deviation o,, inside the reservoir, given

by:

o) = fowsyy(w)dw (4.13)
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After presenting the optimization objective, variables and design constraints, the

optimization problem can be summarized as

Flnd D (S QOPT
that minimizes OF

with Xt max < Xt lim> Ot,b < Ocrs and yf,max < hf
with vector D containing the DVs and defined as

T
D = {dm tm dep Ao tep toe af (f}

and the design variables domain Qgpt containing each individual DV domain Qpy from

the structure and the tuned liquid damper:

Qopr € (Qq,, U R, U Qg U g, U Qe UD UQ, U D)
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5. OFFSHORE WIND TURBINE STRUCTURE PERFORMANCE

The design of complex structures like Offshore Wind Turbines (OWTs) are
commonly based on results obtained from prescriptive structural analyses that employ
the evaluation of limit states characterized in standards (DNV, DNV-GL, IEC, and
NBR). The structural response is significantly affected by uncertainties due to the
variability of both the environmental actions and the geometric and mechanical
properties of the structure.

During its service lifespan, an OWT is subject to varying random actions over
time, such as wind, waves, and ocean currents. The knowledge of the environment in
which the OWT is located is generally limited and characterized by a high level of
uncertainty. Moreover, the structure numerical model is a theoretical representation of
the OWT, which does not account for potential discrepancies between the designed
structure and the manufactured and constructed one.

Traditionally, the inherent uncertainties in structural design are characterized by
load factors that increase actions and reduction factors that decrease the resistance of the
structure. The prescriptive approach must meet the serviceability limit states and
ultimate limit states. The semi-probabilistic design method, or Load and Resistance
Factor Design (LRFD), is widely used.

Designing an OWT based on performance terms is also outlined in standards
(DNV-GL, 2016) and constitutes a rational and efficient methodology. A performance-
based approach states explicitly which are the performance requested and eventually the
levels to be guaranteed with prefixed and acceptable margins of safety during the design
(Petrini, 2009). The predicted performance in design represents a qualitative and
quantitative measure of the system's efficiency when subjected to actions and loads
throughout its service lifespan.

The approach highlighted in this chapter for the performance analysis of the OWT
is based on the Performance-Based Wind Engineering framework and developed in
Augusti and Ciampoli (2008), Petrini (2009), Ciampoli and Petrini (2010), and
Ciampoli et al. (2011). Initially, the main sources of uncertainty considered for the OWT
are highlighted. Next, the formulation used to evaluate the performance of OWT with
TLCD using the PBWE method is presented. Finally, the Monte Carlo method used to
solve the simplified formulation adopted for the PBWE is discussed.
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5.1 SOURCES OF UNCERTAINTY FOR AN OWT

The main sources of uncertainty for an OWT (Figure 5.1), with its structure under
wind and wave loads, can be separated into two zones for design in probabilistic terms
(Ciampoli and Petrini, 2010). A zone (environment) comprising the random actions
(wind and wave field) basic parameters and another zone characterizing the structural
parameters and the interaction effects between the wind and wave field and the structure

(exchange zone).
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Figure 5.1. OWT zones, sources, and types of uncertainties considered for the PBWE analysis
(Source: Petrini, 2009).

The uncertainties in the environment are related to their random and complex
nature of wind, waves, and current actions with fluctuations in intensity, frequency, and
direction over time. Also, uncertainty is related to the phenomenon modeling, possible
lack of data and information, and errors made in field measurements (epistemic
uncertainty).

In the exchange zone part of the uncertainty is linked to the OWT structural
parameters which are mainly related to mechanical and material properties. Also, the
exchange zone comprises interaction parameters. The interaction parameters are related

to the uncertainties on the aerodynamic and aeroelastic parameters of the structure.
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These parameters could be computed as structural parameters. Nevertheless, as
previously stated, the aerodynamic and aeroelastic parameters are certainly subjected to
the aleatoric uncertainties propagation from the environment zone (Petrini, 2009).
Aeroelastic derivates and dimensionless wind and wave numbers are a few examples of
interaction parameters.

For the wind turbine with TLCD probabilistic analysis in the offshore
environment, the model uncertain parameters are separated into arrays considering the
sources and zones of uncertainty. The IM intensity measurement vector is composed of
the uncertain parameters of the offshore environment. The uncertain parameters in the
exchange zone are grouped into two vectors, IP interaction parameters vector and the
SP structural parameters vector.

The environment parameters IM and the structural parameters SP are
uncorrelated and independent with respect to the interaction parameters IP (Ciampoli et
al., 2009; Petrini, 2009; Ciampoli and Petrini, 2010). In other words, the occurrence of
IP and SP has no impact on the occurrence of IM. Also, the occurrence of IP and IM
has no impact on the occurrence of SP. Thus, the conditional probability P(-|-) for

IM and SP are given by:

P(IM|IP) = P(IM|SP) = P(IM) (5.1)

P(SP|IP) = P(SP|IM) = P(SP) (5.2)

However, the probability analysis of the problem can involve dependent
parameters from other sources of uncertainty. The interaction parameters IP depend on
the environment basic parameters IM and the structural parameters SP. Therefore, the
IP probability of occurrence given the occurrence of IM and SP is expressed as

(Petrini, 2009; Ciampoli et al, 2011):

P(IM, IP,SP) = P(IP|IM,SP) - P(IM|SP) - P(SP)

(5.3)
= P(IP|IM,SP) - P(IM) - P(SP)

5.2 SIMPLIFIED APPROACH TO STRUCTURAL PERFORMANCE

The theoretical and ideal objective of a Performance-Based Design procedure is to
aid stakeholders (interested parties) decisions in defining design parameters based on a

set of decision variables derived from specific performance criteria for the structure.
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These criteria may consider many performance levels as ensuring no collapse, ensuring
occupant safety, maintaining accessibility, achieving full functionality, and users
discomfort.

Selecting decision variables based on performance criteria (whether they are low
or high, linked respectively to ultimate and service states) required for the structure
poses ethical and practical challenges. These criteria include consequences such as
personal injury, restoration costs, expenses due to service loss or degradation, and
changes in user comfort (Ciampoli et al., 2011). Therefore, the PBD procedure often
focuses simply on assessing structural damage parameters (DM) (deemed unacceptable
performance) and comparing various design alternatives.

The definition and characterization of one or more damage measures parameter
for assessing building damage (considered as an unacceptable performance) must be
aligned with the structural type and its relevant engineering demand parameters (EDP)
(e.g., structural accelerations, rotations, displacements, inter-story drifts, stresses, etc.).
The EDP are computed through structural analysis. Establishing appropriate
relationships between relevant DMs and EDPs enables the evaluation of damage states
corresponding to specific values of a response parameter.

Considering the limit states related to the structure, the Performance-Based
Design (PBD) procedure can be simplified by considering that structural damage occurs
based on the probability of exceeding a limit state, which is quantified in terms of the
Engineering Demand Parameter. Thus, as elucidated by Petrini (2009), Barbato and
Petrini (2010), Ciampoli et al. (2011) and Colherinhas et al. (2024) the probabilistic
response can be synthesized by the probability of occurrence A(+) of the EDP by

A(EDP) = f f f P(EDP|IM, IP,SP) - g(IM, IP,SP) dIM dIP dSP
(5.4)
= f f f P(EDP|IM, IP,SP) - g(IP|IM,SP) - g(IM) - g(SP) dIM dIP dSP

where, g(-) denotes a probability density function and g(-|-) denotes a conditional
probability density function. In this context the Engineering Demand Parameter (EDP)
represents a structural response parameter. The basic parameters describing the offshore
environment, such as mean wind speed, wave height, and wave peak frequency, are
encapsulated in a vector of intensity measurements IM. The vector comprises
interaction parameters IP that may include aerodynamic and aeroelastic parameters of

the structure to account for the interaction between the environment and the structure.
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SP refers to the array that embraces the structural system parameters, such as Young
modulus and structural damping rate, as well as non-environmental actions.

In this thesis, the focus is on the structural performance of the OWT due to the
influence of the TLCD. The uncertainty parameters considered are related to the wind
and wave field and to structural parameters. No structural parameters derived from
phenomena’s such as aeroelastic, aerodynamic, or hydrodynamic parameters are
considered. For each of these, its own study would be appropriate. Thus, Equation

Figure 5.4(5.4) may be simplified to:

A(EDP) = f f P(EDP|IM,SP) - g(IM) - g(SP) dIM dSP 5.5

Among available methods (Song and Kawai, 2023) to solve Equation (5.5), a

Monte Carlo simulation is employed.

5.3 MONTE CARLO SIMULATION FOR PERFORMANCE ANALYSIS

In the Monte Carlo method (Schneider e Vrouwenvelder, 2017; Melchers ¢ Beck,
2018), a large number of experiments are simulated artificially and analyzed to compute
the probability of occurrence of the evaluated engineering demand parameter (e.g.,
displacement of the tower at the top).

The first step in the simulation involves generating arrays with random values for
each intensity measure IM and structural parameter SP considered in the analysis (e.g.,
mean wind velocity, wave peak period, wave height, structure Young Modulus, and
structure damping ratio). Each array is generated based on their established statistical
parameters such as the distribution mean value and the distribution standard deviation
value. The occurrence of the random values related to a specific parameter is created
using MATLAB’s native function such as a lognormal random distribution function
(Figure 5.2) and Weibull random distribution function (Figure 5.3). Detailed
descriptions of the continuous distribution functions are written in Appendix B.

A sample of each IM and SP parameter array is selected for each dynamic
analysis. The analysis with the selected parameters evaluates the structure response in
terms of the Engineering Demand Parameter (EDP). In this thesis, solely the OWT

dynamic displacement is observed.
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Figure 5.2. Random samples of the structural parameter (SP) generated by the lognormal
distribution function.
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Figure 5.3. Random samples of the intensity measure parameter (IM) generated by the Weibull
distribution function.

The process is repeated N times, where N is the size of the random parameter’s
arrays. The distribution of the EDP parameter can be visualized using a histogram, as
depicted in Figure 5.4.

The values gathered on the EDP (= {EDP,,EDP,, ... EDP; ... EDP,}) array after N
structural analysis of the OWT contains different response levels given the occurrence
of the uncertain basic parameters IM (in a certain reference period) and the uncertain
structural parameters SP. The EDP probability of occurrence may be characterized and

computed by:
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Figure 5.4. Occurrence frequency of the structural response in terms of the EDP parameter.

A(EDP) = Z Z %I(EDPI- < EDP;) (5.6)

where I(+) is an 'indicator function' that is equal to 1, if EDP; < EDP; is 'true', or 0, if
EDP; < EDP; is 'false'. Figure 5.5 shows the distribution and occurrence of the EDP

parameter given the occurrence of IM and SP.
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Figure 5.5. Probability of the occurrence of the structural response in terms of EDP.

Thus, instead of seeking the cumbersome solution of Eq. (5.6), the use of Monte

Carlo simulation allows individual analysis and the response characterization for the
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Offshore Wind Turbine with Tuned Liquid Column Damper considering random and

uncertain parameters related to the offshore environment and the structure.
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6. ANALYSIS & RESULTS

Within the thesis scope, which involves random vibration control, optimization
processes, and performance assessment, this chapter explores and investigates various
applications of tuned liquid column dampers in offshore wind turbines. The first study
seeks to optimize the TLCD parameters and verify the OWT performance with the
optimized TLCD. Next, the OWT's support structure (tower and foundation) and the
TLCD simultaneous optimization is proposed and evaluated with the objective to reduce
volume and save on material and manufacturing costs without compromising structural
performance. Finally, different OWTs structural performance are analyzed. The
reduction in structural response with the introduction of semi-active control in an
alternating manner is studied.

The OWT numerical model is discretized into beam finite elements. The wind and
waves random loads are taken in the frequency and time domain. The vibration analysis,
the optimization processes (computed by the GA routine) and the Monte Carlo
simulations involved in the studies were all written and computed through scripts

produced or adapted for the MATLAB© computational code.

6.1 TLCD OPTIMIZATION AND PARAMETRIC EVALUATION

This first study aims to clarify and emphasize the TLCD parameters behavior and
influence on the OWT response. A OWT reference model is employed to analyze the
TLCD vibration control for the wind turbine under random wind and wave load. The
reference offshore wind turbine is the 5-MW Wind Turbine with a monopile foundation
from the National Renewable Energy Laboratory (Jonkman et al., 2009; Jonkman and
Musial, 2010).

The NREL Reference 5-MW WT with monopile foundation (Figure 6.1) is widely
known and adopted as the reference OWT for other vibration control studies
(Bertollucci Colherinhas et al., 2021; Sun et al., 2019; Xie and Aly, 2020). Relevant data
for use in assembling the OWT numerical model is highlighted in Table 6.1. These are
obtained from Jonkman et al (2009) and Jonkman and Musial (2010).
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Figure 6.1. NREL 5-MW OWT configuration and discrete model adopted for the analysis.

Table 6.1. NREL 5-MW OWT parameters and components values.

RNA Mass 350t

Inertia 4.505 10" kg.m?
Tower Length 77.6 m

Base diameter, base thickness 6m, 0.027 m

Top diameter, top thickness 3.87m, 0.019 m

Density, Young Modulus 8,500 kg/m?, 210 GPa
Monopile Length 66 m

Diameter, thickness 6 m, 0.06 m

Density, Young Modulus 7,800 kg/m?, 210 GPa

The tower base has a diameter and thickness of 6 m and 0.027 m, respectively,
and at the top a diameter and thickness of 3.87 m and 0.019 m. The cross-section
reduction along the tower length is linear. The density of steel in the tower is considered
higher than the regularly adopted density for steel, because it includes the presence of
other items throughout the tower that are not directly modeled. Its monopile foundation
is designed with 10 m above sea level, 20 m submerged, and 36 m buried below ground
level (mudline). The monopile has a constant geometry along its length, with a diameter
of 6 m and a thickness of 0.06 m

The wind turbine support structure (tower and pile) numerical model employes a
discrete model with beam finite elements following the Euler-Bernoulli theory. The

tower is discretized into 16 elements and the pile into 6 elements, providing both
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elements with approximate lengths of 5 meters. The RNA is considered in a simplified
form in the structure model as a lumped mass at the top of the tower.

The fluid-structure interaction is considered by the additional mass in the
monopile (Pedroso, 1982) and the soil-structure interaction (SSI) is computed from the
simplified model of coupled springs. Taken from the work of Passon (2006), the values
adopted for the translational and rotational stiffness of the springs coupled to NREL 5-
MW monopile are K, =2.58-10°N/m, Kyg = 2.64-10""N/rad and K., =
—2.26 - 10'°Nm/rad. The springs are superimposed to the monopile node at the
ground line level (Figure 6.2). No additional mass or damping is considered due to soil-
structure interaction.

For the wind load, L. and L, are adopted equal to 8.1A;. The values of 1.2 and
1.200 kg/m?® are assumed, respectively, for the tower's drag coefficient and air density.
The wind profile and the wind speed are computed by a power law with a equal to 0.20,
the mean reference speed of 12 m/s at the 90 m reference height (Hub). The 5-MW
OWT rotor rotation frequency at this velocity is equal to 12.1 rpm. The blades

parameters are taken from Jonkman et al (2009).

Sea Mean Level H 110.0m _
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‘ 20.0 m
: Coupled
Mudiine 36.0m Springs

Figure 6.2. Schematic representation of the NREL 5-MW OWT monopile foundation and the
coupled springs SSI simplified model.

To determine the wave load on the monopile through the JONSWAP spectrum, the
drag and inertia coefficients are considered equal to 1.2 and 2.0, respectively, and the
seawater density is adopted as 1025.0 kg/m3. The peak shape parameter y is adopted as
3.3, the wave peak frequency as 0.1 Hz, and the wave height equal to 6.0 meters.

Initially, the TLCD parameters defined by genetic algorithm optimization are
compared with the results obtained through a response map analysis. The search for the
optimal TLCD parameters employing a mapping analysis has a high computational cost.
Thus, is a process used only to assess the genetic algorithm results. Through an iterative
process the script seeks the lowest OWT response (o,) associated with the TLCD mass

ratio, tuning ratio, and damping ratio. The TLCD aspect ratio is constant and considered
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equal to 0.90. The OWT response at the top is evaluated in terms of the longitudinal
displacement by Equation (3.12).

The NREL 5-MW reference OWT with a passive TLCD is considered under
different random forces. The analysis includes an unitary white noise load at the
structure top (Figure 6.3 and Figure 6.4), the combined action of wind and waves
(Kaimal and JONSWAP) along the tower and monopile (Figure 6.5 and Figure 6.6), and
the wind load on the blades (Figure 6.7 and Figure 6.8). These figures respectively
present the turbine response map and the ideal damping rate of the passive TLCD.

For the rotor wind load case the response map where its power spectral density
(PSD) shows different peaks near the turbine's natural frequency, there is a marked
variation in the TLCD tuning ratio (y). The optimal values for the TLCD are obtained
by mitigating these two peaks (related to both the strength and structure) rather than just
the peak response of the OWT.
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Figure 6.3. OWT under white noise load 3D response map: displacement at the tower top (a);
and TLCD optimal damping ratio (b).

(a) (b)
x10° 0.03 0.12
0.03 e
0.11
0.025 24 0-025
0.1
22 g
2 0.02 0.02 0.09
‘ 2
0.08
— 0.015
18
0.01
00 o ™ oy ] 4.5 55 0.85 0.9 0.95 1 1.05
¥ ¥

Figure 6.4. OWT under white noise load 2D response map: displacement at the tower top (a);
and TLCD optimal damping ratio (b).
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Figure 6.5. OWT under wind and wave load 3D response map: displacement at the tower top
(a); and TLCD optimal damping ratio (b).
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Figure 6.6. OWT under wind and wave load 2D response map: displacement at the tower top
(a); and TLCD optimal damping ratio (b).
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TLCD optimal damping ratio (b).
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Figure 6.8 OWT under rotor thrust 2D response map: displacement at the tower top (a); and
TLCD optimal damping ratio (b).

The TLCD optimal tuning ratio yr is sensible to the mass ratio yy and the load
frequency range. Furthermore, the structure response g, mitigation is very sensitive to
changes in the liquid column mass linked to the TLCD optimal frequency ratio and the
optimal damping rate. This behavior highlights the need to optimize the passive damper
and justifies the optimization methods application presented throughout the work.

After presenting the response map analysis method, the TLCD optimal parameters
(related to the smallest response at the top of the turbine, o, ) computed through the GA
script are compared to the results obtained by the response map analysis (Table 6.2 and
Table 6.3). The results presented by both methods are very close, with differences of
less than 0.5%. An important factor to highlight for computational analysis is that the
time required to define the TLCD optimal parameters using the genetic algorithm script

is much shorter.

Table 6.2. TLCD tuning ratio computed through GA and response map analyses.

ar (0,9) White Noise Kaimal and JONSWAP Rotor Thrust

ur (%) Yrea  Yimao W Yiea Vi W Yiea  Vimw 9
1.0 0.9846 0.9850 0.04% 0.9803 0.9800 0.03% 0.9546 0.9550 0.04%
1.5 09768 09780 0.12% 09714 0.9710 0.04% 0.9323 0.9320 0.03%
2.0 0.9704 0.9700 0.04% 0.9624 0.9620 0.04% 0.9090 0.9090 0.00%
2.5 0.9635 0.9630 0.05% 0.9538 0.9540 0.02% 0.8864 0.8860 0.05%
3.0 0.9566 0.9570 0.04% 0.9454 0.9450 0.04% 0.8666 0.8670 0.05%
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Table 6.3. TLCD damping ratio obtained through GA and response map analyses.

ar (0,9) White Noise Kaimal and JONSWAP Rotor Thrust

e (%) Can Spman 9 Sfea Shmay W Sran Spmay
1.0 0.0652 0.0650 0.31% 0.0649 0.0650 0.15% 0.0690 0.0690 0.00%
1.5 0.0793 0.0790 0.38% 0.0792 0.0790 0.25% 0.0850 0.0850 0.00%
2.0 0.0912 0.0910 0.22% 0.0908 0.0910 0.22% 0.0975 0.0970 0.52%
2.5 0.1016 0.1020 0.39% 0.1010 0.1010 0.00% 0.1054 0.1050 0.38%
3.0 0.1108 0.1110 0.18% 0.1100 0.1100 0.00% 0.1095 0.1090 0.46%

After comparing the optimum parameters computed by both methods, the TLCD

optimal tuning ration and optimal damping ratio are determined via a genetic algorithm

(Figure 6.9-Figure 6.11). The behavior of these parameters linked to the liquid column

mass and aspect ratio are evaluated. As previously mentioned, different types of loads

(white noise, wind, and wave) applied to the support structure and rotor are considered

and the objective function is to minimize the OWT response.

99

%)

©
®

Optimum Tuning Ratio -

97 |

(a)

96 |

Mass Ratio -

L
25

u (%)

(b)

Optimum Damping Ratio -

e
L

-
-
P

Mass Ratio -

u (%)

1 1
25 3

Figure 6.9. TLCD optimal parameters for OWT under white noise load: (a) tuning ratio yy; (b)
damping ratio (.

A consistent pattern is observed in the parameter’s curves, regardless of the

considered load. The tuning ratio (yy) decreases as the liquid column mass ratio (uf)

and aspect ratio (ay) increase. Conversely, the TLCD damping ratio ({r) exhibits the

opposite behavior: it increases with both the mass ratio and the aspect ratio increase.
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Figure 6.11. TLCD optimal parameters for OWT blades under wind load: (a) tuning ratio yy; (b)
damping ratio (.

As observed in the response map, the TLCD optimal parameters determined for
white noise load are close to the optimal parameters obtained for the wind and wave
load along the structure. The variation in the TLCD's tuning ratio (yf) is more
pronounced in the case of wind loads on the turbine blades. Additionally, higher values
of the aspect ratio (@) lead to greater variation in the tuning ratio as the mass ratio (tf)
increases.

Based on the TLCD optimal parameters obtained by the GA script, the device's
performance in mitigating OWT random vibrations is evaluated. The OWT response
decrease 7,_1is calculated as the ratio between the OWT response with and without the

use of the TLCD (Table 6.4-Table 6.6).
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Table 6.4. OWT response mitigation for structure under white noise load.

ag 0.6 0.7 0.8 0.9
iy (%) To To To, To
1.0 42.16% 45.46% 48.27% 50.70%
1.5 46.48% 49.41% 52.42% 54.76%
2.0 49.49% 52.63% 55.27% 57.54%
2.5 51.77% 54.84% 57.42% 59.62%
3.0 53.60% 56.61% 59.13% 61.27%
Table 6.5. OWT response mitigation for structure under wind and wave load.
ar 0.6 0.7 0.8 0.9
iy (%) To To To To
1.0 40.75% 43.97% 46.72% 49.09%
1.5 44.77% 47.92% 50.58% 52.87%
2.0 47.52% 50.60% 53.20% 55.42%
2.5 49.58% 52.60% 55.14% 57.31%
3.0 51.20% 54.18% 56.67% 58.79%
Table 6.6. OWT response mitigation for blades under wind load.
ar 0.6 0.7 0.8 0.9
Hy (%) To To T T,
1.0 33.56% 36.46% 38.94% 41.12%
1.5 36.18% 39.14% 41.71% 44.03%
2.0 37.84% 40.92% 43.67% 46.22%
2.5 39.04% 42.30% 45.29% 48.15%
3.0 39.99% 43.49% 46.77% 49.95%

The TLCD with 0.90 aspect ratio, 3.0% mass ratio and the related tuning ratio
(Table 6.2) and damping ratio (Table 6.3) presents the greatest mitigation. The OWT
response mitigation considering the white noise load (Figure 6.12) was the greatest
among those analyzed. It’s observed a 61.27% reduction in the OWT displacements at
the top of the tower. In the case of vibrations caused by wind and wave load (Figure
6.13) applied along the support structure the OWT response reduction was in a
percentage close to white noise with values of 58.79%. Meanwhile, the decrease in

OWT response under wind on the rotating blades (Figure 6.14) presented a lower value,

49.95%, but still significant.
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Figure 6.12. OWT response for structure under white noise load.
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The OWT random vibrations control by the optimal TLCD proved to be efficient.
Analyzes were computed for OWT structural parameters and fixed basic wind and wave
parameters.

In the (return) period of one year, the parameters related to the wind and wave
random actions can assume different values. Also, the structure properties and
parameters can be considered uncertain. The occurrence and values of these parameters
are calculated by continuous distribution functions (presented in Appendix B). While
the OWT vibration control analysis by TLCD considering the different sources of
uncertainty is treated in probabilistic terms by Monte Carlo simulation

A Weibull probability distribution is assumed to represent the mean wind velocity
annual occurrence (Figure 6.15). Scale parameter and shape parameter are equal to 20
and 2.02, respectively. Wave height and wave frequency peak are characterized by a
log-normal distribution (Figure 6.16). The average values are computed from Equations

(3.71) and (3.73). A covariance of 0.1 is assumed for these two parameters.
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Figure 6.15. Mean wind velocity distribution at the hub height.
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Figure 6.16. Wave height (a) and peak period (b) distribution.
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The OWT uncertainties are also related to structural parameters such as the steel
Young modulus and the structural damping ratio (Figure 6.17). A log-normal
distribution is assumed for both parameters. A 210 GPa mean value with 0.02 of
covariance is assumed for the Young Modulus and a mean value of 0.01 with 0.08 of

covariance for the structural damping ratio.
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Figure 6.17. Offshore wind turbine material elasticity modulus (a) and damping ratio (b).

Figure 6.18 presents two distinct risk curves related to the OWT tower
longitudinal displacement (fore-aft) due to wind and wave actions. A curve for the wind
turbine without TLCD with flexible base (SSI due to coupled springs) and a curve for
the OWT with optimized TLCD with flexible base. For the OWT and TLCD system, a
3.0% mass ratio, 0.90 aspect ratio, 0.867 tuning ratio, and 0.11 damping ratio are
considered for the device. These are optimal TLCD parameters obtained from Figure
6.11 and represent the TLCD case with greater efficiency in reducing OWT

displacements, as observed in Table 6.6.
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Figure 6.18. Risk curves related to the OWT longitudinal displacement (fore-aft) at the top due
to wind and wave loads
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The vibration control analysis in probabilistic terms by the PBWE approach, as
proposed in Petrini (2009) and Ciampoli and Petrini (2011), presents a significant
improvement in the OWT performance considering the TLCD to control the offshore
environment random and uncertain loads associated with uncertain structural
parameters. The risk curve exposes the OWT response mitigation for different wind and
wave conditions using the optimized TLCD. The response decrease reaches 45%

average.

6.2 SIMULTANEOUS OPTIMIZATION OF OWT CONTROLLED BY TLCD
CONSIDERING STRUCTURAL AND DAMPER PERFORMANCE
CONSTRAINTS

In addition to ensuring a gain in structural performance, the use of a tuned liquid
column damper (TLCD) also offers the possibility of additional savings in material and
manufacturing of offshore wind turbine (OWT) support structures (tower and
foundation). Using Genetic Algorithms, this analysis optimizes the structure of a
standard NREL 5SMW offshore wind turbine coupled to the TLCD installed in the
turbine, considering performance constraints for both mechanical systems.

The objective of optimizing the structure is to reduce its volume by modifying its
diameter and thickness at the top and base of the support structure, i.e., tower and
monopile. Optimizing the volume of the wind turbine tower aims to reduce the
production costs of the support structure.

The structural performance of the optimized support structure in the face of
natural and random wind and wave actions is ensured using the liquid column damper.
The proper definition and use of the optimized damper parameters help search for the
smallest tower volume, accompanied by compliance with the global and local structural
requirements established for the wind turbine. Displacement at the top and buckling at
the tower's base, respectively. Also, a restriction is imposed on the fluid maximum
displacement in the reservoir to guarantee its operation in accordance with the
theoretical formulation.

Table 6.7 presents the reference OWT (Jonkman et al., 2009) parameters and the
design variables domain for the optimization. The minimum and maximum values
assumed for the domain of the DVs of the OWT structure are equivalent to 80% and
110% (lower limit and upper limit) of the original values of the standard structure,

respectively. The TLCD is assumed to have a mass ratio (1) of 2.0% and an aspect
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ratio (ay) of 0.30. Both parameters are kept constant during the optimization process.

The aspect ratio is low because the TLCD is considered installed inside the tower.

Table 6.7. Design variables of the standard OWT with lower and upper limits adopted for the
DVs domain.

DVS dm tm dt'b tt,b dt,t tt,t yf (f Volume
m) (m) @m (em) (m) (em) (-) (-) (m*)
ref. 6,000 6,000 6,000 2,700 3,870 1,900 - - 101,78

max.. 6,600 6,600 6,600 2,970 4,257 2,090 1,000 0,100 123,16
min. 4,800 4,800 4,800 2,160 3,096 1,520 0,900 0,010 65,14

Wind and wave loads are computed from Equations (3.29), (3.38), and (3.74). For
wind, the OWT rated speed of 11.4 m/s at the hub height is adopted as the reference
speed for the optimization process. From the wind velocity, the wave height and its peak
frequency are calculated (Eq. (3.73 and (3.71, respectively). The load due to the self-
weight of the structure and the rotor-nacelle assembly is also considered to assess the
critical buckling stress at the base of the optimized tower (Equation (4.8). To ensure the
safety of the OWT against the tower buckling at the base, stiffening rings are considered
welded to the tower every 18m.

Based on the parameters used in Gentils et al. (2017), Colherinhas et al. (2020),
and Mendes et al. (2023), the optimization process in this paper adopts a crossover
probability of 0.80, an elitism probability of 0.02, and a mutation probability of 0.02.
Given the complexity of the problem, a decimation probability of 0.15 with four
generations steps is computed. These values aim to prevent the optimum design
problem from being a local solution. A population of 300 individuals and 300
generations are predicted for one optimization process. A total of 90,000 cases were
analyzed for each optimization process. It is a complex optimization process with many
DVs and restrictions. The optimized OWT represents the optimal design case with the
minimum structure volume after running the optimization process 15 times. Figure 6.19
shows the average value of the OWT volume during the optimization process and the
range containing the standard deviation with a confidence of 95%. Considering all
optimization cases, an average of 85.34 m® and a standard deviation of 0.37 m*® were
obtained for the OWT volume.

Figure 6.20 and Table 6.8 presents the optimum design variables for the best
OWT solution with TLCD. It achieved nearly a 17 % volume reduction of the wind
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turbine support structure with the TLCD. Using the method presented in Uys et al.
(2006) this OWT design represents a cost reduction of approximately 21%.
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Figure 6.19. OWT structure volume variation through generations in simultaneous optimization.
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Figure 6.20. OWT support structure with TLCD optimal design values for the outer diameter (a)
and thickness (b).

Table 6.8. Optimal design values for the best OWT solution with TLCD compared to the
reference NREL OWT 5-MW.

DVs d. tm d,p tip di, tee Yr ¢ volume
(m) (em) (@m) (em) @m) (em) () () (m?)

Standard 6.00 6.00 6.00 2.70 3.87 1.90 - - 101.48
Optimum  6.14 4.80 6.10 2.16 4.08 1.67 0.98 0.06 84.61
Dif. (%) +2.03 -20.0 +1.67 -20.0 +5.42 -12.20 - - -16.62

Figure 6.21 shows the structural DVs trend in each generation. In the best optimal
design case, the OWT monopile presents a small variation in its diameter d,, with a
maximum reduction in its thickness t,,. This behavior is also seen in Gentils et al.

(2017), where it is highlighted that the pile design (Jonkman and Musial, 2009) is much
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less sophisticated than other parts of the wind turbine developed over the years. The
tower had a small diameter increase of 1.67% at the base d, , and 5.42 % at the top d, ..
The tower thickness presented an expressive reduction of 20 % at the base t; ;, and 12.2

% at the top t.;. As a result, an approximately 17 % volume reduction in the OWT

structure (tower and monopile) volume.
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Figure 6.21. Optimum OWT outer diameter (a) and thickness (b) through different generations.

The volume obtained through the optimization process is possible through TLCD
use, which guarantees the OWT structural performance. The optimal OWT tip
displacement with TLCD (Figure 6.22.a) results in a displacement slightly lower than
the value obtained for the reference OWT (= 38 cm). It is possible to state that the OWT
optimized simultaneously with TLCD has no increase in the dynamic response. The
OWT optimum design with the presence of stiffening rings guarantees a design
buckling stress lower than the critical buckling stress calculated according to DNV
(2013) with o, /0., = 0.55. Thus, the optimal design presented for the OWT support
structure indicates that there will be no buckling failure at the tower base (critical point)

for the conditions analyzed (Figure 6.22.b).

94



(a) (b)

0.385 T T T T T 0.6
é 0.381 3
€ 055 _I—'_\_
g ke
£ | =
8 0.375 &
5 2 os
Q 037 S
o =}
= m
— 045
< 0.365f
© |
0.36 : - - - - 0.4 . - : - !
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Generation Generation

Figure 6.22. Optimum OWT constrains: (a) tip displacement and (b) buckling ratio (o /0.)
through different generations.

OWTs are dynamically active and dynamically sensitive structures due to their
design (slender support structure with a significant and rotating mass at the top). Their
fundamental frequency is very close to the main excitation loads frequency imposed by
the environment (wind and wave) and their mechanical functioning (1P and 3P loads
due to vibration at the rotor level and due to blade shadowing effects, respectively).
Thus, the structure fundamental frequency assumes great relevance for OWTs design, to
avoid the structural response amplification during resonance (a phenomenon that occurs
when the load frequency equals the system’s natural frequency). The TLCD installed on
the OWT is tuned precisely to act on the structure natural frequency.

The liquid column damper (like other tuned dampers) presents its greatest
performance in resonance. Furthermore, it guarantees that there is no longitudinal
response amplification for the tower with reduced mass compared to the original tower
(constraint for the optimization process). However, the OWT natural frequency is
relevant for the optimization due to the 1P and 3P loads. The natural frequency is not
considered as a constraint parameter for the simultaneous optimal design but is assessed
at the end of the process. For the optimized OWT the fundamental frequency is 0,273
Hz and lies between the NREL 5-MW Reference WT 1P and 3P loads

Finally, the maximum displacement of the liquid column (Equation 42) is also
respected with o), = 0.1878. Thus, yfmax < hf and the adequate liquid column
displacement inside the reservoir is guaranteed in accordance with the theoretical

formulation (Figure 6.23).
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Figure 6.23. Optimum TLCD liquid column maximum displacement through different
generations.

The OWT and TLCD optimally designed and the original OWT should present a
similar dynamic performance. The performances are expressed in terms of risk curves,
representing the occurrence in a certain reference period (typically 1 year) of different
response levels (e.g., peak displacement at the tower top). To evaluate the risk curves, a
Monte Carlo Analysis is conducted for 5,000 samples where the OWT is considered
under environmental and structural uncertainties.

Environmental uncertainties are due to the high complexity of the offshore
environment. Different values for the mean wind velocity (longitudinal), wave height,
and peak wave frequency are adopted. For the mean wind velocity (Figure 6.24) to
represent its annual occurrence at the site where the OWT is located, a Weibull
probability distribution is assumed to have scale parameters equal to 20 and shape
parameters equal to 2.02. While for the wave, the average value of the wave height and
average value of the frequency peak are determined by Equations (3.71) and (3.73). A
lognormal distribution is assumed for these two parameters with a covariance of 0.1.
Figure 6.25 show these variables distribution.

OWT uncertainties also consider possible variations in the structure, such as
changes in the steel elastic modulus and the structural damping ratio (Figure 6.26). To
represent possible changes in the steel's elasticity, a log-normal distribution is assumed
with a mean value of 210 GPa and covariance of 0.02. For the structural damping ratio,
a log-normal distribution is also assumed with a mean value of 0.01 and covariance of

0.08.
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Figure 6.24. Mean wind velocity distribution at the hub height.
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Figure 6.25. Wave height (a) and peak period distribution (b).
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Figure 6.26. Offshore wind turbine material elasticity modulus (a) and damping ratio (b).
Using the distributions and values presented above to determine the uncertain

wind, wave, and structural parameters, a Monte Carlo analysis was performed for the

optimum OWT with TLCD (Table 6.8) and for the reference OWT (Jonkman and
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Musial, 2009; Jonkman et al., 2010). The OWT tip displacement was considered as the
EDP parameter

When analyzing the OWT response, it is possible to observe (Figure 6.27) that the
structure optimized with TLCD presents a similar performance to the original structure.
The use of TLCD allows the optimized structure with a reduced steel volume to present
the same level of structural performance. This result demonstrates another damper

contribution with the integrated analysis proposed for the optimization process.
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Figure 6.27.0riginal reference 5-MW OWT and optimized 5-MW OWT with TLCD
performance analysis.

6.3 OWT RESPONSE WITH SEMIATIVE TLCD

The use of vibration control technologies can help or even enable the
advancement of projects and construction of large OWTs. Control devices allow
economic savings, greater durability, and safety increase in OWT projects under
presence of random wind and wave loading. Semi-active devices, when compared to
passive devices, present more robust performance in controlling vibrations for random
loads.

In this section, the OWT performance with semi-active TLCD is evaluated. The
on-off damping is regulated by a general controller. The hypothesis of an electro valve
that controls the TLCD orifice blocking ratio changes the control device damping
alternately is considered. Among the Groundhook control strategies presented, the
groundhook control law is adopted based on the increments (Equation (2.15) and (2.16).

The application and interference of semi-active TLCD on the structure's response
are evaluated in a 5-MW, a 10-MW, and a 15-MW OWT with monopile foundations
(Figure 6.28). For each turbine, the semi-active device maximum and minimum

blocking ratio is defined based on parametric study. Also, the OWT response with
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TLCD is analyzed under different scenarios. Different wind speed and wave parameters
(peak frequency and wave height related to mean wind speed). Cases of OWT in
operation and parked are considered. Conditions determined according to the mean
wind speed and the OWT cut-in and cut-out speed.

The OWT models adopted for analysis are the NREL 5-MW (Jonkman et al.,
2010), 10-MW (Bortolotti et al., 2019) and IEA Wind 15-MW (Gaertner et al., 2020)
turbines. The wind turbines main design parameters used for the support structure
numerical model are gathered in Table 6.9. Parameters such as the rotor-nacelle
assembly mass and the tower and the monopile design properties. The offshore wind
turbine structure is modeled numerically using beam elements. The RNA is considered
as a lumped mass at the structure (tower) top. For the three turbines, a 1% structural

damping ratio is assumed (Padron et al., 2022).

e —
Ee— 1}

(a) (b) (c)

Figure 6.28. 5-MW (a), 10-MW (b), and 15-MW (c) OWT with monopile foundation.

Table 6.9. Reference OWTs and parameters considered for semiactive vibration control analysis.

Offshore Wind Turbine 5-MW 10-MW 15-MW
RNA mass (t) 350.0 720.7 1,017.0
Hub height (m) 90.0 119.0 150.0
Tower mass density (kg/m?) 8,500.0 8,500 7,850.0
Tower Young modulus (GPa) 210.0 200.0 200.0
Tower length (m) 77.6 105.6 129.6
Tower top diameter (m) 3.87 5.5 6.5
Tower top thickness (mm) 19.0 20.0 24.0
Tower base diameter (m) 6.0 8.3 10.0
Tower base thickness (mm) 27.0 38.0 41.1
Monopile length above soil (m) 30.0 40.0 45.0
Monopile diameter (m) 6.0 9.0 10.0
Mean sea level (m) 20.0 30.0 30.0
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The mean sea level height assumed for each OWT is shown. This height is
considered to determine the wave loading in time by the Morison equation (Equation
(3.59)). For the wave load, the drag coefficient is adopted as 1.2 and the inertia
coefficient defined by C; (= 1 + C,;,) is assumed as 2.0. These values are considered
constant over time. The sea density adopted for analysis is 1.025 kg/m?. The wave

height H and the peak frequency f,, are related to the wind speed at a 10 m height. To
calculate the average wind speed affecting the structure at different heights, the wind
exponential profile with ¢ = 0.14 is adopted. For wind turbulence, a wind class with
Lef = 0.14 is considered.

The random characteristic of wind and wave overtime are represented from the
Kaimal spectrum and the JONSWAP spectrum. The random wind load on the structure
is determined from the drag force. The wave load is expressed using the Morison
equation. Finally, the rotor thrust is approximately defined based on the thrust curve’s
characteristic of each turbine and related to the wind speed. These processes are

described in page 55.
6.3.1 TLCD PRELIMINAR DESING

Different control devices and different vibration control strategies have been
explored to reduce wind turbines structural problems related to dynamic amplification.
There are design limitations to control device dimensions and placement inside the
OWT. Most of the works in the field consider the TLCD installed in the nacelle
(Duenas-Osorio and Basu, 2008; Colwell and Basu, 2009; Mensah and Duenas-Osorio,
2014). However, the OWT nacelle has a valuable and reduced space to combine the
wind turbine mechanical components and the TLCD. As illustrated in Figure 6.29, the
semi-active TLCD will be positioned inside the OWT tower.

Blade

Nacele

S A Hub

op =

e Tow er

Figure 6.29 . Semi-active TLCD with electro valve positioned inside the OWT tower.
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Seeking a TLCD design compatible with the internal diameter of each of the
OWT towers, a TLCD aspect ratio for the 5-MW, 10-MW, and 15-MW OWT of 0.30,
0.30, and 0.27, respectively, were adopted. To compensate for the TLCD low aspect
ratio (as shown in the parametric study, it reduces the damper efficiency) a 2% mass
ratio is assumed for the device design. The TLCD tuning ratio of 0.98 is common to all
devices installed in different OWTs.

A passive TLCD with the parameters described above and a blocking ratio of 50%
when installed in the 5-MW, 10-MW, and 15-MW OWTs presents an average decrease
(among 100 analyzed cases of random wind and wave actions for each OWT) in the
OWT response (tower tip rms fore-aft displacement) of 25.2%, 27.9%, and 25.5%,
respectively. The rated speed of each turbine is considered as the average wind speed at
the hub height (11.4 m/s, 10.75 m/s, and 10.60 m/s for the 5-MW, 10-MW, and 15-MW
OWTs, respectively) in the forementioned analyses. This condition is relevant for the
OWT structure, as this speed produces the greatest rotor thrust and, consequently, a
significant force at the structure top.

To evaluate the semi-active TLCD control on each of the three OWTs
performance, a parametric study is employed to evaluate the alternate blocking ratio
variation (Table 6.10-Table 6.12). For the maximum damping condition, the blocking
ratio admits a range value between 55% and 90% and for the minimum damping
condition the blocking ratio assumes values between 45% and 5%.

It is possible to verify that the minimum damping condition has a greater
influence on the OWT response with the semi-active TLCD. The blocking ratio (row)
range from 45% to 5% has more influence in the OWT response decrease, when
compared to the variation of the blocking ratio from 55% to 80% (column). The values
of 85% and 90% for the maximum damping condition are not presented because the
liquid column maximum displacement exceeds the established theoretical limit
(Equation (4.11)). Values not shown in the table (-) represent combinations of maximum
and minimum blocking ratio in which the liquid column limit for the maximum
displacement is not respected. The highest decrease in the OWTs displacement with
semi-active TLCD represents approximately a 10% decrease in OWT response obtained

with the passive TLCD.
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Table 6.10. 5-MW OWT response mitigation obtained by the semi-active TLCD blocking ratio
combination.

Py 45% 40%  35% 30% 25% @ 20% 15% 10% 5%
55% 26,8% 27,9% 28,8% 29,7% 30,5% 31,2% 31,9% 32,6% 33,4%
60% 27,0% 28,1% 29,1% 30,0% 30,8% 31,5% 32,3% 33,0% -
65% 272%  28,4% 294% 30,3% 31,1% 31,9% 32,7% - -
70% 27,5% 28,6% 29,7% 30,6% 31,5% 32,3% - - -
75% 27,8% 28,9% 30,0% 31,0% - - - - -
80% 28,1%  29,3% - - - - - - -

Table 6.11. 10-MW OWT response mitigation obtained by the semi-active TLCD blocking ratio
combination.

Po 45% 40% 35%  30% 25% 20% 15% 10% 5%
55% 28,4% 29,2% 30,0% 30,6% 31,2% 31,7% 32,2% 32,6% 33,2%
60% 28,8% 29,6% 30,4% 31,1% 31,7% 32,3% 32,8% 33,3% 33,8%
65% 29,2% 30,1% 30,9% 31,6% 32,3% 32,9% 33,4% 34,0% 34,6%
70% 29,6% 30,6% 31,4% 322% 32,8% 33,5% 34,1% 34,6% 35,3%
75% 30,1% 31,1% 32,0% 32,7% 33,4% 34,1% 34,7% - -
80% 30,6% 31,6% 32,5% 33,3% - - - - -

Table 6.12. 15-MW OWT response mitigation obtained by the semi-active TLCD blocking ratio
combination.

Yo 45% 40% 35% 30% 25% 20% 15% 10% 5%
55% 24,7%  25,9% 26,9% 27,8% 28,7% 29,6% 30,4% 31,2% 32,1%
60% 25,0% 26,1% 27,2% 282% 29,1% 29,9% 30,8% 31,6% 32,6%
65% 252% 26,4% 27,5% 28,5% 29,4% 30,3% 31,2% 32,1% -
70% 25,5% 26,7% 27,8% 289% 29,8% 30,7% 31,6% - -
75% 25,8% 27,0% 28,2% 29,3% 30,3% - - - -
80% 26,1% 27,4% 28,6% - - - - - -

6.3.2 SEMI-ACTIVE TLCD ANALYSIS FOR OPERATING OWT

Vibration control analysis with the semi-active TLCD, measured by the OWTs
displacement decrease at the tower top, have been computed for maximum and
minimum blocking ratio different combinations. The mean wind speed for each of the
turbines was considered constant and equal to the OWT rated speed, specified in
Jonkman et al. (2010), Bortolotti et al. (2019), and Gaertner et al. (2020).

In the following analysis, the OWTs response with passive and semi-active
TLCDs are measured for different average wind speeds, and consequently for different

wave heights and wave peak frequencies, are presented. Computed values are the mean
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values. One hundred cases were processed for each wind speed analyzed, and the mean
OWT response is presented.

The wind turbine operates while the mean wind has its speed between the cut-in
and cut-out speed. For each OWT, the on-off blocking ratio combination assumed for
the semi-active TLCD is the one that resulted in the most significant reductions in OWT
response, as shown in Table 6.10-Table 6.12. The on-off blocking ratios for the semi-
active TLCD connected to the 5-MW OWT, the 10-MW OWT, and the 15-MW OWT
are 55%-5%, 70%-5%, and 60%-5%, respectively.

The TLCD in the 5-MW OWT, for the mean wind speed range analyzed (Figure
6.30), presented an average response reduction of 25.9% with passive control and
31.4% with semi-active control. An additional 7.4% average reduction was achieved
with the semi-active TLCD compared to the passive TLCD. Near the OWT's rated
speed, the mean response reduction was 24.7% with passive control and 31.0% with
semi-active control, resulting in an 8.4% decrease between semi-active and passive
control. Figure 6.31 illustrates a case of the 5-MW OWT at the rated turbine speed (11.4
m/s). In this analysis, a reduction of 23.57% was obtained with the passive TLCD and
34.91% with the semi-active TLCD. The response of the 5-MW OWT with the semi-
active TLCD, using electro valve damping control, demonstrated a reduction of 14.84%

compared to the passive TLCD, exceeding the average reduction presented.
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(]
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X

Figure 6.30. 5-MW OWT rms fore-aft top displacement decrease with passive and semiactive
TLCD.
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Figure 6.31. 5-MW OWT fore-aft displacement at the top for a mean wind speed of 11.40 m/s.

For the 10-MW OWT (Figure 6.32), the TLCD showed an average reduction in
the OWT response of 26.6% with passive control and 32.6% with semi-active control,
resulting in an 8.1% reduction between the two types of control. Near the rated speed,
the average OWT response reduction was 29% with passive control and 36% with semi-
active control, leading to an average 10% decrease with semi-active control compared
to passive control. Figure 6.32 presents an analyzed case of the 10-MW OWT at the
rated turbine speed (10.75 m/s). The average response reduction of the 10-MW OWT
with passive and semi-active control was 32.11% and 39.30%, respectively. The
response of the 10-MW OWT with semi-active TLCD showed a reduction of 10.59%

compared to passive control.
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Figure 6.32. 10-MW OWT rms fore-aft top displacement decrease with passive and semiactive
TLCD.
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Figure 6.33. 10-MW OWT fore-aft displacement at the top for a mean wind speed of 10.75 m/s.
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Finally, for the 15-MW OWT (Figure 6.34), an average reduction in OWT
response of 24.8% with passive control and 31.7% with semi-active control was
observed, resulting in an average reduction of 9.2% with semi-active control. Near the
nominal speed, there was an average reduction in the OWT response of 24% with
passive control and 33% with semi-active control, yielding an 11.5% reduction with
semi-active control. Figure 6.35 presents an analyzed case of the 15-MW OWT at the
turbine rated speed (10.59 m/s). In this analysis, a reduction of 27.9% was achieved
with the passive TLCD and 32.38% with the semi-active TLCD, which is below the
average presented. The response of the 15-MW OWT with semi-active TLCD showed a

reduction of 6.22% compared to passive control.
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Figure 6.34. 15-MW OWT rms fore-aft top displacement decrease with passive and semiactive
TLCD.
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Figure 6.35. 15-MW OWT fore-aft displacement at the top for a mean wind speed of 10.59 m/s.

6.3.3 TLCD ANALYSIS FOR PARKED OWT

Figure 6.36-Figure 6.38 shows the average reduction in the OWTs fore-aft rms
displacement at the tower top using passive and semi-active TLCD, considering the
OWT parked. In this position, the OWT is analyzed without the dynamic thrust force on
the rotor caused by wind turbulence on the rotating blades. For each OWT with semi-
active TLCD, the same on-off blocking ratio combinations are adopted as those used in
the previously analyzed cases.

In the 5-MW OWT (Figure 6.36), the TLCD resulted in an average response
reduction of 29.7% with passive control and 30.4% with semi-active control, showing
an average difference of 1%. For the 10-MW OWT (Figure 6.37), the TLCD achieved
an average response reduction of 26.5% with passive control and 30.4% with semi-
active control, indicating an average difference of 5.4%. Finally, in the case of the 15-
MW OWT (Figure 6.38), there was an average response reduction of 29.4% with
passive control and 31.6% with semi-active control, with an average difference of 3.2%.
The performance of the passive TLCD closely matches that of the semi-active TLCD

when the wind turbine is in parked position.
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Figure 6.36. Parked 5-MW OWT rms fore-aft top displacement decrease with TLCD.
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Figure 6.37. Parked 10-MW OWT rms fore-aft top displacement decrease with TLCD.
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Figure 6.38. Parked 15-MW OWT rms fore-aft top displacement decrease TLCD.
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"] . CONCLUSION & SUGGESTIONS

In this work, the Tuned Liquid Column Damper use was proposed to control
offshore wind turbines random vibrations. Different design possibilities and
configurations (TLCD and OWT support structure) are addressed and analyzed from
aspects of OWT and device performance.

System design and performance assessment are embedded in optimization and
performance-based procedures, respectively. A Genetic Algorithm routine was adopted
for the optimization process given the numerical model complexity. The performance
assessment considers the parameters uncertainties involved in the system and in the
offshore environment and employs the Performance-Based Wind Engineering (PBWE)
approach in a simplified way.

For the OWT and TLCD optimal design approach and performance assessment,
the thesis gathers fundamental aspects and theoretical formulations for random vibration
control. The TLCD dynamic equation is presented, as well as the main parameters for
its optimal design. Next, the formulation of the semi-active TLCD is highlighted
considering different groundhook control laws to define the damping related to the
alternately regulated electro valve. In fact, a groundhook formulation is proposed, where
the increments in the system's response are observed. For the formulation of the OWT
with a fixed monopile foundation, an extensive review of the main soil-structure
interaction models for the monopile foundation is presented. For analysis in stochastic
terms, the random and uncertain model for wind and wave actions on the turbine
(structure and rotor) is also developed and exposed.

Initially, the passive TLCD optimal design for the NREL 5-MW OWT vibration
control under random wind and wave loads was analyzed. Despite the computational
cost (processing time), an analysis of the optimal TLCD parameters was carried out
using the response map for comparison purposes. There was a solid agreement between
the optimal TLCD parameters obtained by the map response analyses and the GA
analyses, with less than 0.5% differences. From the optimization with GA, a parametric
study focused on the TLCD was evaluated with the objective of minimizing the
response of the OWT in terms of longitudinal displacement at the top of the tower. It
could be observed that the greater the TLCD mass ratio uy and aspect ratio ay, the
greater the reduction in OWT displacements. Although, in practice the OWT

configuration limits the device design and dimensions. Also, it was noted that the
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increase in the TLCD damping ratio {y is related to devices with larger dimensions
(higher mass ratio) and with a horizontally aspect (higher aspect ratio). Linked to the
progressive increase of these three parameters, the optimal TLCD presents a reduction
in the tuning ratio y; with the distancing from the structure fundamental frequency. This
TLCD parameters behavior pattern was seen as the different actions considered in the
analysis. The optimal TLCD showed, in general, a reduction in the longitudinal
displacements of the turbine of more than 35%, reaching a maximum value of 60%.
OWT vibration control by the optimal TLCD proved to be efficient and robust.
Considering different sources of uncertainty, such as basic wind and wave parameters
and structural parameters, the average response decreases 45%.

Second, a simultaneous optimal design is proposed and evaluated also for the
NREL 5-MW Reference OWT and TLCD under wind and wave random loads. The
proposed procedure, through the GA optimization script, jointly seeks an optimal
solution for the support structure and TLCD that minimizes the structural steel volume
and, consequently, the OWT cost. The structure (tower and monopile) diameter and
thickness are defined as the structural design variables, while the tuning and damping
ratios are the damper design variables. The optimization process accounts with
restrictions established for the model, such as the tower top displacement, the critical
buckling stress at the tower base, and the liquid column maximum displacement inside
the reservoir.

The simultaneous optimal design allowed a 17% decrease in the OWT support
structure volume. This represents more than 20% reduction in materials and production
costs according to the method presented in Uys et al. (2006). The OWT foundation and
tower design had its thickness significantly reduced by 20%, while the structural and
damper design met the established displacement and tension restrictions. The OWT
fundamental frequency lies between the NREL 5-MW Reference WT 1P and 3P loads.
Furthermore, using the optimal TLCD allows greater freedom for the structure's design.
The TLCD is highly efficient in mitigating structure displacements in the resonance
range, which is an OWT relevant design factor. Also, the TLCD allows the optimized
OWT to present the same level of structural performance as the original reference OWT
configuration. The proposed simultaneous optimization is generic and adaptable to the
intended analysis. It can be extended to optimize other OWT structures and support
types. The optimization objective function can be adapted, and other design variables
and restrictions can be considered. The adopted procedure performs efficiently and is

possible to solve real problems in the design of offshore structures.
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Finally, to increase vibration reduction in OWTs, the use of semi-active TLCD
with on-off damping regulated by an electro valve is evaluated. 5-MW, 10-MW and 15-
MW OWTs with different dimensions, parameters, and properties were adopted for the
analysis. Random wind and wave loads, respectively, were computed in time from the
Kaimal spectrum and the JONSWAP spectrum transforms. Different average wind
speeds and, consequently, different wave heights and peak frequencies were considered.
To compare the OWT and semi-active TLCD performance, passive devices were also
considered in the study.

In OWTs with semi-active TLCD, a 30% decrease in the response was observed
and, in the best scenario, cases with reductions close to 35%. The semi-active TLCD
with the inclusion of the electro valve to regulate the damping showed reductions in the
response of the OWTs that were greater than the reductions obtained by the passive
TLCD. Especially for the OWT in operation, for the average wind speed between the
turbine cut-in and cut-out speeds.

Based on the applications and results presented, this work contributes to the
different possibilities analysis and investigation for applying TLCD to wind turbines.
Defines and evaluates the TLCD parameters optimal behavior. It also proposes the
support structure and device simultaneous optimization in accordance with system
constraints. Investigates the semi-active TLCD damping mechanism implementation.
The studies in the thesis attest the device robustness with OWT performance
improvement and indicate the possibility of optimizing the OWT support structure with
TLCD while maintaining structural performance.

It is important to highlight that future studies involving the scope, concepts, and
applications developed and presented throughout the thesis may advance in points such
as:

- Consider interaction parameters related to the uncertainties of aeroelastic,
aerodynamic, hydrodynamic and soil-structure phenomena for the OWT with TLCD
performance analysis.

- Proceed with the OWT with TLCD reliability and risk analysis considering a
low level of performance (excessive deformations or vibrations) and a high level of
performance (fatigue failure, local or global instability).

- Search and apply a robust method for performance-based optimum design.
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APPENDIX A. ELASTIC BUCKLING STRENGTH OF AN
UNSTIFFENED CIRCULAR CYLINDRICAL SHELL

As presented in the recommended practice at the DNV-GL (2018) for shells
buckling stress, the axial and bending stresses sum cannot surpass the critical buckling

stress:

Oq +0p < 0¢r (A.1)

The axial stress o, at the given shell segment is given by

(A.2)

where, G is the OWT self-weight and r, and t the radius and thickness at the shell
segment.
The bending stress o, for a given design moment M on the shell segment is

computed as:

M
=— A3
% = onret (A-3)
Finally, the critical buckling stress o,
fy
Ocr = A4
TR (A9
depends on the material yield stress f,, and A, obtained from
2=ty (Lo 22) (A5)
Oq + Op \Ogq OEb
with
= (15 - 508)C, — & (t)z (A.6)
Ofa = L1 Ala Za = \L '
= (15— 508)C, — & (t)z (A7)
%ep = L PG ma—wm L '
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where, E is the Young modulus, v the Poisson ratio (0,3), S the reduction factor (for

safety equal to 2,0). The reduced buckling coefficients (C, and C;) may be expressed as

(DNV-GL, 2018):

Co=+v1+ (Ya$)?

Cr =1+ Wpé)?

for
r \-05
¢a_05(1+I§E)
r 05
W, = 0.5 (1 + m)
and
l
§=—V@-v3)

[ is the distance between ring frames.
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APPENDIX B. SOME CONTINUOUS PROBABILITY
DISTRIBUTIONS

The table below presents the continuous distribution functions mentioned in
Chapter 5 of the thesis and is used in performance analysis to generate an array of
random numbers related to the uncertain parameters. An array with continuous random
variable x, mean u, and standard deviation g. For the Weilbull Distribution we have the

scale parameter a and the shape parameter £.

Table B.1. Continuous distribution functions employed for performance analysis.

Distribution Function Graph

Normal 1 1 2 Figure B.1
X, U,o)= exp|— X — , —00 S X S (0]
i) = <= expl 5 (x = 07

Lognormal 1 1 Figure B.2
X, U, 0) = exp[— Inx —w)?],x=>0
F ) = =—expl= 7 (nx = 7]
Weibull f(x, a}ﬂ) = aleﬂ — exp(—axﬂ) , x>0 Figure B.3

1

=g 1/B —
U=a F<1+ )
B

o2 = q-2/B {r (1 + %) - [F (1 + %)]2}

12

10

Distribution Function - f(x)
o

Continuous Random Variable - x

Figure B.1. Normal distribution.
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Figure B.2. Lognormal distribution.
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Figure B.3. Weibull distribution.
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APPENDIX C. ANALYSIS OF MESH CONVERGENCE AND
GEOMETRIC STIFFNESS INFLUENCE OF THE NREL 5-MW
REFERENCE WIND TURBINE

In this work, for the random vibrations control analysis of the offshore wind
turbine with TLCD, the support structure (monopile and tower) of the OWT is
numerically simulated through one-dimensional beam elements. Considering only the
bending deformations and the linear-elastic behavior of the element, the stiffness matrix
ks and the consistent mass matrix mg of the beam element based on the Euler-Bernoulli
Theory are given, respectively, by (Clough & Penzien, 2003; Chopra, 2017; Logan,
2017):

12 6L —-12 6L
_Ell 6L 412 -6L 217

F=13|-12 —-6eL 12 -6L €.
6L 21> —6L 4I2
156 221 54 —13L
m. = PALl 220 42 13L  -31? c2)
ST 3420| 54 13L 156 —22L ‘

—13L 31> -22L 4l2

The OWT structural system supports heavy elements and assemblies, such as the
rotor, nacelle, transmission shaft, generator, etc. The effect of the self-weight of these
different OWT systems in addition to the bending deformations of the structure can
induce the supporting structure to buckle.

The tendency toward buckling of the structure induced by axially load
components is represented by the geometric stiffness kg. The structure configuration

and the loading magnitude determines the beam element geometric-stiffness matrix
(Clough & Penzien, 2003):

36 3L -36 3L

_ N | 3L 412 —-3L -1
¢~ 30L[-36 —-3L 36 -3L (C3)

3L -—L* -3L 4L?
To evaluate the influence of geometric stiffness on the structure stiffness and,

consequently, on the OWT structural system, this appendix carries out a frequency

assessment through modal analysis.
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The 5-MW NREL reference wind turbine is adopted for the study (Table 6.1). The
tower has a hollow circular cross-section with linear decrease in its outer diameter and
thickness (cross-section decreases from base to top). The OWT monopile has a constant
cross-section through its length. The OWT tower and monopile have different geometry,
cross-section, and lengths. Initially, in the numerical study of the OWT structure, the
discrete model has the number of elements increased alternately. First, the increase in
the number of tower elements is computed, and then the number of monopile elements
is increased. Table C.1 and Table C.2 present the results for the first 5 natural
frequencies of the OWT following this procedure with and without consideration of the
geometric stiffness for the structure. Figure C.1 and Figure C.2 present the behavior for

the first two frequencies.

Table C.1. Natural frequencies of the OWT without considering geometric stiffness.

Elements Elements Elements 1stFreq 2nd Freq 3rd Freq 4th Freq 5th Freq

(Monopile) (Tower) (OWT) (Hz) (Hz) (Hz) (Hz) (Hz)
1 2 3 0.2781 1.6158 3.7192 7.9023 18.7881
2 2 4 0.2781 1.6158 3.7188 7.8877 18.4453
2 3 5 0.2817 1.5851 3.5745 7.8827 14.8670
3 3 6 0.2817 1.5851 3.5745 7.8816 14.8584
3 4 7 0.2831 1.5760 3.5327 7.8431 14.9749
4 4 8 0.2831 1.5760 3.5327 7.8429 14.9734
4 5 9 0.2839 1.5725 3.5177 7.8339 14.9637
5 5 10 0.2839 1.5725 3.5177 7.8339 14.9637
5 6 11 0.2844 1.5712 3.5119 7.8352 14.9677
6 6 12 0.2844 1.5712 3.5119 7.8352 14.9676

Table C.2. Natural frequencies of the OWT considering geometric stiffness.

Elements Elements Elements 1stFreq 2nd Freq 3rd Freq 4th Freq 5th Freq

(Monopile) (Tower) (OWT)  (Hz) (Hz) (Hz) (Hz) (Hz)
1 2 3 02740  1.6116  3.7164  7.8987  18.7844
2 2 4 02740  1.6117  3.7162  7.8844  18.4419
2 3 5 02784 15812  3.5726  7.8797  14.8639
3 3 6 02784  1.5813  3.5726  7.8787  14.8554
3 4 7 0.2804  1.5723  3.5314  7.8406  14.9721
4 4 8 02804  1.5723  3.5314  7.8405  14.9706
4 5 9 02816  1.5692  3.5168  7.8319  14.9612
5 5 10 02816 15692  3.5168  7.8318  14.9608
5 6 11 0.2824  1.5680  3.5112  7.8336  14.9656
6 6 12 0.2824  1.5680  3.5112  7.8336  14.9655
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Figure C.1. OWT 1st Frequency according to number of elements of the discrete model.
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Figure C.2. OWT 2nd Frequency according to number of elements of the discrete model.

Increasing the number of monopile elements (hollow cylinder with constant cross-
section along its height) in the discrete model has little effect on the OWT frequencies,
while increasing the number of tower elements causes changes in the OWT frequencies.
Furthermore, for the linear elastic beam element, considering geometric stiffness causes
a small reduction in the OWT frequency.

After observing that the changes in the OWT frequencies are mainly related to the
variation in the number of elements used in the discrete model of the tower, the study
continues to verify the influence of geometric rigidity and mesh convergence only with
the increase in the number of elements used in the discrete model of the tower. Table
C.3 and Table C.4 present the results for the first 5 natural frequencies of the OWT with
and without consideration of the geometric stiffness for the structure. Figure C.3 and

Figure C.4 present the behavior for the first two frequencies of the OWT.
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Table C.3. Natural frequencies of the OWT without considering geometric stiffness for tower
refined mesh.

Elements FElements Elements 1stFreq 2nd Freq 3rd Freq 4th Freq 5th Freq

(Monopile) (Tower) (OWT)  (Hz) (Hz) (Hz) (Hz) (Hz)
6 7 13 02847 15706  3.5099  7.8398  14.9790
6 8 14 02849  1.5705  3.5095  7.8453  14.9921
6 9 15 02850  1.5706  3.5099  7.8508  15.0049
6 10 16 02851  1.5708  3.5107  7.8560  15.0167
6 1 17 02852 15710 35116  7.8607  15.0273
6 12 18 02853  1.5712 35125  7.8649  15.0368
6 13 19 02854 15714 35135  7.8688  15.0453
6 14 20 02854 15716  3.5144 78723  15.0530
6 15 21 02855  1.5718  3.5153  7.8754  15.0598
6 16 2 02855  1.5720  3.5161  7.8783  15.0660
6 17 23 02856  1.5722  3.5169  7.8809  15.0716
6 18 24 02856  1.5723 35176  7.8832  15.0767
6 19 25 02856  1.5725  3.5183  7.8854  15.0813
6 20 26 02856  1.5726  3.5189  7.8874  15.0856

Table C.4. Natural frequencies of the OWT without considering geometric stiffness for tower
refined mesh.

Elements FElements Elements 1stFreq 2nd Freq 3rd Freq 4th Freq 5th Freq

(Monopile) (Tower) (OWT)  (Hz) (Hz) (Hz) (Hz) (Hz)
6 7 13 02830  1.5677  3.5093  7.8385  14.9772
6 8 14 02834 15678  3.5090  7.8443  14.9906
6 9 15 02837  1.5681  3.5095  7.8499  15.0036
6 10 16 02839  1.5684  3.5103  7.8552  15.0155
6 1 17 02841 15687 35112  7.8600  15.0263
6 12 18 02843  1.5691  3.5122  7.8644  15.0359
6 13 19 02844  1.5694 35132  7.8683  15.0446
6 14 20 02845 15697  3.5141  7.8718  15.0523
6 15 21 02846  1.5700  3.5150  7.8750  15.0592
6 16 2 02847 15703  3.5158  7.8779  15.0654
6 17 23 02848 15705  3.5166  7.8805  15.0711
6 18 24 02849  1.5708  3.5173  7.8829  15.0762
6 19 25 02849 15710  3.5180  7.8851  15.0809
6 20 26 02850  1.5712  3.5187  7.8871  15.0852
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Figure C.3. OWT 1st Frequency according to number of elements of the discrete model with a
tower refined mesh.
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Figure C.4. OWT 2nd Frequency according to number of elements of the discrete model with a
tower refined mesh.

Monotonic asymptotic convergence of the OWT frequencies is observed with
differences lower than 0.3% with the increase in the number of beam elements used in
the discrete model of the tower. It is also noted in this study that geometric stiffness
produces changes lower than 0.6% and is therefore disregarded throughout the thesis.

Reliable solutions must have numerical errors close to zero. To verify the
convergence for the given study and to compute the estimative of the numerical model
frequency the Richardson error estimator may be employed (Marchi & Silva, 2005;
Souza et al., 2021). For the given procedure the estimative of the numerical solution

¢ (PU) is given by

P1— q’z) (C.4)

Poo(PU) = 1 + (ﬁ

where 7 is the grid refinement ratio
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AL, AL
"TAL, AL,

and PU the apparent order of uncertainty, computed through:

P2 — @3
l Y2~ ¥3
PU = °9 (<P1 - (Pz)
log()

where, ¢ define different meshes, coarse (¢3), medium (¢5), and fine (¢, ), with lengths
AL;, AL,, and AL4, respectively.

For the given NREL 5-MW reference WT with monopile, Erro! Fonte de
referéncia ndo encontrada. and Table C.6 presents the estimative of the numerical
solution ¢, for the OWT first and second natural frequency with and without

consideration of geometric stiffness, respectively.

Table C.5. Estimation of the numerical solution for Natural frequencies of the OWT without
considering geometric stiffness.

Elements Elements Elements 1stFreq 2ndFreq PU  1stFreq 2nd Freq

(Monopile) (Tower) (OWT) (Hz) (Hz) ¢, Hz) ¢, (Hz)
3 8 11 0.2849 1.5705 - 0.2864 1.5738
6 16 22 0.2855 1.5720 - 0.2862 1.5762
12 32 44 0.2858 1.5738 1.2429  0.2861 1.5766
24 64 88 0.2859 1.5750 1.1351  0.2861 1.5766
48 128 176 0.2860 1.5757  0.8335 - -

Table C.6. Estimation of the numerical solution for Natural frequencies of the OWT considering
geometric stiffness.

Elements Elements Elements 1stFreq 2ndFreq PU  1stFreq 2nd Freq

(Monopile) (Tower) (OWT) (Hz) (Hz) ¢, Hz) @, Hz)
3 8 11 0.2834 1.5678 - 0.2862 1.5728
6 16 22 0.2847 1.5703 - 0.2861 1.5756
12 32 44 0.2854 1.5729  1.0566  0.2861 1.5763
24 64 88 0.2857 1.5745  1.0305  0.2861 1.5764
48 128 176 0.2859 1.5755  0.9670 - -

Using the result of the estimation of the numerical solution ¢, for the OWT
presented above and comparing it with the values previously obtained for the natural
vibration frequencies of the structure for different mesh refinements, we can estimate

the error of the analyzed cases. Figure C.5 and Table C.7 present the error of the first
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and second vibration frequencies of the structure without the influence of geometric
stiffness, while Figure C.6 and Table C.8 present the error considering the geometric
stiffness for the structure. It can be observed that from 20 elements onwards the error
graph presents monotonic asymptotic behavior.

In this thesis, the discrete model adopted for the NREL 5-MW Reference WT with
monopile contains 22 elements, 16 elements for the tower and 6 elements for the
monopile. The estimated error for the first two natural frequencies of the OWT is less
than 0.3% and the difference for the system with geometric stiffness is minimal for the

linear-elastic case, thus, the stiffness matrix is not adopted for the evaluated cases.
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Figure C.5. Error of the numerical solution for the structure first and second vibration
frequencies without the influence of geometric stiffness.

== 1st freq =—<¢=—2nd freq

4.5%
4.0%
3.5%
3.0%
2.5%
2.0%
1.5%
1.0%
0.5%
0.0%

Error

0 5 10 15 20 25 30
Elements (OWT)

Figure C.6. Error of the numerical solution for the structure first and second vibration
frequencies with the influence of geometric stiffness.
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Table C.7. Error of the numerical solution for the structure first and second vibration
frequencies without the influence of geometric stiffness.

Elements Elements Elements 1stFreq 1stFreq 1stFreq 2nd Freq 2nd Freq 2nd Freq
Monopile  Tower OWT (Hz) Error Error % (Hz) Error  Error %
1 2 3 0.2781 -0.0080 2.7914% 1.6158  0.0392 2.4860%
2 2 4 0.2781 -0.0080 2.7914% 1.6158  0.0392 2.4860%
2 3 5 0.2817 -0.0044 1.5330% 1.5851  0.0085 0.5388%
3 3 6 0.2817 -0.0044 1.5330% 1.5851 0.0085 0.5388%
3 4 7 0.2831 -0.0030 1.0436% 1.576  -0.0006 0.0384%
4 4 8 0.2831 -0.0030 1.0436% 1.576 -0.0006 0.0384%
4 5 9 0.2839 -0.0022 0.7640% 1.5725 -0.0041 0.2604%
5 5 10 0.2839 -0.0022 0.7640% 1.5725 -0.0041 0.2604%
5 6 11 0.2844 -0.0017 0.5892% 1.5712 -0.0054 0.3429%
6 6 12 0.2844 -0.0017 0.5892% 1.5712 -0.0054 0.3429%
6 7 13 0.2847 -0.0014 0.4844% 1.5706 -0.0060 0.3809%
6 8 14 0.2849 -0.0012 0.4144% 1.5705 -0.0061 0.3873%
6 9 15 0.2850 -0.0011 0.3795% 1.5706 -0.0060 0.3809%
6 10 16 0.2851 -0.0010 0.3445% 1.5708 -0.0058 0.3682%
6 11 17 0.2852  -0.0009 0.3096% 1.571 -0.0056  0.3555%
6 12 18 0.2853 -0.0008 0.2746% 1.5712 -0.0054 0.3429%
6 13 19 0.2854 -0.0007 0.2397% 1.5714  -0.0052 0.3302%
6 14 20 0.2854 -0.0007 0.2397% 1.5716 -0.0050 0.3175%
6 15 21 0.2855 -0.0006 0.2047% 1.5718 -0.0048 0.3048%
6 16 22 0.2855 -0.0006 0.2047% 1.572 -0.0046 0.2921%
6 17 23 0.2856 -0.0005 0.1698% 1.5722 -0.0044 0.2794%
6 18 24 0.2856  -0.0005 0.1698% 1.5723  -0.0043 0.2731%
6 19 25 0.2856 -0.0005 0.1698% 1.5725 -0.0041 0.2604%
6 20 26 0.2856 -0.0005 0.1698% 1.5726 -0.0040 0.2541%
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Table C.8. Error of the numerical solution for the structure first and second vibration

frequencies with the influence of geometric stiffness.

Elements Elements Elements 1stFreq 1stFreq 1stFreq 2nd Freq 2nd Freq 2nd Freq
Monopile Tower OWT (Hz) Error Error % (Hz) Error Error %
1 2 3 0.2740  -0.0121 4.2171% 1.6116 0.0352 2.2302%
2 2 4 0.2740  -0.0121 42171% 1.6117 0.0353 2.2365%
2 3 5 0.2784  _0.0077 2.6790% 1.5812 0.0048 0.3018%
3 3 6 0.2784  .0.0077 2.6790% 1.5813 0.0049 0.3081%
3 4 7 0.2804  _0.0057 1.9798% 1.5723 -0.0041 0.2628%
4 4 8 0.2804  _0.0057 1.9798% 1.5723 -0.0041 0.2628%
4 5 9 0.2816  -0.0045 1.5603% 1.5692 -0.0072 0.4594%
5 5 10 0.2816  -0.0045 1.5603% 1.5692 -0.0072 0.4594%,
5 6 11 0.2824  _0.0037 1.2807% 1.5680 -0.0084 0.5355%
6 6 12 0.2824  _0.0037 1.2807% 1.5680 -0.0084 0.5355%
6 7 13 0.2830  -0.0031 1.0709% 1.5677 -0.0087 0.5546%
6 8 14 0.2834  _0.0027 09311% 1.5678 -0.0086 0.5482%
6 9 15 0.2837  -0.0024 0.8262% 1.5681 -0.0083 0.5292%,
6 10 16 0.2839  .0.0022 0.7563% 1.5684 -0.0080 0.5102%
6 11 17 0.2841  -0.0020 0.6864% 1.5687 -0.0077 0.4911%
6 12 18 0.2843  _0.0018 0.6165% 1.5691 -0.0073 0.4658%
6 13 19 0.2844  _0.0017 0.5815% 1.5694 -0.0070 0.4467%
6 14 20 0.2845  .0.0016 0.5466% 1.5697 -0.0067 0.4277%
6 15 21 0.2846  _0.0015 0.5116%  1.5700 -0.0064 0.4087%
6 16 22 0.2847  _0.0014 04767%  1.5703 -0.0061  (.3896%
6 17 23 0.2848  _0.0013 0.4417% 1.5705 -0.0059 0.3770%
6 18 24 0.2849  _0.0012 0.4068% 1.5708 -0.0056 0.3579%
6 19 25 0.2849  _0.0012 0.4068% 1.5710 -0.0054 0.3452%
6 20 26 0.2850  -0.0011 0.3718% 1.5712 -0.0052 0.3326%
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