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ABSTRACT

Offshore floating wind turbine technology is growing rapidly and has the poten-

tial to become one of the main sources of affordable renewable energy. However, this

technology is still immature owing in part to complications from the integrated de-

sign of wind turbines and floating platforms, aero-hydro-servo-elastic responses, grid

integrations, and offshore wind resource assessments. This research focuses on devel-

oping methodologies to investigate the technical and economic feasibility of a wide

range of floating offshore wind turbine support structures. To achieve this goal, inter-

disciplinary interactions among hydrodynamics, aerodynamics, structure and control

subject to constraints on stresses/loads, displacements/rotations, and costs need to

be considered. Therefore, a multidisciplinary design optimization approach for min-

imum levelized cost of energy executed using parameterization schemes for floating

support structures as well as a frequency domain dynamic model for the entire cou-

pled system. This approach was based on a tractable framework and models (i.e. not

too computationally expensive) to explore the design space, but retaining required

fidelity/accuracy.

In this dissertation, a new frequency domain approach for a coupled wind turbine,

floating platform, and mooring system was developed using a unique combination of

the validated numerical tools FAST and WAMIT. Irregular wave and turbulent wind

loads were incorporated using wave and wind power spectral densities, JONSWAP

and Kaimal. The system submodels are coupled to yield a simple frequency domain

model of the system with a flexible moored support structure. Although the model

framework has the capability of incorporating tower and blade structural DOF, these

components were considered as rigid bodies for further simplicity here. A collective

blade pitch controller was also defined for the frequency domain dynamic model to

increase the platform restoring moments. To validate the proposed framework, pre-

dicted wind turbine, floating platform and mooring system responses to the turbulent

wind and irregular wave loads were compared with the FAST time domain model.
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By incorporating the design parameterization scheme and the frequency domain

modeling the overall system responses of tension leg platforms, spar buoy platforms,

and semisubmersibles to combined turbulent wind and irregular wave loads were de-

termined. To calculate the system costs, a set of cost scaling tools for an offshore

wind turbine was used to estimate the levelized cost of energy. Evaluation and com-

parison of different classes of floating platforms was performed using a Kriging-Bat

optimization method to find the minimum levelized cost of energy of a 5 MW NREL

offshore wind turbine across standard operational environmental conditions. To show

the potential of the method, three baseline platforms including the OC3-Hywind spar

buoy, the MIT/NREL TLP, and the OC4-DeepCwind semisubmersible were compared

with the results of design optimization. Results for the tension leg and spar buoy case

studies showed 5.2% and 3.1% decrease in the levelized cost of energy of the opti-

mal design candidates in comparison to the MIT/NREL TLP and the OC3-Hywind

respectively. Optimization results for the semisubmersible case study indicated that

the levelized cost of energy decreased by 1.5% for the optimal design in comparison

to the OC4-DeepCwind.
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Chapter 1

Introduction

1.1 Background and Motivation

An increasing global demand for energy has led to widespread dependence on fossil

fuels with numerous unintended consequences, most notably air pollution and climate

change. Consequently, numerous renewable energy technologies are being developed

in a global effort to replace fossil fuels. Presently, there are a number of genera-

tion methods that are considered renewable, including wind, solar, tidal, wave and

biomass. The availability of each of these resources varies geographically, however no

single renewable technology can provide 100% of the societal electrical power require-

ments.

Among renewable energy technologies, wind appears to be the preeminent renew-

able alternative. Wind energy technology is being exploited at significant commercial

scales and has established itself as a mature means of renewable energy generation

using three blade horizontal-axis configurations and wind farms [1]. However, global

wind energy installed capacity is still only a fraction of what it could be. This is

partly because of:

1. The economic issues of current renewable and wind energy sources such as

return on investment and cost-effectiveness,
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2. Difficulties in establishing wind farms due to on-shore wind resource limitations,

3. Public concerns related to noise, visual impact, impact on birdlife, and use of

fertile lands.

To combat these factors, a substantial move towards the offshore wind resources

has been made in the last two decades, where locational constraints are relaxed and

stronger consistent winds are located. [2]. To date, offshore wind technologies have

been put into operation primarily in shallow waters using fixed-bottom foundations

[3]. However, previous investigations have shown that offshore wind turbines may

require floating platforms in deep waters instead of fixed-bottom foundations which

are economically limited to maximum water depth of 60 m [2]. The three floating

offshore wind turbine (FOWT) support structure classes that dominate the current

offshore wind projects are the tension leg platform (TLP) [4], the spar buoy platform

[5], and the semisubmersible platform [6] (see Fig. 2.1 and Fig. 4.1). For all the

FOWT support structure classes, parameters such as ballast mass, mooring lines,

and displacement or a combination of all these parameters stabilizes the floating

system in deep waters.

Although the study of floating wind turbines has broadened in recent years, there

are still several challenges to overcome including the determination of a simple fast

aerodynamics, hydrodynamics, and structural dynamics model to evaluate a wide

range of FOWT designs. Thus, there is a need for methodologies to assess platform-

turbine system dynamics, design economic, and survivability of a wide range of de-

signs.

In the context of platform-turbine dynamic response analysis, it is common to use

non-linear time domain tools to model the coupled hydrodynamic and aerodynamic

loading, mooring line loads, structural analysis, and motions of the floating structure.

FAST [7], HAWC2 [8], and BLADED [9] are the available fully coupled non-linear

aero-hydro-servo-elastic time domain simulation tools in the open-source and com-

mercial domains. Alternative to these simulation tools, a simpler modeling technique
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is used in the literature which includes the linearization of system dynamics to facil-

itate the frequency domain analysis of the floating offshore structures and FOWTs

[10–16].

To evaluate the cost contributions of the total offshore wind turbine cost, a set of

cost scaling tools is used to estimate the levelized cost of energy (LCOE) of offshore

wind turbines developed by Fingersh et al [17]. The OMCE [18] tool developed as an

operating and maintenance cost estimator to calculate the cost of offshore wind farms.

An offshore wind integrated cost model (OFWIC) [19] estimated the electricity prices

for offshore wind energy using a power market. An extensive overview of existing

onshore and offshore wind turbine/wind farm cost models provided in Hofmann [20].

To date, there has been no comprehensive study to investigate the technical and

economic feasibility of a wide range of FOWTs using interdisciplinary interactions

among the wind turbine, floating platform, and mooring system in a consistent frame-

work. Moreover, there is a lack of fast simplified dynamic modeling of the FOWT

with a flexible moored support structure in the literature. Hence, this dissertation

is focused on developing the early-stage design optimization tools to evaluate across

FOWT platform types using frequency domain dynamic modeling approaches.

1.2 FOWT System Components

The complete system of each FOWT design is composed from three main components:

the platform, the wind turbine, and the mooring system as shown in Fig. 1.1. To

determine the complete suite of loads on the FOWT in a given operating condition, a

description of the resulting motions/loads from hydrodynamics and aerodynamics of

these three components need to be assembled using a dynamic model. Consequently,

the study of moored FOWT support structures requires the development of com-

putational models that can predictively assess the coupled platform-turbine system

dynamics, performance, and survivability.
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Turbine

Tower
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Mooring

Figure 1.1: FOWT system components including turbine, tower, platform and moor-
ing system
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To make a framework for integrating and automating the design process of FOWTs,

the computational tools need to be coupled such that the design candidates could be

linked to a random search model such as an optimization toolbox. Minimizing the

LCOE is the final optimization goal for FOWT technologies.

1.3 Dissertation Outline

The goal of this study is developing a methodology which spans across a wide range

of FOWT designs using a fully coupled frequency domain dynamic model and a

parameterization scheme for floating platforms, and mooring systems. Using the

parametric schemes to describe the design space of the floating platforms, a multi-

objective design optimization to study the trade-offs between cost and performance

and an multidisciplinary design optimization (MDO) study for the minimum LCOE

are executed. For the MDO study, a new frequency domain dynamic modeling of the

FOWT is developed using irregular wave and turbulent wind spectral densities, and

built by carefully combining the capabilities of validated high-fidelity computational

tools. To calculate the FOWT system costs, a set of cost scaling tools is used to

estimate the LCOE. The tractable framework and models enable this study to find

the optimal FOWTs with the lowest LCOE for the fixed turbine/tower design which

is the key research question here. In this way, the optimal design concepts may fall

outside established convention and shed new insight on FOWT design.

This dissertation includes three papers which are presented separately in Chapters

2-4. These papers have been accepted/submitted in academic journals. Each paper

includes its own abstract, introduction, methodology, results, and conclusions. The

Chapters 2-4 follow the development of this research, from an initial multi-objective

design optimization framework for simple cost and necelle acceleration comparison

(Chapter 2), to a refined frequency domain model (Chapter 3), to a full LCOE-based

MDO framework for platform design studies (Chapter 4).
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In Chapter 2, a multi-objective design optimization approach for FOWTs with

a design space that spans three stability classes of floating wind turbine support

structures is presented. A single design parameterization scheme is used to define

the geometries of tension-leg, spar buoy, and semisubmersible candidate designs in

terms of nine design variables. The dynamic analysis of any particular platform

configuration is completed using an uncoupled simplified frequency domain dynamic

model applying linearized dynamics for the floating platform, mooring system, and a

reference 5 MW wind turbine that are derived using existing functionality in FAST

and WAMIT. Evaluation and comparison of different platforms are performed using a

Pareto front pursuing multi-objective Genetic Algorithm optimization method to find

the locus of platform cost minima and wind turbine performance maxima for a given

environmental condition and sea state spectrum. Using above and below-rated steady

wind and irregular wave conditions provides a reasonable proxy of typical operating

conditions in order to evaluate floater stability. The results/learning in this chapter

lead to needs for a coupled frequency domain modeling and an integrated MDO

framework for FOWTs.

In Chapter 3, a new frequency domain modeling approach for FOWTs with cou-

pled wind turbine, floating platform, and mooring system sub-models is presented.

The sub-models are generated by using the validated numerical tools FAST and

WAMIT. While the linearization capability of FAST is utilized, this is only done

to obtain a frequency domain sub-model for the rotor/tower aerodynamics and flexi-

ble structural response. A separate sub-model based on WAMIT is assembled for the

hydrodynamics. The proposed approach in Chapter 3 is distinct in that the model is

no longer trying to build a linear model considering each component of the platform

geometry separately. Rather it is using a numerical linearization of a full time do-

main model as the basis for the model creation. This allows for all of the component

dynamics to be coupled in the time domain, and then subsequently manifest in the

linear model as the linearization process dictates. The approach is therefore unique in
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preserving the important frequency-dependent nature of the wave excitation response

of the system; this is lost with a more typically adopted full linearization of the cou-

pled system wholely within FAST. The turbulent wind and irregular wave loads are

incorporated in the frequency domain model using wind and wave power spectral

density functions, the JONSWAP and Kaimal spectra respectively. To validate the

proposed 6 DOF frequency domain framework across standard operational environ-

mental conditions, predicted system responses of a 5 MW NREL offshore wind turbine

with three classes of baseline platforms including the OC3-Hywind, the MIT/NREL

TLP, and the OC4-DeepCwind semisubmersible compared to the outputs of 6 DOF

and 22 DOF FAST time domain simulations. The comparison over an aggregate of

eleven environmental conditions focused on differences in predicted platform rigid

body motions and structural considerations including platform surge, roll, and pitch,

and rotor thrust, total blade root and tower base bending moments/fatigue loads,

fairlead and anchor tensions/fatigue loads.

In Chapter 4, an MDO approach for floating offshore wind turbine support struc-

tures with a design space that spans three stability classes of floating platforms is

presented. A design parameterization scheme and a frequency domain modeling ap-

proach are incorporated to calculate the overall system responses of TLPs, spar buoy

platforms, and semisubmersibles to turbulent wind and irregular wave loads. To cal-

culate the system costs, a set of cost scaling tools for an offshore wind turbine is used

to estimate the levelized cost of energy. Evaluation and comparison of different classes

of floating platforms is performed using a Kriging-Bat optimization method to find

the minimum levelized cost of energy of a 5 MW NREL offshore wind turbine across

standard operational environmental conditions. To show the potential of the method,

three baseline platforms including the OC3-Hywind spar buoy, the MIT/NREL TLP,

and the OC4-DeepCwind semisubmersible are compared with the results of design

optimization.

Chapter 5 summarizes the key developments and results from this work, and
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suggests a number of avenues for continued development of the FOWT’s dynamic

modeling and design optimization.

1.4 Research Contributions

The key contributions of the current dissertation are summarized in the following:

1. Pareto front exploration of FOWT support structures using the fre-

quency domain dynamics and cost models

This work executes the global optimization of floating platforms using a multi-

objective genetic algorithm optimizer subject to the support structure, and

mooring system costs and wind turbine performance. Pareto fronts represent

the entire design exploration and optimal design points. In this work, a param-

eterization scheme for three classes of platform with a revised frequency domain

dynamic model is used. The results generated in this work are subject to the

specifics of the targeted environmental conditions, cost model, linearized dy-

namics and choice of performance metric. The proposed method for this work

is discussed in Chapter 2 and used to generate a list of the most promising

floating support structures that can then be used as conceptual foundations

for the detailed design processes. The limitations of the proposed frequency

domain dynamic model lead to needs for a new fully coupled frequency domain

modeling approach for FOWTs as discussed in Chapter 3. However, the plat-

form design parametrization and support structure cost model of this work are

then applied in the multidisciplinary design optimization approach discussed in

Chapter 4. Note that this design optimization built on the progress reported

in Hall et al [21]. Compared to the method and results in Hall et al [21], a

new global optimization algorithm with an updated frequency domain dynamic

model are employed in this study. With these changes, the shapes of the Pareto

fronts and optimal platform designs are dramatically changed.
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2. Fully coupled frequency domain modeling of FOWT system responses

in irregular wave/wind loads

This work is focused on a methodology using a frequency domain dynamics

modeling approach for FOWTs: one which can quickly provide insight on sys-

tem performance using the frequency domain coupled aerodynamics, hydrody-

namics, and structural dynamics to calculate the overall system response to

turbulent wind and irregular wave loads. This frequency domain model is the

first FOWT linearized dynamic model which has included combined realistic

turbulent wind and irregular wave conditions. In addition, the flexibility of the

approach (variable DOFs), efficient use of validated tools to build the model,

and ability through random phase inputs to very quickly simulate whole range

of DLCs accurately inside an MDO tool make this study unique. The pro-

posed method for this work is discussed in Chapter 3 and validated using FAST

time domain results. Using this simple fast and sufficiently accurate frequency

domain approach, multidisciplinary design optimization for a wide range of

platform designs under a fully coupled floating system is performed in Chapter

4.

3. Multidisciplinary design optimization of FOWT support structures

for minimum LCOE

This work is aimed to apply a multidisciplinary design optimization approach

on FOWTs in order to explore the optimal designs with minimum LCOE. To

achieve this goal, a fully coupled frequency domain dynamic model (see Chapter

3) is integrated to the the framework to evaluate the internal forces, system mo-

tions, and other dynamic variables from the frequency domain outputs. Using

the frequency domain dynamic model and the parametric scheme (see Chapter

2) to numerically span the design space, a multidisciplinary design optimization

of FOWT support structure is executed in Chapter 4.
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To minimize the levelized cost of energy for FOWTs as a single objective func-

tion, the design optimization architecture uses numerical optimization tech-

niques involving the full design parameterization, the fully coupled frequency

domain dynamic model, and a cost model. Note that the Kriging-Bat opti-

mization algorithm used from the study of Saad et al [22]. The main potential

of this research is developing a method that can handle parameterization and

optimization for a wide range of FOWT support structures. However, the pro-

posed approach is useful beyond platform design, to coupled turbine, platform,

and controller design optimization.
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Chapter 2

A Multi-Objective Design

Optimization Approach For

Floating Offshore Wind Turbine

Support Structures

This paper is accepted for publication at the Journal of Ocean Engineeing and Marine

Energy.

Karimi, Meysam, Matthew Hall, Brad Buckham, and Curran Crawford.” A multi-

objective design optimization approach for floating offshore wind turbine support

structures.” Journal of Ocean Engineering and Marine Energy 3, no. 1 (2017): 69-87.

Available online at: https://link.springer.com/article/10.1007%2Fs40722-016-0072-4

This chapter presents a multi-objective design optimization approach for float-

ing wind turbines using a parametrization design scheme and a frequency domain

dynamic model. The focus in this chapter is on the preliminary conceptual design

of three classes of floating platforms subject to the support structure cost and wind

turbine performance. Several platform designs are presented in this chapter to show

the potential of the proposed approach for techno-economic analysis of a wide range
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of FOWTs as the key research question in this dissertation. The design parametriza-

tion scheme and the cost model developed in this chapter are then applied to the

comprehensive MDO study of FOWTs presented in Chapter 4.

Abstract This chapter presents a multi-objective design optimization approach for

floating wind turbines with a design space that spans three stability classes of floating

wind turbine support structures. A single design parameterization scheme was used

to define the geometries of tension-leg, spar buoy, and semi-submersible candidate

designs in terms of nine design variables. The seakeeping analysis of any particular

platform configuration was completed using a simplified frequency-domain dynamic

model applying linearized dynamics for the floating platform, mooring system, and a

reference 5 MW wind turbine that were derived using existing functionality in FAST

and WAMIT. Evaluation and comparison of different platforms was performed using a

Pareto front pursuing multi-objective Genetic Algorithm (GA) optimization method

to find the locus of platform cost minima and wind turbine performance maxima for

a given environmental condition and sea state spectrum. Optimization results for the

single-body platforms indicated a dominance of tension-leg platforms in this subset

of the design space. Results for multi-body platforms showed that semi-submersible

platforms with four floats demonstrated better stability and were more cost effective

than other semi-submersible designs. In general, the full exploration of the design

space demonstrated that four float semi-submersible platforms with angled taut moor-

ing systems are a promising concept that can be used as a foundation for a detailed

design and costing study. The results generated here are subject to the specifics of

the targeted environmental conditions, cost model, linearized dynamics and choice of

performance metric. As these elements evolve, the optimization framework presented

here should be reapplied to track how the Pareto fronts for the different classes of

platforms respond.
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keywords Wind turbine, Offshore, Floating platform, Optimization, Frequency-

domain analysis

2.1 Introduction

An increasing global demand for energy has led to widespread dependence on fossil

fuels with numerous unintended consequences, most notably air pollution and climate

change. Consequently, numerous renewable energy technologies are being developed

in a global effort to replace fossil fuels. Wind appears to be the preeminent renewable

alternative: wind energy technology is being exploited at significant commercial scales

and has established itself as a mature means of renewable energy generation [1]. Along

coastlines, high average wind speeds are realized that can provide reliable power. To

date, offshore wind technologies have been put into operation primarily in shallow

waters using fixed-bottom foundations [3]. However, previous investigations have

shown that offshore wind turbines may require floating structures in deep waters

instead of fixed-bottom foundations which are economically limited to a maximum

water depth of 60 m [2]. Although the study of floating wind turbine platforms has

broadened in recent years, there are still several challenges to overcome including

the determination of optimal floating platform designs. This work is focused on a

methodology for selecting an optimal platform configuration: one which provides the

wind turbine with maximum stability at minimal cost.

The three platforms that dominate current offshore wind projects are shown in

Fig. 2.1. A mooring-stabilized platform, also called a TLP, is shown in Fig. 2.1(a)

that uses taut vertical mooring lines to keep the highly buoyant platform stable.

Figure 2.1(b) shows an example of the ballast-stabilized class, also known as a spar

buoy, which uses a heavy ballast mass and a deep draft to bring the platform’s center

of mass well below the center of buoyancy of the structure to produce very large

buoyant restoring moments. The buoyancy-stabilized class of support structures,
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Tendon arm

Nacelle

(a) Tension-leg platform (b) Spar buoy platform (c) Semi-submersible platform

Tower

Blade

Heave plate

Truss member

Outer float

Figure 2.1: The three classes of offshore floating wind turbine support platforms: (a)
mooring stabilized (tension-leg), (b) ballast stabilized (spar buoy), and (c) buoyancy
stabilized (semi-submersible)

shown in Fig. 2.1(c), uses a large water plane area to raise the metacenter of the

platform above the center of mass. This kind of structure is commonly referred to

as a semi-submersible platform and is characterized by multi-cylinder configurations

that surround the central tower.

Past studies have initiated comparison analyses of the different platform stability

classes. A comprehensive dynamic-response analysis for six FOWTs, spanning all

the stability classes, was presented by Robertson and Jonkman [4]. Lefebvre and

Collu [23] used seven preliminary platform concepts and compared them through a

techno-economic analysis to find the best design within the set of seven. Bachynski

and Moan [24] analyzed a wide range of design parameters for five single-column TLP

platforms using high fidelity computational tools to evaluate the structural loads and
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performance of FOWTs under specific environmental conditions. A coupled nonlinear

dynamic analysis of four FOWT platforms, including all the stability classes, in three

wind turbine fault scenarios and extreme environmental conditions was performed by

Bachynski et al [25]. Bachynski’s study compared the candidate platform designs on

the basis of the structural loads and platform motions arising under these conditions.

Benassai et al [26] conducted a numerical parametric study for catenary and verti-

cal tensioned mooring systems of a FOWT to evaluate the influence of water depth

on the mooring system configurations under operational and extreme environmental

conditions. Karimirad and Michailides [27] completed a dynamic analysis of a spe-

cific V-shaped semi-submersible floating wind turbine topology and investigated the

hydrostatic stability of different variants of the V-shaped platform.

In the context of floating wind turbine design optimization, there is a surpris-

ing lack of studies that explore the full range of platform design classes. One of

the first offshore platform design optimization studies was performed by Clauss and

Birk [28]. They presented a hydrodynamic shape optimization procedure to improve

the seakeeping qualities of a range of ballast stabilized and buoyancy stabilized plat-

forms. Wayman [12] presented a design optimization and economic analysis for four

design concepts including a spar, a TLP, and two buoyancy-stabilized variants (a

barge and a tri-floater concept) considering steady-state design conditions. Wayman

et al [13] also conducted a coupled dynamic analysis for the NREL 5 MW offshore

wind turbine in two semi-submersible arrangements in water depth of 10-200 m. A

comprehensive design optimization of a floating wind turbine platform was conducted

by Tracy [14]. Tracy’s study presented a parameterization of single-body platforms

and mooring lines. The parameterization enabled an automated search across the

design space; for a specific set of parameters a FOWT candidate could be automati-

cally evaluated and then compared to other design candidates. Parker [29] optimized

the design of TLPs using a parametric analysis of the mooring-stabilized platform

classes. Fylling and Berthelsen [30] created a framework for optimizing spar buoy
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platform and mooring line costs using a gradient method for the non-linear objective

function and constraints. Brommundt et al [31] used a new tool for the optimization

of FOWT catenary mooring systems based on a frequency-domain analysis of the

platform dynamic responses. They focused on minimizing cost of the mooring system

as well as finding the optimal arrangement for the mooring lines in a particular en-

vironmental condition. Myhr et al [32] presented optimization routines to adjust the

geometry and mooring line layout for Tension-Leg-Buoy (TLB) platforms subject to

support structure cost. Hall et al [21] completed a design optimization of the support

structure for floating wind turbines. They employed a cumulative multi-niching GA

optimizer and a frequency-domain dynamic model for three stabilized classes of float-

ing platforms. Hall et al [33] provided a hydrodynamics-based floating wind turbine

platform optimization in the frequency-domain by combining characteristics from a

diverse set of basis platform geometries. For an extensive review of the challenges

and recent approaches in the design optimization of wind turbine support structures,

the reader is referred to the survey presented by Muskulus and Schafhirt [34].

In this study, a wide range of platform designs is addressed by using a parameter-

ization scheme that spans all three platform stabilization classes, and includes both

tension leg and catenary mooring lines. Using this parametric scheme to numerically

traverse this broad design space, a platform design optimization study is executed.

The current design optimization builds on the progress reported in Hall et al [21].

Compared to the method and results in Hall et al [21], a new global optimization

algorithm with an updated frequency-domain dynamic model are employed in this

study. With these changes, the shapes of the Pareto fronts and optimal platform

designs are dramatically changed.

The approach taken for this optimization problem is not to automate the gener-

ation of detailed platform designs. Rather, the goal is to generate a list of the most

promising floating support structures that can then be used as conceptual foundations

for the detailed design processes. To identify promising concepts, the optimization
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algorithm in this work is focused on the task of generating Pareto sets. Each Pareto

set is the series of minimum design costs, across the range of possible performances

(measured in terms of turbine nacelle acceleration). Through reporting of the Pareto

fronts, this work enables the reader to consider trade-offs between cost and perfor-

mance over a finite subset of promising designs. In this way, the optimal platform

design concept may fall outside established convention and shed new insight on FOWT

design.

The remainder of this chapter is presented in five main sections as follows. The

coupled frequency-domain dynamics model to evaluate the response and behaviour

of any given design candidate is discussed in section 2.2. Section 2.3 defines the

support structure parameterization scheme including floating platform geometries,

and mooring system types. Section 2.4 summarizes the multi-objective GA, objec-

tive functions, and design constraints used to explore a complete design space. The

validity of the frequency-domain dynamic model is discussed in section 2.5. Sections

2.6 and 2.7 present the results and subsequent conclusions of this work, respectively.

2.2 Design analysis methodology

The complete system dynamics of each floating wind turbine candidate design is com-

posed from three main components: the platform, the wind turbine, and the mooring

system (see Fig. 2.1). To determine the complete suite of loads on the floating wind

turbine in a given operating condition and build a description of the resulting motion

in the frequency-domain, linearized representations of the hydrodynamics and aero-

dynamics of these three components must be assembled. In the following subsections,

we describe how these contributions to the dynamic model are determined.
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2.2.1 Inviscid platform hydrodynamics

The inviscid hydrodynamic properties of the platform are calculated using WAMIT

to solve for the inviscid potential flow around the floating body for the series of

all expected wave frequencies. Note that only first-order wave forces are calculated

in this study. WAMIT generates frequency dependent coefficients including added

mass, damping, and wave excitation for a six degree of freedom (DOF) platform in

terms of the global coordinate system on the free surface. Before WAMIT is called, a

C++ code discretizes the surface of each platform to generate the input mesh file for

WAMIT. The same code also handles the calculation of mass and inertia properties

for each platform. This C++ code is interfaced to the Matlab-based frequency-

domain dynamic model (see Eq. 2.4) using a Matlab executable file. It is necessary

to mention that the truss members and tendon arms (see Fig. 2.1(a) and Fig. 2.1(c))

are excluded from inviscid platform hydrodynamic analysis for two reasons: one is to

avoid creating an overly complex panel mesh file for WAMIT, and the other reason is

the relatively small wave-radiation and diffraction contribution of these slender bodies

[35]. However, these slender components are included in the viscous drag and added

mass calculations discussed in the next subsection.

2.2.2 Viscid platform hydrodynamics

To consider the effect of additional platform damping due to drag, a linear representa-

tion of Morison’s equation, referred to Borgman’s linearization [36] in the literature,

is used for the platform’s submerged cylinders, truss members, and tendon arms (see

Fig. 2.1). In order to apply this drag term, the length of each element is divided

into a number of sections and drag forces are calculated using the principles of strip

theory. For linear frequency-domain calculations, the viscous drag for a single strip

becomes:
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dFd = (
1

2
ρCdD

√
8

π
σuU) dL (2.1)

where dFd is the drag force on a section of length dL and diameter D, ρ is the

water density, Cd is the constant drag coefficient taken as 1 [37], U is the transverse

component of relative water velocity at the strip, and σu is the standard deviation

of U (considering all of the frequency components). In this study, to maintain the

linear representation of the frequency-domain problem, wave velocity is neglected

and only platform motion is used in the calculation of the velocity of each strip. In

irregular wave conditions, the phases of the constituent regular waves are not known-

rather they are considered entirely random. To complete a true relative velocity

calculation the phase of each component regular wave would have to be arbitrarily

assigned leading to an arbitrarily scaled damping effect in the form of a new wave

force and moment at the platform center of gravity. Any fidelity that may be gained

through that step is negated by the approximation inherent in the linearization and

the subsequent superposition of the linear terms. Hence, U in Eq. 2.1 is defined

for each section, and at each frequency considered, based only on the displacement

of the platform center of gravity with respect to the global coordinate system. The

normal velocity of a vertical submerged cylinder is expressed as a linear function of

the platform surge and sway motions using the known location of the vertical cylinder

in the platform design. The normal displacement amplitude for any tendon arms and

truss members is similarly defined in terms of the surge, sway, and heave motions

of the platform. An iterative procedure is used to fill-in the entries of this damping

matrix (see Fig. 2.2): on each iteration an estimate of σu is applied in Eq. 2.1,

U in Eq. 2.1 is defined as a linear function of platform motion variables, and the

coefficients of these motion variables in the resulting expression are transferred to the

damping matrix which is used to calculate the next estimate of the response at the

frequency being considered. By adopting strip theory approach for drag forces applied

to the platform elements, a viscous damping coefficient matrix can be calculated for
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all DOFs.

The hydrodynamic drag characteristics of the heave plates (see Fig. 2.1(c)) are

calculated by applying the Fourier-Averaged method to the Morison quadratic drag

force [38]. The linearized viscous drag coefficient for the heave plates follows as:

B =
2

3
ρD2(2πa)Cd (2.2)

where D is the diameter of the heave plate, Cd is considered as a constant heave plate

drag coefficient of 4.8, and a is the average of the amplitude of all of the heave plate

oscillations [38]. This viscous coefficient can be directly inserted into the platform

damping matrix.

As mentioned previously, in constructing a WAMIT geometry file for each plat-

form design, connective members including truss elements and tendon arms are not

included. In order to capture the hydrodynamic added mass of these connective mem-

bers, the added mass values from Morison’s equation are used as shown in Eq. 2.3

for accelerations normal to the cylinder axis [39]:

dMa = (
π

4
ρCaD

2) dL (2.3)

where dMa is the added mass value from a section of length dL and diameter D,

ρ is the water density, and Ca is the constant added mass coefficient taken as 1

[37]. Similar to the calculation of viscous drag forces, the length of each cylinder is

discretized axially into a number of sections and added mass values are calculated

using strip theory. The resulting added mass coefficients in these expressions are

superposed on the added mass matrix calculated by WAMIT to create the total

added mass matrix for the platform. That superposition process is facilitated by

expressing the normal accelerations of the cylinder section as linear functions of the

surge, sway, and heave motions of the platform center of gravity.
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2.2.3 Wind turbine properties

The wind turbine dynamic characteristics are kept constant in this study: i.e. the

same wind turbine is mounted on every floating platform design. FAST, an aeroe-

lastic computer-aided engineering (CAE) tool, is used to generate linearized dynamic

quantities for the three-bladed NREL 5 MW horizontal axis wind turbine [40]. FAST

creates the linearized mass matrix, damping matrix, and stiffness matrix for each

wind speed at a zero pitch angle that is referenced to the tower-base coordinate sys-

tem. These coefficients are directly applied within the frequency-domain dynamic

model (see Eq. 2.4) to evaluate the influence of rotor aerodynamics and wind turbine

mass on the FOWT motions. The default controllers for the 5 MW reference turbine

are used in this work.

2.2.4 Mooring line loads

Similar to the platform hydrodynamic loads, mooring line loads can be linearized

and added to the frequency-domain dynamic model using the quasi-static mooring

subroutine of FAST [41]. In order to better integrate the different parts of the dynamic

model, this subroutine was translated into a C++ code which executes the generation

of the mooring stiffness matrix, and the fairlead/anchor tension offsets for each wind

speed and water depth. In generating the mooring line model, the linearization

procedure is performed based on the steady state displaced position of the floating

platform corresponding to the wind turbine thrust load at each wind speed as noted

by Tracy [14] and Hall [15]. This model is interfaced to the Matlab-based dynamic

model using a Matlab executable file. At this time, wave drift loads are not considered

in the calculation of the displaced mooring configuration.
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2.2.5 Frequency-domain dynamic model

To evaluate the dynamics of a candidate FOWT, all the aforementioned loads and

coefficients for the wind turbine, mooring system, and floating platform are gath-

ered into 6x6 system mass, stiffness and damping matrices. The resulting linearized

equation of motion for the case of a unit amplitude regular wave is shown in Eq. 2.4:

[Ma(ω) +MWT +Mp]ζ̈(t) + [BWT +BP (ω) +BV isc(ω, ζ)]ζ̇(t)

+[CWT + CP + CM ]ζ(t) = X̂(ω)eiωt
(2.4)

where ζ(t) = Ẑ(ω) eiωt is the six DOF platform complex response and Ẑ(ω) is the

complex amplitude vector for the platform displacement, Ma(ω) is the platform added

mass matrix calculated using WAMIT and Morison’s equation (Eq. 2.3), MWT is

the mass matrix of the wind turbine and MP is the mass matrix of the floating

platform, BWT is the damping matrix of the wind turbine, BP (ω) is the platform

frequency dependent damping matrix generated using WAMIT, BV isc(ω, ζ) is the six-

by-six viscous damping coefficient discussed in viscid platform hydrodynamics, CWT ,

CP , and CM are the linearized wind turbine, platform, and mooring line stiffness

matrices, respectively. X̂(ω) is the first-order wave excitation vector calculated by

WAMIT, and ω is the wave and platform motion frequency.

Making use of Eq. 2.4, the complex form of the equation of motion to evaluate the

complex response of the FOWT to the wave excitation forces at a single frequency

can be written as:

− ω2Mtotal(ω)Ẑ(ω) + iωBtotal(ω, ζ)Ẑ(ω) + CtotalẐ(ω) = X̂(ω) (2.5)

where Mtotal(ω), Btotal(ω, ζ), and Ctotal are the total mass matrix, damping matrix,

and stiffness matrix of the FOWT respectively. By calculating the complex response

of the FOWT, RAOs for all modes of motion can be calculated by solving Eq. 2.5

for unit amplitude waves for each frequency in terms of DOF amplitudes and phases.
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The RAOs for all six DOF are given as:


RAO1(ω)

...

RAO6(ω)

 =
[
−ω2Mtotal(ω) + iωBtotal(ω, ζ) + Ctotal

]−1
X̂(ω) (2.6)

where the numerical subscripts indicate the floating structure DOFs: 1 to 6 define

surge, sway, heave, roll, pitch and yaw displacements, respectively. The contribution

of all three major parts of an FOWT to the linear frequency-domain dynamic model is

shown in Fig. 2.2. The complete response of the FOWT in an irregular wave regime

is found by multiplying the individual frequency components of the wave spectral

density function, S(ω), by the RAOs evaluated at that frequency (see Fig. 2.7).
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FOWT

Wind turbine Platform Mooring line

Equation of motion
(Eq. 5)

BPÝgÞ

MP

MWT

BWT

CWT

CM

CP

XÝgÞ

RAOÝgÞ
ÝRAOÝgÞ. SÝgÞ¢g Þ

(Eq. 6)

Ma( )ω B ,Visc( )ω ζ

Figure 2.2: Solution procedure for dynamic analysis of an FOWT in the frequency-
domain. In this procedure, an iterative approach is taken into account. Once a stable
estimate of the viscous damping matrix is achieved, the RAO values at the frequency
in question are calculated. Repeating this calculation for all of the incident wave
frequencies establishes the RAO functions that are combined with the incident wave
spectrum, S(ω), to form the complete estimate of the platform response

2.3 Support structure parameterization

The platform parameterization scheme used in this work attempts to describe the

widest range of offshore wind turbine platforms and mooring systems with as few

design variables as possible. In this section, the platform topology, size of connective

elements, fairlead and anchor locations, mass and ballast, and the cost of the overall

structure are defined in terms of nine design variables [15].

2.3.1 Platform topology

All the platform designs are formed by a central cylinder with variable radius and

draft, and an array of outer cylinders whose radius, draft and distance from the center
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Figure 2.3: A perspective view of a multi-body platform including four floats (one
inner cylinder and three outer cylinders) with design parameters

are also variable in the platform design parameterization. The outer cylinders can

include circular heave plates of variable size at their bases. In order to adjust the

wave interaction with the floating platform, a variable taper ratio is implemented for

the central cylinder draft elevations. A free board (FB) of 5 m is used for all the

platform designs as a constant design parameter. Figure 3 illustrates the geometry

for a multi-body platform with three outer floats. Referring to Table 1, the eight

geometric design variables include the inner cylinder draft, HI , the inner cylinder

radius, RI , the top tapper ratio of inner cylinder, TI , number of outer cylinders, NF ,

the radius of outer cylinder array, RF , the outer cylinder draft, HO, the outer cylinder

radius, RO, and the outer cylinder heave plate radius, RHP . Constraints are applied

to these variables to ensure that the inner cylinder diameter is not less than the wind

turbine tower base diameter which is 6 m [40], and to avoid large taper angles near

the water line.
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Table 2.1: Geometric design variables of platform

Variable Description Min. Max.
HI Inner cylinder draft 2 m 150 m
RI Inner cylinder radius 3 m 25 m
TI Top taper ratio 0. 2 2
NF Number of outer cylinders 3 5
RF Radius of outer cylinderarray 5 m 40 m
HO Outer cylinder draft 3 m 50 m
RO Outer cylinder radii 1.5 m 10 m
RHP Outer cylinders heave plate radii 0 20 m

Cross-bracing

In order to connect the outer cylinders to the central element, truss members are

needed. These cross-bracing elements are modeled by three truss members - two

horizontal and one diagonal - between each pair of connected cylinders (see Fig. 2.4).

The truss members are treated as hollow cylinders with a fixed wall thickness to radius

ratio of k = 5% [42]. A single diameter for all the truss members is chosen based on

the pinned-pinned critical buckling load, PCrit, of the diagonal member given by Eq.

2.7.

PCrit =
π2EI

L2
(2.7)

where L is the length of the diagonal member, E = 200 GPa is the module of elasticity

of steel, and I is the tubular section’s moment of inertia. The design load, Pdes, that

is evaluated against the buckling limit is:

Pdes =
max(ρ∀Og, TLinemax)

sin(θ)
(2.8)

The numerator of Eq. 2.8 shows the maximum load on the truss member which

is taken to be the larger of the displaced weight of one of the outer cylinders, ρ∀Og

(which includes water density ρ, outer cylinder displacement ∀O, and gravitational

acceleration g) or the maximum steady state mooring tension, TLine max, if mooring
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Figure 2.4: Physical interpretation of implemented loads on the diagonal truss mem-
ber

lines are connected to the outer cylinder. The angle θ is the inclination angle of the

diagonal member. The steady-state mooring line tension is evaluated at the rated

wind speed which results in the maximum thrust load on the mooring system. The

length of the diagonal member, L, is calculated between two points in the platform

design: one at 90% of the inner or outer cylinder draft, whichever is less, and one at

the elevation of half of the FB height (see Fig. 2.4).

The justification for the approach embodied in Eq. 2.8 is explained through two

cases; in the case where the outer cylinders of a multi-body platform provides a signif-

icant contribution to the stability of the floating platform, the buoyancy forces from

the outer cylinders create a compressive load on the diagonal member. As a result,

the diameter of the truss members are calculated to ensure that this compression load

does not induce buckling. On the other case, if the outer cylinders are smaller than

the inner cylinder, the majority of the load on the truss members is applied by the

mooring lines attached to the outer cylinders, imposing a compressive load on the

bottom horizontal truss members. In the latter case, the required diameter for the

truss members is calculated again using the diagonal member load and length, even

though this member is in tension, as this gives a conservative result.

The diameter of the members can then be calculated considering the critical buck-

ling load (Eq. 2.7), where PCrit is equal to the design load, Pdes, multiplied by a safety
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factor of 10, which includes compensation for the growth of the maximum mooring

line tension in the presence of waves. This leads to:

D =

(
8

π3

PCritL
2

Ek

)1/4

(2.9)

where k is a constant wall thickness to radius ratio.

2.3.2 Mooring system

To maintain as broad a design space as possible, a continuous range of mooring

layouts, from taut lines to slack catenary are included in the parameterization scheme.

The mooring line configuration is specified based on the platform design variables,

shown in Table 2.1, water depth, and an additional design variable specific to the

mooring system, XM . In this study, the mooring system design variable transitions

between a taut vertical line configuration (−1 ≤ XM ≤ 0), an angled taut (non-

vertical) line configuration (0 < XM ≤ 1), and a slack catenary (non-vertical) line

configuration (1 < XM ≤ 2), as illustrated in Table 2.2 and shown in Fig. 2.5.

The number of mooring lines and the fairlead locations are determined by the

platform geometry and XM . To avoid wasting computational time in the design of

mooring systems, some constraints are applied to the number of mooring line and their

geometric arrangement. For single-body designs with taut vertical lines (TLPs), four

lines are used and they are connected at the end of each tendon arm as shown in Fig.

2.1(a) [43]. For single-body platforms with slack and taut non-vertical lines (spar

buoys) three lines are used that are connected at half the cylinder draft as shown in

Fig. 2.1(b) [44]. For multi-body designs as in Fig. 2.1(c), a mooring line is connected

at the bottom of each outer cylinder [42].

The anchor location is determined by the linear variation of XM from lying directly

under the fairlead, when −1 ≤ XM ≤ 0, to the horizontal spread of double the water

depth (XM = 2) as can be seen in Fig. 2.5. The unstretched mooring line length for
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Figure 2.5: Mooring line profiles with 10 nodes for −1 ≤ XM ≤ 2 in 300 m water
depth and variable fairlead locations. lx and lz are horizontal and vertical distances
from the anchor to the fairlead location

the slack catenary mooring configurations (1 < XM ≤ 2), which is noted by Jonkman

and Musial [45], is calculated using the following equation:

Lu =
√
l2x + l2z +

lz
12

(2.10)

where lx and lz are the horizontal and vertical distances from the anchor to the

nominal fairlead location.

Tendon arms

In the design of single-body platforms with taut vertical lines, tendon arms need to be

considered in the platform design to hold the fairleads at a distance radially from the

platform. The tendon arms are formed by horizontal steel tubes that have a constant

wall thickness to radius ratio of 5%. The diameter of these tendon arms are calculated

based on the bending moment developed in the steel tubes. The maximum bending
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Table 2.2: Design parameters of mooring systems for three specific platform types [4]

Design parameters Tension-leg platform Spar buoy platform Multi-body platform

Mooring technology Taut vertical line
Angled taut line

Slack catenary line
Angled taut line

Slack catenary line

XM Variations −1 ≤ XM ≤ 0
0 < XM ≤ 1
1 < XM ≤ 2

0 < XM ≤ 1
1 < XM ≤ 2

Line mass density (kgm ) 116.027 77.7 113.35
Modulus of elasticity (Pa) 1.18E+09 6E+08 1.66E+09

Line diameter (m) 0.127 0.09 0.076
Line extensional stiffness (N) 1.5E+09 384.243E+06 (7.536E + 08× 3/number of lines)

moment is taken at the root of the tendon arms extensions, and is calculated from the

vertical component of the maximum steady-state mooring line tension applied at the

fairlead multiplied by a safety factor of 3 [14]. The length of these arms is equal to

XM (negative values for taut vertical lines) multiplied by 50 m. Note that the sizing

of the members in this study is based on assuring that they can withstand extreme

loads and there is no consideration for fatigue load. Fatigue analysis is proposed as

one of the future studies in section 2.7.

2.3.3 Platform mass and ballast

The mass characteristics of each platform are fully specified by the platform geometry,

mooring system scheme and the ballast mass. The mass of a cylinder component is

modelled using a wall thickness of 50 mm, and heave plate steel thickness is taken to

be 30 mm. The total platform mass estimate is formed by superposing the masses

of the cylinders, heave plates, truss members and tendon arms using the geometries

described earlier and a steel density of 8050 kg
m3 .

The ballast mass is set according to the surplus buoyancy of the system which

is calculated after subtracting wind turbine weight, platform weight, and vertical

component of mooring line tensions from the platform buoyancy force. For taut

mooring lines, when −1 ≤ XM ≤ 1, the configuration is chosen to cancel the surplus

buoyancy in the system by increasing the line tension. Therefore, no ballast mass

is applied to floating platforms with fully taut mooring systems. For slack mooring



31

lines, ballast is added from the bottom of deepest cylinder(s) upward, to a common

top level across all cylinders, as shown in Fig. 2.6. The ballast material is assumed

to be concrete with a density of 2400 kg
m3 .

Figure 2.6: Ballast mass distribution for multi-body platforms. In this case, the
ballast mass height for the inner cylinder is more than outer cylinders because the
inner cylinder draft is more than the draft of outer cylinders, however they are all at
a common top level

2.4 Optimization problem methodology

The formulation for a general multi-objective design optimization is defined as:

Find

x̂ = [x1, x2, .., xk] (2.11)

That minimizes

Ĵ(x) = [J1(x), J2(x), ..., Jn(x)] (2.12)

Subject to

x̂lower ≤ x̂ ≤ x̂upper (2.13)

hi(x) = 0; i = 1 to m (2.14)
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gj(x) ≤ 0; j = 1 to p (2.15)

where x̂ is a k-dimensional vector of design variables with lower and upper bounds,

Ĵ(x) is an n-dimensional vector of objective functions, m is the number of equality

constraints, and p is the number of inequality constraints. Note that because Ĵ(x) is

a vector, if all the components of Ĵ(x) are competing, there is no unique solution for

the optimization problem. Therefore, the solution of multi-objective optimization is

always situated in a Pareto optimal set [46]. A feasible point x∗ in the design space

is called Pareto optimal if there is no other point x in the design space that improves

one objective function without worsening in another objective [47].

At this study, the multi-objective GA Matlab toolbox is used to achieve optimal

design configurations for support platforms. The GA provides a non-gradient nature

inspired search method by using clusters of design points around locally-optimal con-

figurations to find a group of optimal solutions for the optimization problem [47]. One

of the most distinctive features of this multi-objective GA optimizer, in comparison

with other optimizers used for design optimization of FOWTs [14, 21], is finding an

evenly distributed set of design points on the Pareto front.

To use the Matlab multi-objective GA optimizer, we provided two objective func-

tions (see section 2.4.1) with design variables constrained by lower and upper bounds

(see Tables 2.1 and 2.2), an inequality constraint for limiting cost, and four inequality

constraints to improve the performance of the wind turbine (see section 2.4.2). In

order to define the design space size, a population of 200 design candidates is used for

a maximum of 120 generations before the algorithm stops the design optimization.

In addition, a tolerance value of 1E-04 is applied to stop the algorithm if the average

relative change in the best fitness function was less than or equal to this value. The

optimizer returns a design population including the population of design variables in

each generation, and also a design score, that contains the objective function values

for each population when the optimizer terminated. More details about GA option
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structures and generation of Pareto optimal set can be found in MATLAB [48] global

optimization toolbox user’s guide.

2.4.1 Objective functions

Although minimizing cost of energy (COE) is the final optimization goal for FOWT

technologies, a simpler optimization problem can be used to avoid additional consid-

erations for modeling the wind turbine energy production over its lifetime [33, 49].

Hence, to simplify this design optimization problem, platform and mooring system

costs as well as the wind turbine fore-aft nacelle acceleration are used as the objec-

tive functions. These objective function metrics serve as proxies for overall costs and

technical wind turbine performance in limiting platform motion.

Cost model

The cost function is a combination of floating platform cost, mooring system cost,

and anchor cost:

C(x) = CPlatform(x) + CMooring(x) + CAnchor(x) (2.16)

The floating platform cost is a function of the design variables. This accounts

for material costs as well as manufacturing and installation costs. Although the cost

per-mass is different for platform cylinders and connections, for simplicity a constant

cost of $2.5 per-kg is used here [12]. The ballast is not costed in this study because of

the relatively inexpensive nature of concrete. In order to show how the results of this

optimization problem depend on the platform cost, a sensitivity analysis is performed

in section 2.6.5. Note that in addition to the extreme loads, considering fatigue loads

would further drive platform sizing and consequently platform cost.

The cost of the mooring system is modelled using the total length of the lines and

the maximum steady-state mooring line tension which is implemented on the mooring
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system. Therefore, the cost model for mooring lines is defined based on a factor of

$0.42/m− kN which is multiplied by the line length and the maximum steady-state

line tension [12, 50].

The anchor cost is the third component of the cost model and it is defined by

combining the anchor installation and technology costs. The three technologies

which are considered for the anchors are drag-embedment anchors, vertical-load drag-

embedment anchors (VLAs), and suction piles. Similar to the mooring line cost

model, the cost of each technology is modelled based on the maximum steady-state

load on the anchors. For each technology, a fixed per-anchor installation cost is also

included in the cost model. The anchor type selection is done based on the angle

of mooring line at the connection with anchor [12]. All the information of anchor

technology and installation cost is summarized in Table 2.3. To show how the opti-

mization results depend on the anchor technology and installation cost, a sensitivity

analysis is performed in section 2.6.5.

Table 2.3: Cost model for three anchor technologies

AnchorTechnology Line Angle
$/anchor/kN
(Line tension)

$/anchor
(Installation )

Drag embedment 0◦−10
◦

100 50000
VLA 10

◦−45
◦

120 80000
Suction pile 45

◦−90
◦

150 110000

Wind turbine performance metric

To increase the performance of a floating wind turbine, nacelle acceleration from

platform pitch and surge motion needs to be minimized. This motion creates extra

loads on the wind turbine blades, causes fatigue in the drivetrain, and decreases

the lifetime of the system [49]. In order to formulate this objective function, the

linearity of the simplified dynamic system was exploited to define the RAO of nacelle

acceleration at each sea state condition. The performance metric for this study is

defined as the standard deviation of nacelle acceleration [12]:
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σanac(ω) =

√√√√√ ∞∫
0

|RAOanac(ω)|2 S(ω) dω (2.17)

where S(ω) is the spectral density of the waves at prescribed sea states, andRAOanac(ω)

is the fore-aft nacelle acceleration response amplitude operator. The complex forms

of the nacelle displacement RAO and nacelle acceleration RAO are given by the fol-

lowing equations.

RAOζnac(ω) = RAO1(ω) +RAO5(ω)znac (2.18)

RAOanac(ω) = −ω2(RAO1(ω) +RAO5(ω)znac) (2.19)

where znac is the hub height of the wind turbine. It should be mentioned that the

RAOanac(ω) contains the aerodynamic effects implicitly from the linearized dynamic

quantities of the wind turbine (Eqs. 2.4 to 2.6). An example to illustrate how the

overlap of the RAOanac and sea state spectral density, S(ω), produces a response

spectrum is shown in Fig. 2.7.

2.4.2 Design constraints

The final stage in the mathematical formulation of the design process is implementing

design restrictions called constraints. In addition to the lower and upper bounds on

the design variables discussed in section 2.3, different constraints are applied to each

objective function.

Cost constraint

To avoid expensive design configurations, a cost constraint is applied to the optimiza-

tion problem. This inequality constraint restricted the cost of the platform to less

than $9 M.
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Figure 2.7: An example of spectral analysis for a floating wind turbine. This figure
shows the overlap of nacelle acceleration RAO and sea state spectrum to create the
wind turbine response spectrum

Performance constraints

To keep the platform and wind turbine stable, the maximum allowable nacelle ac-

celeration is limited to 1 m
s2

. Moreover, one of the critical quantities in the design

of FOWTs is the static stability of the platform during operation. In order to avoid

over-turning of the platform, and also to achieve the required wind turbine perfor-

mance, the steady-state pitch angle of the floating structure should be less than 10

degrees [21]. The expression to represent this constraint is given below:

ζ̄5 =
Fthrust.znac +Mmooring5 −Mballast

ρg∀zCB −MtgzCG + ρgIxx − Cmooring5,5 + C5,1zfair
< 10◦ (2.20)

where Fthrust is the steady thrust load of the wind turbine, Mmooring5 is the mooring

line pitching moment at the maximum wind turbine thrust, Mballast is the pitching

moment due to stabilizing ballast mass, ∀ is the platform displacement, zCB is the
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center of buoyancy location, Mt is the total mass of the system, zCG is the center

of gravity location, Ixx is the platform water plane moment of inertia in pitch mo-

tion, Cmooring5,5 is the mooring lines stiffness in pitch motion, C5,1 is the mooring line

stiffness in pitch-surge motions, and zfair is the fairlead depth in pitch motion. To

evaluate this constraint for the NREL 5 MW wind turbine reference model, a maxi-

mum thrust load of 800 kN with hub height of 90 m are selected as design constants.

Similar to the static pitch angle consideration, the dynamic pitch angle of the

platform should not exceed the operating limit designated for a floating wind turbine

[14]. The final form of the constraint is based on the combination of the steady-state

pitch angle (Eq. 2.20) plus the standard deviation of the platform pitch motion as

shown in Eq. 2.21:

ζ̄5 + σζ5 < 10◦ (2.21)

For platforms with taut mooring lines, loss of tension followed by snap loading

cause them to fail. To avoid this issue, a slackness constraint, first suggested by Tracy

[14]:

Tline − 3σTline > 0 (2.22)

where Tline is the line tension calculated by the mooring model at equilibrium, and

σTline is the standard deviation of the mooring line tension calculated from the RAO

of line tension. This three-sigma approach is an approximation in line with the level

of fidelity in the overall framework, designed primarily to capture the proportional-

ities between device motions and mooring system loads. More refined estimation of

mooring tensions incorporating carefully chosen statistical methods and the inclusion

of dynamic contributions to mooring tension is available in the study of Hall et al

[51].
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2.5 Time-domain verification of dynamic model

To verify the frequency-domain dynamic model framework, FAST was used as a

higher fidelity time domain model to evaluate two platform designs–a TLP and a

spar buoy platform. Design parameters for these two platforms are summarized in

Table 2.4. The mooring line properties for each design can be implemented directly

in the FAST input file based on the platform dimension and the mooring system

parameterization discussed in section 2.3.2. The hydrodynamic coefficients gener-

ated by WAMIT can also be used directly for the FAST simulations. Note that in

this section, a comparison of the frequency-domain model and a FAST time-domain

model for a semi-submersible platform configuration would be less informative be-

cause truss members are neglected in the generation of the WAMIT file (as discussed

in section 2.2.2) and thus the inviscid effects associated with these components would

not manifest in the FAST simulation.

Table 2.4: Design parameters for a TLP and a spar buoy platform

Design parameters Tension-leg platform Spar buoy platform

Draft (m) 48 48
Diameter (m) 18 16

mplatform (tonnes) 8.6E+06 9E+06
Center of mass (m) 40.61 36.32

I4 (kg-m2) 5.71E+08 1.34E+10
I5 (kg-m2) 5.71E+08 1.34E+10
I6 (kg-m2) 3.61E+08 3.27E+08

For environmental conditions, a steady wind of 12 m/s and a Jonswap wave spec-

trum with significant wave height of 3.4 m and peak period of 8.7 s was used. The

water depth was taken to be 300 m. A total run time of 25 minutes with integration

time step of 0.0125 s is used for each FAST simulation. To avoid start-up transients,

the first 5 minutes of data is excluded from the analysis. In Table 2.5, comparing

the RMS of nacelle accelerations, σanac , from the frequency-domain dynamic model



39

and FAST time domain simulation, there is a good agreement for the TLP design.

However, the difference between the σanac values calculated from the two models is

more significant for the spar buoy platform. The difference in the spar buoy case

is likely caused by neglecting the tower flexibility in the frequency-domain model as

well as by variations in the surge and pitch motions between two models (see Table

2.5). In any case, in the final results presented in the next section, the comparison

of platform types means that the frequency-domain predictions are conservative in

their performance (i.e. likely underpredicted acceleration) and are therefore a fair

comparison between platform types.

Table 2.5: Comparison of frequency- and time-domain results

Objective parameters
Tension-leg platform Spar buoy platform

FAST Dynamic model Variation (%) FAST Dynamic model Variation (%)
σsurge (m) 0.25 0.23 8.33 0.32 0.28 13.33
σpitch (deg) 0.12 0.16 28.57 0.17 0.18 5.71

σanac (m/s2) 0.28 0.27 3.63 0.34 0.32 6.06

2.6 Results

To this point, a parametrization scheme has been presented that allows the geometry

of the candidate design to be automatically generated; a linear dynamic model of the

design has been proposed and this model can be used to assess the performance of

the candidate; the cost required to achieve that level of performance can be assessed

using the cost models for the platform, mooring and anchor components. Using the

optimization algorithm, an automated search of the entire design space could be exe-

cuted. However, to fully elucidate the cost-performance trade-offs within each of the

three classes considered, and respecting that the dynamic model’s estimates of perfor-

mance may have varying accuracy across the three classes, it is prudent to complete

the optimization in stages that are restricted to one platform class. Consequently, the

optimization results are divided according to TLPs, spar buoy platforms, and semi-
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submersibles. The results from each stage are discussed separately in the following

subsections followed by a comparison of the individual class-specific Pareto fronts.

2.6.1 Environmental conditions

In this study, a water depth of 300 m is applied universally. Three sets of steady

wind speeds, 8 m/s, 12 m/s, and 18 m/s are considered for calculation of aerody-

namic loading on the NREL 5 MW wind turbine. The reason for considering steady

winds is that we are primarily concerned with locating platform designs with reduced

sensitivity to wave loads rather than aerodynamic loads. Moreover, an irregular sea

state is included based on a Jonswap wave spectrum with significant wave heights of

2.5 m, 3.4 m, and 4.9 m which correspond to the three wind speed conditions. The

peak periods for these wave spectra are 7.1 s, 8.7 s, and 11.2 s respectively [52]. The

spectral discretization of the waves is at a resolution of 0.027 rad/s over the range

0.25 ≤ ω ≤ 2 rad/s. For the sake of evaluating the FOWT performance, the final

fitness value is the average of the performance objective function calculated for the

three environmental conditions. While this is not a complete set of environmental

conditions by any means, using above and below-rated wind and wave conditions pro-

vides a reasonable proxy of typical operating conditions in order to evaluate floater

stability.

2.6.2 Single-body platforms

Two conventional types of floating platforms for FOWTs are the TLP and spar buoy

platforms. To define these single-body structures, a cylindrical element is used in

the design optimization of these platforms. For TLPs, the four variables defining the

design optimization are cylinder draft, H I , cylinder radius, RI , taper ratio, TI , and

type of mooring line, −1 ≤ XM ≤ 0. In addition, two pairs of tendon arms (see Fig.

2.1(a)) are needed for the TLP design. This is done by defining each tendon arm

length, LT , and radius, RT . The design parameterization scheme for the catenary
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moored spar buoy platform type is similar to the TLP except with 0 < XM ≤ 2, and

without tendon arms at the bottom of platform.

Figure 2.8 illustrates the multi-objective design space for the single-body platforms

in terms of platform cost and nacelle acceleration. The Pareto front of each design

class is along the lower-left boundary of the design points. The visualization of a

group of optimal platform candidates is also shown in Fig. 2.8. The geometry of each

labelled platform is summarized in Table 2.6.

B

C

D E F

K
L M N

O

P

Figure 2.8: Design exploration of single-body platforms including TLPs and spar
buoys. The Pareto fronts, which show the optimal design points, presented at the
lower left of each design space

As can be seen from Fig. 2.8, TLPs are found to be the most cost effective and

stable structures in the class of the single-body platform candidates. The design

space shows the lowest platform cost for TLPs, platform A, with minimum accept-

able stability and a cost of $3.25 M. The results also give the most expensive floating



42

structure, platform F , with the maximum performance among all the evaluated TLPs.

From the details of each TLP design (Table 2.6), it is apparent that there is a consis-

tent trend along the design parameters as the cost increases. This trend shows draft

increasing and the radii decreasing as cost increases. For the platform stabilization,

mooring line tension increases are required with longer tendon arms and hence big-

ger diameters. Presumably, the more slender floats are improving the performance

by reducing the platform’s sensitivity to wave excitation. For the spar buoy con-

figurations, platform K is the most cost effective design point, at $4.5 M, with the

minimum platform stability, and platform P is the best design from the standpoint

of wind turbine performance (minimum nacelle acceleration). The trend apparent in

the spar buoy optimal design candidates is the dominance of two design parameters, a

slack catenary mooring system and increasing cylinder draft, as the platform stability

improves.

Table 2.6: Platform characteristics for single-body designs including platform geome-
tries, design parameters, and the calculated value for objective functions

Design parameters
Tension-leg platforms Spar buoy platforms

A B C D E F K L M N O P
Draft (m) HI 18.37 48.80 83.14 83.75 83.75 83.73 43.40 47 49.01 51.94 77.87 91.35

Radius (m) RI 6.16 3.95 3.13 3.02 3.02 3.02 8.91 8.93 8.91 8.89 6.61 6.12
Taper ratio TI 0.25 0.20 0.21 0.21 0.21 0.21 0.83 0.62 0.52 0.28 0.20 0.20

Mooring line type XM -0.29 -0.32 -0.33 -0.46 -0.62 -0.78 1.96 1.98 1.97 1.92 1.97 1.80
Tendon arm length (m) LT 14.5 16 16.5 23 31 39 N/A N/A N/A N/A N/A N/A
Tendon arm radius (m) RT 1.30 1.35 1.42 1.72 1.96 2.05 N/A N/A N/A N/A N/A N/A

Platform cost (million $) Cost 1.58 2.18 2.99 3.86 5.04 6.35 3.72 3.78 3.83 3.79 4.23 4.81
Mooring system cost (million $) Cost 0.74 0.66 0.63 0.62 0.57 0.56 0.55 0.54 0.53 0.56 0.50 0.59

Anchor cost (million $) Cost 0.93 0.94 1.03 1.01 0.95 0.93 0.23 0.22 0.21 0.23 0.20 0.26
Overall cost (million $) Cost 3.25 3.78 4.65 5.49 6.56 7.84 4.50 4.54 4.57 4.58 4.93 5.66

Nacelle acceleration (m/s2) σanac 0.20 0.08 0.5 0.05 0.04 0.04 0.33 0.28 0.25 0.18 0.10 0.08

The results for the performance of single-body platforms are provided here for a

group of optimal design candidates. Figure 2.9 displays the spectral nacelle acceler-

ation graphs based on surge and pitch modes of motion that are excited for the TLP

and spar buoy platforms. The smooth single peaks in the frequency response reflect

the influence of sea state spectrum on the RAOs of the platforms. The lower peaks of
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the graphs indicate the more stable structures. Figure 2.9 also shows that by increas-

ing the stability of the platforms, the curve peaks shift towards lower frequencies.

Figure 2.9: Nacelle acceleration spectrum for a group of single-body design candidates
in a sea state. The area under each graph shows the variance of nacelle acceleration
for each platform design

2.6.3 Multi-body platforms

This section focuses on the optimization results for semi-submersible platforms. The

multi-body structures are formed by a main inner cylinder with an array of vertical

cylinders around the inner float as discussed in section 2.3. A visualization of the

domain exploration and Pareto optimal results are provided in Fig. 2.10.

For semi-submersible design configurations with four floats, the Pareto optimal

points are distributed between costs of $2.5 M and $4.5 M. From Fig. 2.10, it can

be seen that platforms A
′

and F
′

represent the lowest and highest structural costs

respectively with inversely varying performance. The details of the optimal design

points for four float semi-submersible platforms (see Table 2.7) show that heave plates

are used in all design cases and the mooring line type is a taut system with non-vertical
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Figure 2.10: Design exploration for multi-body platforms including semi-submersibles
with four and five floats. The Pareto front at the lower left of each design space
displays the optimal design points

lines for all of the Pareto points. The cylinders’ draft also increases and taper ratio

drops quickly before becoming steady as stability of the structure improves.

Designs with five total floats in Fig. 2.10 are indicated by representative platforms

K
′

to P
′
. The mooring system transitions from a slack catenary configuration to a

taut system with non-vertical lines as the cost increases. It seems that for this form

of semi-submersible platform, heave plates are more effective than cylinder draft at

reducing the nacelle acceleration of the wind turbine. Table 2.7 shows the inner

and outer cylinders’ draft getting deeper and their radius becoming smaller as cost

increases, so the platform water plane area decreases (i.e. reducing sensitivity to

incident waves).

Results for the semi-submersible platforms with five cylinders arrayed around a

central cylinder are shown in Fig. 2.11. The Pareto front for this class of design
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Table 2.7: Platform characteristics for four and five float semi-submersible designs in-
cluding platform geometries, design parameters, and the calculated value for objective
functions

Design parameters
Four float semi-sub platforms Five float semi-sub platforms

A
′

B
′

C
′

D
′

E
′

F
′

K
′

L
′

M
′

N
′

O
′

P
′

Inner cylinder draft (m) HI 8.41 8.33 14.04 17.18 17.73 18.95 9.50 11.08 11.25 12.03 13.16 13.46
Inner cylinder radius (m) RI 7.05 6.64 6.22 5.91 5.84 5.99 7.90 6.82 6.91 6.65 6.19 4.43

Taper ratio TI 0.37 0.87 0.26 0.28 0.20 0.29 0.28 0.27 0.27 0.26 0.26 0.29
Radius of array (m) RF 27.99 27.80 28.67 27.70 28.40 28.07 20.91 21 20.89 20.87 20.30 20.18

Outer cylinders draft (m) HO 5.53 5.68 7.5 9.71 15.63 19.03 13.35 14.73 14.73 15.27 17.16 18.44
Outer cylinders radii (m) RO 2.82 2.57 2.34 2.01 2.03 2.08 2.52 2.6 2.65 2.74 2.80 3.34
Truss members radii (m) RT 0.58 0.58 0.62 0.64 0.66 0.71 0.48 0.53 0.53 0.55 0.58 0.67

Heave plates radii (m) RHP 3.01 3 6.42 7.81 8.78 9.34 3.89 5.87 7.78 8.99 10.66 11.63
Mooring line type XM 0.53 0.53 0.48 0.49 0.45 0.39 1.20 1.18 1.18 1.18 1.16 1.16

Platform cost (million $) Cost 1.85 1.94 2.17 2.34 2.72 3.15 2.55 2.81 3.05 3.33 3.78 4.44
Mooring system cost (million $) Cost 0.36 0.37 0.41 0.44 0.47 0.59 0.43 0.43 0.43 0.43 0.43 0.43

Anchor cost (million $) Cost 0.38 0.38 0.43 0.47 0.50 0.69 0.25 0.24 0.24 0.24 0.25 0.25
Overall cost (million $) Cost 2.59 2.69 3.01 3.25 3.69 4.43 3.23 3.48 3.72 4 4.46 5.12

Nacelle acceleration (m/s2) σanac 0.32 0.22 0.15 0.10 0.06 0.05 0.22 0.19 0.16 0.14 0.12 0.10

shows a gap in optimal points which represents the high sensitivity of the perfor-

mance function as the cost of the structure increases. Platforms Q
′

and V
′

are the

design candidates for the minimum cost and maximum performance respectively. The

upper points of the Pareto set show the structures are moored with slack catenary

systems, while the lower more optimal design points use taut mooring system with

non-vertical lines attached to the fairlead. Similar to the semi-submersible platforms

with five floats, heave plates of the platform candidates with six floats are more effec-

tive than other design parameters to improve the stability of the floating structure.

The complete geometrical properties of this platform class for some representative

design points are presented in Table 2.8.

Figure 2.12 displays nacelle acceleration spectra for a group of semi-submersible

platforms in the frequency-domain across a range of float configurations (e.g. 4, 5 and

6 float designs). To compare the performance of different designs, the area under each

graph, which represents the variance of nacelle acceleration in pitch and surge motion,

has to be calculated. As such, performance can be seen to degrade with increasing

peak height, with increasing width of the peak, or when the curve develops a second
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Figure 2.11: Design exploration for multi-body platforms including semi-submersibles
with six floats. The Pareto front at the lower left of each design space displays the
optimal design points

peak. The results for the five and six float semi-submersibles (designs K
′
, M

′
, O

′
,

Q
′
, S

′
and V

′
in Fig. 2.12) show that there are two shapes of nacelle acceleration

spectra being realized for optimal design candidates. Concurrent with this change

in spectral response, the type of mooring system changes between five and six float

semi-submersible designs. Figure 2.12 shows that platforms with taut mooring lines

(0 < XM ≤ 1) have smooth single peaks in the frequency response, whereas platforms

with slack catenary mooring system (1 < XM ≤ 2) have multi peaks and complex

behaviours.

2.6.4 Full design space exploration

The Pareto fronts across all design classes are shown together in Fig. 2.13. Looking at

the optimal design points, one can see that the TLPs and four float semi-submersible

platforms are the most optimal designs across all the platforms. To find a design point

at a lower cost and the same performance with TLPs, there is a region at σanac ∈

[0.05, 0.2] for semi-submersible designs with one central cylinder and an array of three

outer cylinders. The results also show that the TLPs and semi-submersible platforms

are more stable and cost effective than spar buoy design configurations. Among the
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Table 2.8: Platform characteristics for six float semi-submersible designs including
platform geometries, design parameters, and the calculated value for objective func-
tions

Design parameters
Six float semi-submersible platforms

Q
′

R
′

S
′

T
′

U
′

V
′

Inner cylinder draft (m) HI 13.23 11.97 12.55 12.60 13.59 13.89
Inner cylinder radius (m) RI 4.96 4.76 4.73 4.06 3.89 3.80

Taper ratio TI 1.04 1.07 1.17 1.48 1.72 1.80
Radius of array (m) RF 20.51 21.13 21.43 22.27 24.03 24.30

Outer cylinders draft (m) HO 16.23 16.44 18.80 20.34 22.60 22.73
Outer cylinders radii (m) RO 2.74 2.94 2.89 2.91 2.83 2.83
Tendon arms radii (m) RT 0.59 0.61 0.64 0.68 0.73 0.74
Heave plates radii (m) RHP 3.47 7.20 8.92 9.98 10.34 10.24

Mooring line type XM 1.31 1.32 1.31 1.30 1.21 0.44
Platform cost (million $) Cost 3.54 4.10 4.65 5.22 5.78 5.84

Mooring system cost (million $) Cost 0.43 0.42 0.41 0.41 0.45 0.80
Anchor cost (million $) Cost 0.21 0.21 0.22 0.21 0.25 0.92
Overall cost (million $) Cost 4.18 4.73 5.28 5.84 6.48 7.56

Nacelle acceleration (m/s2) σanac 0.16 0.13 0.10 0.08 0.07 0.6

multi-body structures, it seems that semi-submersibles with four floats are the best

option below a cost of $4.5M . It is necessary to mention that in this study, the most

promising candidates are not simply designs lying on fronts farthest to the bottom

left in Fig. 2.13–designs that are optimal within their class should also be pursued in

the detailed design stage.

2.6.5 Sensitivity analysis

In order to investigate the impact of cost model assumptions on comparisons of plat-

forms across the full design space, two additional optimization studies were performed

to expose the sensitivity of the Pareto fronts to the parameters of cost model. Note

that the dynamic model parameters were unchanged in the additional studies and

a complete optimization was performed to explore a new design space for the three

classes of platform. Platform cost, which accounts for material costs as well as man-

ufacturing and installation costs was adjusted in one of the additional studies, and
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V

Figure 2.12: Nacelle acceleration spectrum for a group of multi-body design can-
didates in a sea state. The area under each graph shows the variance of nacelle
acceleration for each platform design

anchor cost was adjusted in the other. Figure 2.14 shows the results of a full design

space exploration for a 10% increase in the platform material cost of $2.5 per-kg (see

section 2.4.1). Although the Pareto fronts move toward higher costs overall, the trace

of the optimal designs follows the general trend observed in Fig. 2.13 and there is no

change in the predominant classes-TLPs and four float semi-submersible platforms

remain preferred candidates.

In the second run, a 50% increase was applied to each of the parameters reported

in Table 2.3 and the results are presented in Fig. 2.15. The shifted set of Pareto

fronts shows that the effect of this change on the TLPs is more tangible than other

platforms, as would be expected. Comparing Fig. 2.13 to Fig. 2.15, the four float

semi-submersible platforms remain a preferred design class except for very marginal

stability improvements at high cost. With increased anchor costs, the five float semi-

submersible platforms move to dominate the TLPs at lower cost levels.
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4 float semi-sub dominant TLP dominant

Figure 2.13: Full design Pareto optimal sets for five group of platform designs includ-
ing TLPs, spar buoys, and three classes of semi-submersibles. This figure also shows
the cross-over point between TLPs and semi-submersible optimal platform designs
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4 float semi-sub dominant TLP dominant

Figure 2.14: Sensitivity analysis for five group of platform designs including TLPs,
spar buoys, and three classes of semi-submersibles with 10% increase in platform cost.
This figure shows the cross-over point between TLPs and semi-submersible optimal
platform designs
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4 and 5 float semi-sub dominant TLP dominant

Figure 2.15: Sensitivity analysis for five group of platform designs including TLPs,
spar buoys, and three classes of semi-submersibles with 50% increase in anchor cost.
This figure shows the cross-over point between TLPs and semi-submersible optimal
platform designs
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2.7 Conclusions and future work

In the past years, many studies have been carried out to develop and optimize the

support structures of floating wind turbines. However, only a few have applied a

global design optimization approach, and those only examined single-body platforms

subject with a single objective function. These formulations therefore potentially

missed large regions of the design space as a wide range of design configurations were

not considered, and objective function trade-offs could not be properly compared.

This limitation in previous works is mainly because of the level of complexity in

modeling and simulating multi-body platforms, as well as the hydrodynamic and

aerodynamic analyses of FOWT components. The work presented herein was a step

forward in a design optimization study that simultaneously considers a wide range

of platform designs for an offshore wind turbine subject to the cost and performance

objective functions and constraints.

In this research, in order to carry out a global optimization, a multi-objective

GA was selected to represent the entire design exploration and optimal points. A

combination of a cost model and dynamic model were used to define the economic

and engineering performance of the platforms. A linearized hydrodynamic model

computed loads on the platform, together with a quasi-static mooring system model,

and a linear representation of the NREL 5 MW wind turbine under specific environ-

mental conditions. The goal of this optimization was explore the cost implications

of platform stability, expressed through the nacelle acceleration objective function,

across the three FOWT platform stability classes.

The results for optimized TLPs, spar buoys, and semi-submersible platforms lead

to Pareto fronts with widely distributed optimal design points. As seen in Fig. 2.13,

TLPs and semi-submersibles with three outer cylinders are the best options below

a cost of $4.5 M. Above this cost, TLPs are the optimal platforms but achieve only

modest performance improvements with exponentially increasing costs. Sensitivity

analysis of the optimization revealed high sensitivity of the TLP designs to changes
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in the cost model. The results offer insight into designs away from spar buoy designs

which were one of the first proposed platforms for floating wind turbines [53] and

that have found commerical deployment. It is very important to note though that

this work is a preliminary exploration across the full design space, focusing only on

acceleration minimization versus cost, rather than a direct minimization of cost of

energy. Different environmental conditions using the same optimization approach

would also likely lead to new optimal design configurations, as would model fidelity

refinements.

There are a number of avenues for improving the methods used in this work,

including parameterization extensions, cost model improvements, a comprehensive

sensitivity study for the model parameters, and improvements to the dynamic model,

structural analysis, and environmental conditions. The cost models could be extended

to include wind turbine and balance of plant cost as well as financial models to

estimate levelized cost of energy. In order to improve the fully coupled dynamic

model of the floating structure, the mooring system should include dynamic mooring

line loads, second-order wave loads, and turbulent wind impacts. In particular, the

wind turbine model needs to be interactive with the platform motion and include

turbulence inflow, in turn impacting rotor structural life and costs. It would also

be possible to expand the design space, by defining more flexible design variables

to create other support structures such as the Sway’s floating wind turbine concept

[3] and Fukushima FORWARD (see http://www. fukushima-forward. jp). Future

efforts are therefore directed at extending the current framework to include turbine

design variables and a wide set of design conditions, yielding structural performance

and cost esimates to ultimately compute cost of energy as the objective function.

The frequency-domain approach will be retained for computational efficiency, but

benchmarked against time domain simulations to ensure validity across the design

space.
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Chapter 3

A Fully Coupled Frequency

Domain Model for Floating

Offshore Wind Turbines

This paper has passed the first stage of review in the Journal of Ocean Engineeing

and Marine Energy.

Karimi, Meysam, Brad Buckham, and Curran Crawford, ”A fully coupled fre-

quency domain model for floating offshore wind turbines”.

This chapter presents a new fully coupled frequency domain modeling approach

for floating offshore wind turbines using the linearized aerodynamic and hyrodynamic

characteristics of the floating system. The unique characteristic of the proposed

dynamic model is incorporating the turbulent wind and irregular wave loads in the

frequency domain model using wind and wave power spectral density functions. The

focus in this chapter is on verification of the proposed approach through comparing the

results generated for each of the three baseline platforms using time domain models.

The proposed dynamic model in this chapter is then applied to the comprehensive

MDO study presented of FOWTs presented in Chapter 4.
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Abstract This chapter presents a new frequency domain modelling approach for

floating offshore wind turbines with coupled wind turbine, floating platform, and

mooring system sub-models. The sub-models are generated by using the validated

numerical tools FAST and WAMIT to obtain the frequency domain aerodynamic and

hydrodynamic characteristics respectively for any given design candidate. The turbu-

lent wind and irregular wave loads are incorporated in the frequency domain model

using wind and wave power spectral density functions, the JONSWAP and Kaimal

spectra respectively. To verify the proposed 6 DOF frequency domain framework

across standard operational environmental conditions, predicted system responses of

a 5 MW NREL offshore wind turbine with three classes of baseline platforms including

the OC3-Hywind, the MIT/NREL TLP, and the OC4-DeepCwind semisubmersible

were compared to the outputs of 6 DOF and 22 DOF FAST time domain simulations.

The comparison over an aggregate of eleven environmental conditions (a total of 220

minutes of time series data) focused on differences in predicted platform rigid body

motions and structural considerations including platform surge, roll, and pitch, and

rotor thrust, total blade root and tower base bending moments/fatigue loads, fairlead

and anchor tensions/fatigue loads. In terms of platform motions, the worst match

of frequency and time domain model predictions was seen for the OC4-DeepCwind

semisubmersible with errors of 13.2% in peak displacement values. The frequency

domain model predictions of rotor thrust, blade root and tower base bending mo-

ments demonstrated the largest error in the case of the OC3-Hywind spar buoy with

the peak loads differing by up to 12.8%. Errors in the predictions of maximum fair-

lead and anchor tensions were less than 11.5% with maximum error occurring for the

MIT/NREL TLP. In terms of fatigue load comparison, the blade root and tower base

fatigue load predictions showed less than 9.8% errors for all the baseline platforms.

Comparison of the fairlead and anchor fatigue loads showed errors were less than

13.8% with the largest error seen for the OC3-Hywind spar buoy platform. Overall,

the frequency domain model provides reliable means for assessing platforms dynamics
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at the conceptual stage of the design process.

keywords Wind turbine, Offshore, Floating platform, Frequency domain model

3.1 Introduction

In the past decade, simultaneous efforts to electrify and decarbonize the world’s energy

systems have intensified efforts to develop renewable energy technologies. Among

renewable options, wind energy is being exploited as a leading alternative to fossil

fuels [1]. One of the technologies that can contribute to wind energy harvesting in deep

water (water depth > 60 m) is the floating offshore wind turbine (FOWT). Although

shallow sites close to the shore have already been exploited as the most accessible

locations for installing offshore wind turbine technology, the trend is toward building

FOWTs in deep waters [54–56]. Consequently, the study of moored FOWT support

structures requires the development of computational models that can predictively

assess the coupled platform-turbine system dynamics, performance, and survivability.

This work is focused on a methodology using a frequency domain dynamics modeling

approach for FOWTs: one which can quickly provide insight on system performance

using the frequency domain coupled aerodynamics, hydrodynamics, and structural

dynamics to calculate the overall system response to turbulent wind and irregular

wave loads.

It is common to use time domain tools in the design and analysis of FOWTs.

Hence, most recent studies have focused on extending these time domain simulation

tools to model the hydrodynamic loading, mooring lines, and motion of floating wind

turbine support structures [7–9, 57, 58]. Time domain tools play a vital role in

analysis of specific FOWT designs; simulation data is used to fine tune design features,

control strategies, assess power conditioning requirements, and check fatigue loads in

faulty operations and extreme events. In addition, the non-linear aerodynamic and

hydrodynamic interactions between floating platform and wind turbine, non-linear
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viscous drag forces, and mooring line dynamics need to be solved using a time domain

equation of motion.

However, ahead of such detailed design refinement studies, a simple faster model

is still needed to assess and compare the myriad combinations of floating platform,

mooring, tower and blade dynamics. Coupling the simpler, yet sufficiently accurate,

model with an optimization algorithm could yield a design tool that can generate a

list of the most promising FOWT conceptual designs that serve as a foundation for

subsequent detailed time domain investigations.

3.1.1 Time domain models for FOWTs

Several studies in the past have generated fully coupled time domain aero-hydro-servo

simulation codes to predict the behavior of FOWTs. One of the first fully coupled

time domain simulation codes, referred to as FAST in the literature, was developed

by Jonkman and Buhl Jr [7]. Jonkman’s study presented a model to predict the

response of a floating wind turbine system in a stochastic wind and wave environment

using a tension leg spar buoy platform and Morison’s approximation to the fluid

loading. Skaare et al [59] developed a computer tool for simulating the dynamic

response of FOWTs exposed to wind, wave, and current forces. They used HAWC2

[8], which is a state-of-the-art aero-elastic code, for analysis of the wind turbine,

and the SIMO/RIFLEX computer program for calculating the dynamic response of

the marine structure. Jonkman [41] augmented FAST with the HydroDyn module,

which calculates the hydrodynamic loads on the floating turbine support structure.

Jonkman’s FAST and HydroDyn combination is widely used for simulation of FOWTs

in the literature [4, 16, 43, 51, 57, 60, 61].

In the study of Roddier et al [62], FAST was integrated with TimeFloat, a time do-

main floating body dynamics code, to conduct a techno-economic feasibility study for

the WindFloat technology. Ormberg et al [63] used the AeroDyn module of the FAST,

which is a well proven time domain simulation tool, as well as the SIMO/RIFLEX
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for simulation of coupled floating structures in offshore wind turbine applications.

Bossanyi [9] developed the GL Garrad Hassan software BLADED to calculate the

aerodynamic and hydrodynamic loads of FOWTs in the time domain. Henderson

et al [64] used BLADED to assess the prospects of suitable floating support struc-

tures for FOWTs in the North and Baltic seas. Myhr et al [65] conducted a numerical

study of FOWTs using 3Dfloat and ANSYS [66] to compare FOWTs built on a spar

buoy and a tension leg platform.

Larsen et al [67] presented a model to simulate loads and dynamics motions for a

floating wave energy conversion which platform was also equipped with wind turbines.

In Larsen’s study, the aero-elastic code HAWC2 [8] was coupled to the time domain

diffraction/radiation model for floating systems, WAMSIM [68]. Karimirad and Moan

[69] addressed coupled wave and wind induced motions of a FOWT with a spar type

platform in both extreme and operational environmental conditions using DeepC [70]

and HAWC2. A 3D platform dynamics and wave loading code was implemented

into Flex5 [71] by Ramachandran [72], resulting in a fully coupled aero-hydro-servo

model for FOWTs. Bae and Kim [73] modified FAST to include additional features

of the time domain mooring dynamic analysis program CHARM3D [70] to improve

the fidelity of the moored floating platform dynamics model.

3.1.2 Simplified FOWT modeling techniques

In the context of developing a simpler FOWT modeling technique, there are two

strategies in the literature: one is to remain in the time domain but eliminate some

system degrees of freedom (DOF), and the second is to use a linearization of the

system dynamics in order to facilitate frequency domain analysis.

Reduced order time domain models

Considering reduced order time domain models, Fulton et al [74] considered 6 DOF

simulation of FOWTs using three codes: BLADED, FAST, and OrcaFlex. Casale
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et al [75] conducted a preliminary design exercise for FOWTs considering eight DOF

incorporating the wind turbine blade, tower, and the floating support structure. In

Casale et al’s study, the code MOSES [76] was used to assess the behavior of the

floating system under wave and wind loads. Sandner et al [77] developed a simplified

low order wind turbine model (SLOW) for the initial coupled structural analysis of

the FOWT support structures. Zhang et al [78] studied the dynamic behavior of a

FOWT considering the support structure (floating platform and tower) to be rigid,

but did fully couple the dynamics of the wind turbine, support structure, and mooring

lines. Zhang et al’s study was performed in both the frequency and time domains

using the SESAM software [79].

Frequency domain models

Alternative to the time domain simulation, the full system response has been assem-

bled as a superposition of harmonic constituents. The frequency domain approach is

widely used for floating offshore structures [10, 11, 60, 80, 81]. The prerequisite to

the frequency domain approach is a linearization of the system dynamics. Usually,

this linearization is accomplished using the time domain simulation codes themselves.

FAST is the most widely used tool for FOWTs linearization in the literature; it has

been used by Wayman [12], Wayman et al [13], Tracy [14], Hall [15], Karimi et al

[16], Philippe et al [82], Saad et al [83].

One of the first frequency domain offshore wind turbine codes was TURBU devel-

oped by van Engelen and Braam [84]. However, TURBU has only been used to model

fixed bottom offshore wind turbines with eleven structural and mechanical DOF for

the wind turbine blades, and tower. Brommundt et al [31] used the WADAM and

the spectrum of turbulent aerodynamic loads to study the mooring dynamics and

responses of a FOWT. Kvittem and Moan [85] focused on developing a frequency do-

main methodology to calculate the tower base bending moment and fatigue damage

of a semisubmersible floating wind turbine using WADAM and the complex trans-
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fer functions of the platform displacements. Lupton [55] developed a new numerical

method to model FOWTs using a frequency domain approach to find the overall re-

sponse of the system to harmonic wind and wave loading. The accuracy of Lupton’s

method was verified by comparing the calculated platform displacements and wind

turbine blade and tower loads of the OC3-Hywind [5] FOWT model to similar results

produced using the time domain commercial code BLADED. Peak-peak errors of less

than 5% were achieved in Lupton’s study for harmonic wave and wind inputs. To

date, no frequency domain model of FOWTs has included realistic turbulent wind

and irregular wave conditions.

3.1.3 Proposed model

In the current study, a new frequency domain approach for a coupled wind turbine,

floating platform, and mooring system is developed using the validated numerical

tools FAST and WAMIT as sub-modules. While the linearization capability of FAST

is utilized, this is only done to obtain a frequency domain sub-model for the ro-

tor/tower aerodynamics and flexible structural response. A separate sub-model based

on WAMIT is assembled for the hydrodynamics. The approach is therefore unique

in preserving the important frequency-dependent nature of the wave excitation re-

sponse of the system; this is lost with a more typically adopted full linearization of

the coupled system wholely within FAST. Irregular wave and turbulent wind loads

are incorporated using wave and wind power spectral densities (PSDs), JONSWAP

and Kaimal, that are determined from the environmental conditions mentioned in

Jonkman and Matha [52]. The FOWT system sub-models are coupled to yield a

simple frequency domain model of the FOWT system with a flexible moored support

structure. Although the model framework has the capability of incorporating tower

and blade structural DOF, these components are considered as rigid bodies for further

simplicity here. To verify the proposed framework, predicted wind turbine, floating

platform and mooring system responses to the turbulent wind and irregular wave
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loads are compared to model outputs from the full FAST time domain model. To

identify a valid range of technology and environmental conditions for this approach,

three classes of platforms including the OC3-Hywind [5], the MIT/NREL TLP [43],

and the OC4-DeepCwind semisubmersible [6] are examined in this work. Using this

simple fast and sufficiently accurate frequency domain approach, design optimization

for a wide range of platform designs under a fully coupled floating system should be

possible.

3.1.4 Chapter outline

The remainder of this chapter is presented as follows. The coupled frequency domain

approach that includes the system’s component sub-models, wind/wave PSDs, and

governing frequency domain equations is discussed in Section 3.2. Section 3.3 presents

the strategy for recovering time domain descriptions of system motions, internal forces

and other dynamic variables from the frequency domain outputs. In particular, a

fatigue load analysis is presented to demonstrate the new frequency domain model’s

utility for FOWT conceptual design and analysis. Section 3.4 compares the results

of the 22 DOF and the 6 DOF time domain simulations, and then the results of

the proposed 6 DOF frequency domain model are compared with the 22 DOF time

domain model for each of the baseline FOWTs. Section 3.5 presents conclusions

drawn from the current work and directions for the future work.

3.2 Frequency domain model framework

The frequency domain model presented here is implemented as a stand-alone code in

MATLAB. For given wind and wave PSDs, the model calculates a series of constituent

harmonics based on a schedule of frequency dependent system mass, damping, and

stiffness matrices. In the following subsections, we describe how these linearized

time domain model constituents are identified using existing FAST and WAMIT
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functionality, the conversion into frequency domain, and how the final frequency

domain model translates wind and wave PSDs into frequency domain outputs that

are subsequently used to form time domain descriptions of key system metrics.

3.2.1 Wind turbine and platform description

In the modeling framework, Fig. 3.1, system displacement for a FOWT are described

in a global coordinate system as q6×1 = [X Y Z φ θ ψ]T . These include surge

X, sway Y , heave Z, roll φ, pitch θ, and yaw ψ. For simplicity, the wind turbine

blades, nacelle and tower are assumed rigid with no structural DOF for the frequency

domain model. Moreover, the rotor rotational speed is assumed constant at a rate γ̇,

and a collective blade pitch (rotor pitch) controller is defined to increase the platform

restoring moments [86, 87]. The collective blade pitch controller changes rotor tilt

angle, lowers the thrust load and lowers the tipping moment induced on the platform.

This leads to an increase in the overall restoring moment- restoring moment here

referring to the net moment causing the platform to return to a level state. A local

coordinate system is aligned with the center of gravity of the platform and tower,

and is placed on the wind turbine tower base [88]. This origin is the reference point

for all the system kinematic variables and moment calculations in this work. Wind

and wave directions are chosen to be aligned with the positive X axis direction of

the global reference frame (X, Y , Z) as shown in Fig. 3.1. The Newton’s second law

with regard to the global frame for a FOWT can be written as:

[
R Mt(γ) RT

]
q̈ = f(q, t, α, γ) (3.1)

where R is the transformation matrix to the global frame (c.f. Eq. 2.55, [89]), Mt(γ)

is the FOWT total mass matrix at reference point in terms of a local frame, and

f(q, t, α, γ) is the state (q), time (t), rotor pitch angle (α), and blade azimuth angle

(γ) dependent forcing vector.
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Figure 3.1: FOWT DOF, global reference frame (X, Y , Z, φ, θ, ψ), environmental
factors and key output variables (i.e. internal loads) associated with the proposed
FOWT frequency domain model. The conventional rigid body DOF are incorporated:
surge x, sway y, heave z, rate of roll p, pitch q, yaw r. G is the center of gravity
of the platform and tower, α is the collective blade pitch angle (rotor angle), and γ̇
indicates rotor rotational speed.
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3.2.2 Wave and wind inputs

In this chapter, irregular wave loads are considered through the adoption of JON-

SWAP wave spectra [90]. The wave amplitude of each frequency is characterized by

the power associated with it, which is defined by the PSD function. The JONSWAP

sea state spectrum, suggested by Jonkman et al [91], is defined as:

SJ(ω) =
1

2π

5

16
Hs

2 TP

(
ω TP
2π

)−5
exp

[
−5
4

(
ωTP
2π

)−4]
×(1− 0.287 ln(Γ)) Γ

exp

[
−0.5

(
ω TP
2π
−1

σ(ω)

)2] (3.2)

where ω is the wave frequency, Hs is the significant wave height, TP is the peak

spectral period, Γ is the peak shape parameter of the JONSWAP sea state, and σ

is the scaling factor. The IEC 61400-3 design standard recommends the following

schedule for the peak shape parameter and scaling factor based on the significant

wave height and peak spectral period [92].

σ(ω) =

 0.07 for ω ≤ 2π
TP

0.09 for ω > 2π
TP

(3.3)

Γ =


5 for TP√

Hs
≤ 3.6

exp
(

5.75− 1.15 TP√
Hs

)
for 3.6 < TP√

Hs
≤ 5

1 for TP√
Hs

> 5

(3.4)

The wind turbulence, also defined in the frequency domain by a user supplied

PSD function, describes the spectral distribution of the variance of the wind speed

[93]. In this study, the Kaimal spectrum [94, 95] is used following:

Sk(f) =
4 σ2

k
Lk
Uhub(

1 + 6 fi Lk
2π Uhub

) (3.5)

In Eq. 3.5, fi is the cyclic frequency, and Lk is the integral length scale (c.f. Eq.

21, [95]), Uhub is the mean wind speed at the hub height, and σk is the standard
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Figure 3.2: Wind (Kaimal), and wave (JONSWAP) power spectral densities over a
frequency band at the rated wind speed (12 m/s) and corresponding wave height (3.4
m) and peak period (5.1 s).

deviation of wind speed which is calculated using turbulence intensity and Uhub. The

turbulence intensity is generally lower offshore than onshore [93]. Figure 3.2 shows

the wind and wave spectra for an operating environmental condition described further

in section 3.4.1.

3.2.3 Linearizing FOWT dynamics using FAST

The complete system dynamics of each FOWT design are assembled from three main

components: the platform, the wind turbine and the mooring system (see Fig. 3.1).

To numerically linearize the non-linear equation of motion (Eq. 3.1), a two step

linearization process is followed: first, a steady state operating point for all DOF

is achieved; then, a numerical linearization is performed by perturbing each of the
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system variables about their operating point (op), calculating the induced changes

in the individual aerodynamic, hydrodynamic and mooring forces and thereby form

the periodic state matrices using finite differences [7]. FAST is used in this study to

complete this process considering still water and steady wind.

Calculating the steady state operating point

To calculate the steady state operating point, all the 6 DOF of floating platform as well

as the rotor pitch angle in a steady wind and still water (no wave) are considered. The

hydrodynamic approximations including the added mass, damping, and hydrostatic

matrices are generated using WAMIT for all the selected platforms. Note that only

diagonal values of the added mass and damping matrices at the infinite wave frequency

are used in this step (see section 3.2.4). The main reasons for this assumption are: to

allow the time domain model to evolve until the system achieves its stable operating

point, and to subtract the constant added mass and damping from Mavg and Cavg in

assembling the frequency domain model (see section 3.2.4).

In the steady state operating point, the general equation of motion for a FOWT

can be written as: (
Mp +Mw(γ)

)
q̈op = fop(qop, t, α, γ) (3.6)

whereMp is the platform mass, Mw(γ) is the wind turbine/tower mass, and fop(qop, t, α, γ)

is the steady state forcing function vector at the operating point.

Finite difference approximations to the system state matrices

The total loads acting on the platform are hydrostatic load Fh, viscous drag load

Fvd, radiation load Frad, mooring line loads Fm, and loads transmitted on the wind

turbine Faero. Therefore, the forcing function vector is defined as:

f(q, α, γ) = Fh + Fvd + Frad + Fm + Faero (3.7)
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FAST numerically linearizes the equation of motion by perturbing (represented

by ∆) the system state and control variables about the operating point (op) values:

q = qop + ∆q ; q̇ = q̇op + ∆q̇ ; q̈ = q̈op + ∆q̈ (3.8)

∆f(q, α, γ) =
∂Fh
∂q
|op∆q +

∂Fvd
∂q̇
|op∆q̇ +

∂Frad
∂q̇
|op∆q̇ +

∂Frad
∂q̈
|op∆q̈

+
∂Fm
∂q
|op∆q +

∂Faero
∂ud

|op∆ud +
∂Faero
∂q̇
|op∆q̇ +

∂Faero
∂q
|op∆q

(3.9)

([
Mp +Mw(γ)

]
+ ∆

[
Mp +Mw(γ)

])
∆q̈ = fop + ∆f(q, α, γ) (3.10)

In Eq. 3.10, ∆ud is the vector of wind input disturbances. The state dependence

of the mass matrices is bundled into an inertial force which is defined as:

∆FI = −
(

∆
[
Mp +Mw(γ)

]
∆q̈
)

=

−
(

∆f(q, α, γ)−
[
Mp +Mw(γ)

]
∆q̈
) (3.11)

The perturbation of the inertial force is:

∆FI =
∂FI
∂q
|op∆q +

∂FI
∂u
|op∆u (3.12)

where ∆u is the vector of rotor pitch control inputs.

By substituting the perturbations into the equation of motion and expanding as a

Taylor series approximation, the linearized second order representation of the motion

equations can be written as:
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(Mw(γ)|op+Mp|op︸ ︷︷ ︸
(1)

) +
∂Frad
∂q̈
|op︸ ︷︷ ︸

(2)


︸ ︷︷ ︸

Mavg

∆q̈

+

∂Faero∂q̇
|op︸ ︷︷ ︸

(3)

+
∂Frad
∂q̇
|op︸ ︷︷ ︸

(4)

+
∂Fvd
∂q̇
|op︸ ︷︷ ︸

(5)


︸ ︷︷ ︸

Cavg

∆q̇

+

(
∂Faero
∂q

+
∂FI
∂q

)|op︸ ︷︷ ︸
(6)

+
∂Fh
∂q
|op︸ ︷︷ ︸

(7)

+
∂Fm
∂q
|op︸ ︷︷ ︸

(8)


︸ ︷︷ ︸

Kavg

∆q

= −∂Faero
∂ud

|op︸ ︷︷ ︸
(9)

∆ud −
∂FI
∂u
|op︸ ︷︷ ︸

(10)

∆u

(3.13)

In Eq. 3.13, term (1) is the mass matrix of the system at the operating point, term

(2) is the constant added mass matrix ( diagonal values of the added mass matrix at

the infinite frequency), term (3) is the aerodynamic damping, term (4) is the wave

damping (similar to the added mass, only diagonal values of the damping matrix at

the infinite frequency are used in this step), term (5) is the viscous drag damping,

term (6) is the added aerodynamic stiffness which includes gyroscopic stiffness, term

(7) is the hydrostatic stiffness, term (8) is the mooring stiffness, term (9) is the wind

input disturbance matrix, and term (10) is the rotor pitch control input matrix. In

the above equation, Mavg, Cavg, and Kavg are the total azimuth-averaged (see the

next section) of the total mass, damping, and stiffness matrices at the steady state

operating point.

3.2.4 Assembling the frequency domain model

The frequency domain output files need a multi-blade coordinate (MBC) transfor-

mation [96] which behaves as a filter between the rotating subsystem (rotor) and the
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nonrotating entities (tower, nacelle, and platform). A MBC transforms the azimuth-

specific mass, damping, stiffness, output variable, displacement output matrix, veloc-

ity output matrix, pitch control input transmission matrix, and wind input distur-

bance transmission matrix to a nonrotating frame to be used in the frequency domain

model. Note that 36 equally-spaced azimuth steps is defined in the periodic linearized

model.

To evaluate the dynamics of a candidate FOWT in the frequency domain, the

total loads on the system including platform, mooring, and wind turbine loads are

gathered into 6x6 system mass, stiffness, damping and wind/wave excitation load

matrices. The resulting frequency domain equation of motion for an irregular wave

and unsteady wind is shown in Eq. 3.14:

−ω2

(Mavg −
∂Frad
∂q̈
|op︸ ︷︷ ︸

(1)

) +Ma(ω)︸ ︷︷ ︸
(2)

∆Q(ω)eiωt

+iω

(Cavg −
∂Frad
∂q̇
|op︸ ︷︷ ︸

(3)

) + Cp(ω)︸ ︷︷ ︸
(4)

∆Q(ω)eiωt +
(
Kavg

)
︸ ︷︷ ︸

(5)

∆Q(ω)eiωt

=

Fw (√2 SJ(ω)∆ω
)

︸ ︷︷ ︸
(6)

+Fd

(√
2 Sk(ω)∆ω

)
︸ ︷︷ ︸

(7)

+F∆U(ω)︸ ︷︷ ︸
(8)

 eiωt

(3.14)

where ∆Q(ω)eiωt = ∆q and ∆U(ω)eiωt = ∆u, term (1) is the system mass after

subtracting the diagonal high frequency WAMIT added mass values (term (2) in

Eq. 3.13) from Mavg, term (2) is the platform added mass matrix calculated using

WAMIT, term (3) is the system damping matrix after subtracting the diagonal high

frequency WAMIT damping values (term (4) in Eq. 3.13) from Cavg, term (4) is the

platform dependent damping matrix calculated using WAMIT, term (5) is the system

stiffness matrix, term (6) is the forcing amplitude of the wave excitation vector Fω

calculated using WAMIT and JONSWAP spectrum SJ(ω), term (7) is the forcing
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amplitude of the wind disturbance vector calculated using wind input disturbance

matrix Fd (term (9) in Eq. 3.13) and Kaimal spectrum Sk(ω) at the hub height,

term (8) is the forcing amplitude of the rotor pitch control vector calculated using

the rotor pitch control input matrix F (term (10) in Eq. 3.13) and the rotor pitch

control vector U(ω), and ω is the frequency of the steady system response. Note

that for calculation of U(ω), a single control input spectrum is calculated based on

a Fourier transform of a time series of the collective blade pitch control produced

during a single time series simulation for each platform type.

Note that terms (6)-(8) are independent for each frequency component, ω. To

reconstitute a time domain response through superposition of the responses at the

individual frequencies, we realize that a common control action must be applied across

the instances of Eq. 3.14. In addition, the relative phases of the external forces in

terms (6)-(8) are assumed to be zero, since detail of phases cannot be extracted from

PSDs as shown in Fig. 3.2. An example of wave excitation, wind disturbance, and

the collective blade pitch forcing amplitudes (terms (6)-(8) in Eq. 3.14) are shown in

Fig. 3.3 for an operating environmental condition described further in section 3.4.1.

The force contribution plots show the design importance of the collective blade pitch

controller along with the structures as an integrated system to decrease the tipping

moment induced on the platform as discussed in section 3.2.1. Note that the collective

blade pitch controller is only used for the rated and above rated wind speeds- region

3 of the wind turbine power curve [87].

Making use of Eq. 3.14, the complex form of the equation of motion to evaluate

the complex response of the FOWT to the wind and wave excitation forces at a single

frequency bin can be summarized as:

(
−ω2Mt(ω) + iωCt(ω) +Kt

)
∆Q(ω) = Ft(ω) (3.15)

where Mt(ω) is the total 6x6 mass matrix (terms (1) and (2) in Eq. 3.14), Ct(ω) is

the total 6x6 damping matrix (terms (3) and (4) in Eq. 3.14), Kt(ω) is the total 6x6
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Figure 3.3: An example of wave excitation, wind disturbance, and collective blade
pitch forcing amplitudes over a frequency band at the rated wind speed (12 m/s) and
corresponding wave height (3.4 m) and peak period (5.1 s) for the OC3-Hywind spar
buoy platform.

stiffness matrix (term (5) in Eq. 3.14), and Ft is the total 6x1 excitation load matrix

(terms (6)-(8) in Eq. 3.14).

Frequency domain output variables

Along with the frequency domain equation of motion (Eq. 3.15), the FAST capability

to process a set of series of output variables is used in this study. The second-order

frequency domain representation of the output system in the complex form and the

amplitude of output variables are given as:
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∆Y1(ω)

∆Roll(ω)
...

∆Yj(ω)

 =


iωV elC1×k ∆Qk×1(ω)

iωV elCRoll ∆QRoll(ω)
...

iωV elCj×k ∆Qk×j(ω)

+


DspC1×k ∆Qk×1(ω)

DspCRoll ∆QRoll(ω)
...

DspCj×k ∆Qk×j(ω)



+


Dd1∆Ud(ω)

DdRoll∆Ud(ω)
...

Ddj∆Ud(ω)

+


D1∆U(ω)

DRoll∆U(ω)
...

Dj∆U(ω)



(3.16)


Y1(ω)

Roll(ω)
...

Yj(ω)

 =

∣∣∣∣∣∣∣∣∣∣∣∣


∆Y1(ω)

∆YRoll(ω)
...

∆Yj(ω)



∣∣∣∣∣∣∣∣∣∣∣∣
+


Yop1(ω)

YopRoll(ω)
...

Yopj(ω)

 (3.17)

where j subscript shows the number of output variables and k subscript presents the

system’s DOF, V elC is the azimuth-averaged velocity output matrix which repre-

sents velocity to output direct connections, DspC is the displacement output matrix

which shows the displacements to output direct connections, Dd and D are the wind

input disturbance and control input transmission matrices which represent the input-

to-output direct connections, Yop is the output variable vector at the steady state

operating point, and Roll(ω) is the amplitude of the platform roll motion. All the

aforementioned matrices are calculated using FAST and the MBC at the steady state

operating point (more details are available in the FAST and MBC user’s guides [96]).

As Eqs. 3.16 and 3.17 present, the amplitude of the output variables, Y , is computed

using the state variable Q in a given simulation (see Eq. 3.15). The architecture of

this frequency domain aero-hydro-elastic model as well as the governing equations are

presented in Fig. 3.4.
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Equation (3.2.2)

Equation (3.2.5)

Equation (3.2.13)

Equation (3.2.14)

Equation (3.2.15)

Equation (3.2.16)

Equation (3.2.17)

Figure 3.4: The fully coupled frequency domain model architecture including wind
turbine and platform properties, linearization framework, assembling the frequency
domain model, and frequency domain output variables
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3.3 Fatigue load analysis

In order to perform an extreme load analysis and fatigue-life prediction in this study,

the output variables are converted from the frequency domain model to the time

domain data file using the following equation:

ζ(t) =
∑

(Yi cos(ωit+ φi)) (3.18)

where ζ(t) is the time series of output variables, and Y is the frequency domain

amplitude of the output variables (see Eqs. 3.16 and 3.17), t is time in seconds, and ωi

and φi are the associated frequency and random phase angles respectively. Note that

Eq. 3.18 uses multiple φ to reflect random phasing and capture a good set of potential

interactions of frequency components. The lifetime fatigue analysis is performed

based on the complete design lifetime of the FOWT components by including wind

speed distribution, cycle counting of the variable-amplitude load ranges, ultimate

loads, and fixed mean loads as discussed in Hayman and Buhl Jr [97]. The ultimate

(extreme) loads obtained from largest loads across the time series of output variables

ζ(t). In order to calculate the equivalent lifetime constant-amplitude fatigue-load,

also referred to as the accumulative damage equivalent load (DEL) in the literature,

a collection of time-series data is require [98]. In this case, the accumulation of the

total damage from all cycles is then computed as an equivalent DEL for a given single

frequency of loading:

DELLifej =
∑
i

nLifeji

Nji

(3.19)

DELLife =
∑
j

DELLifej (3.20)
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where DELLifej is the damage over the design lifetime from the jth time series, nji is

the life cylces, and Nji is the cycles to failure which is shown in Eq. 3.21:

Nji =
(
Lult−LFM

1
2
LRFji

)m
(3.21)

where Lult is the ultimate design load, LFM is the fixed mean load, LRFji is the range

about the mean load in the simulation, and m is the Wholer exponent which is specific

for each output variable [98]. Note that fatigue loads are calculated using Mlife [97]

in this study. Hence, the reader is referred to the Mlife user’s guide and Mlife theory

manual for more details about the fatigue analysis using Mlife.

3.4 Results

To this stage, a framework for numerical linearization of the non-linear equations of

FOWT motion has been proposed; the frequency domain motion equations were used

to establish a frequency domain model that consolidated turbulent wind and irregular

wave loads. By aggregating the frequency domain model outputs over the complete

range of wind/wave inputs, time series responses for motions and internal loads can

be synthesized and used to assess the performance of candidate FOWT designs.

To check the validity of the frequency domain model, results for three FOWT

design candidates are compared to FAST time domain simulations. For each FOWT,

the three-bladed NREL offshore 5 MW horizontal axis wind turbine is used as a

reference model. Properties of this offshore wind turbine are given in Table 3.1.

More details about the blade and tower structure, control system, mass and inertia

properties can be found in Jonkman et al [40].

Three floating support structures, which have been widely studied previously,

are chosen as the baseline models: a mooring-stabilized platform, also called the

MIT/NREL TLP, a ballast-stabilized platform, also known as the OC3-Hywind spar

buoy platform in the literature, and a buoyancy-stabilized platform, known as the
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Table 3.1: Summary of the NREL offshore 5MW wind turbine properties [40]

Property Value
Rated power 5 MW
Rotor diameter 126 m
Hub height 90 m
Cut-in wind speed 3 m/s
Rated wind speed 11.4 m/s
Cut-out wind speed 25 m/s
Rotor mass 110 000 kg
Nacelle mass 240 000 kg
Tower mass 347 460 kg
Center of mass height 64 m

Table 3.2: Summary of the MIT/NREL TLP, the OC3-Hywind spar buoy, and the
OC4-DeepCwind semisubmersible properties

Property MIT/NREL TLP OC3-Hywind spar buoy OC4-DeepCwind semi-sub
Draft 47.89 m 120 m 20 m
Total mass 8,600,000 Kg 7,466,000 Kg 13,473,000 Kg
Displacement 12,180 m3 8,029 m3 13,917 m3

Diameter of the main column 18 m 6.5 m 6.5 m
Diameter of offset columns N/A N/A 12 m
Water depth 200 m 300 m 200 m
Number of mooring lines 8 3 3
Fairlead depth 47.89 m 70 m 20 m
Fairlead radius from centerline 27 m 5.2 m 40.87 m
Anchor radius from centerline 27 m 853.87 m 418 m
Mooring line unstretched length 151.7 m 902.2 m 440.35 m
Mooring line diameter 0.127 m 0.09 m 0.076 m
Mooring line linear density 116 kg/m 77.7 kg/m 113.35 kg/m
Mooring line EA 1,500,000 kN 384,243 kN 753,600 kN

OC4-DeepCwind semisubmersible. The TLP uses taut vertical mooring lines to keep

the highly buoyant platform stable, however the spar buoy platform uses a heavy

ballast mass and a deep draft to bring the platform’s center of mass well below the

center of buoyancy of the floating structure. The semisubmersible platform uses a

large water plane area to raise the metacenter of the platform above the center of

mass. Table 3.2 summarizes the properties of each platform and mooring system con-

figuration. The details of these three concepts as well as the mooring line properties

for each platform are explained in Robertson and Jonkman [4].



77

To quantify the impact of system DOF reduction on a number of structural met-

rics (maximum rotor thrust, total blade root and tower base bending moments, and

fairlead tensions) a 22 DOF FAST time domain model (6 DOF platform, blade, tower,

and generator with variable rotor rotational speed and active pitch controller) and a

6 DOF FAST time domain model (6 DOF platform with active pitch controller, and

constant rotor rotational speed) are compared first for all three baseline platforms. In

the next step, results drawn from the 6 DOF frequency domain model and the 6 DOF

and 22 DOF FAST time domain models are compared for eight variables: the surge

(PtfmSurge), roll (PtfmRoll), and pitch (PtfmPitch) motions and the rotor thrust, the

total blade root bending moment (RootMxyt), the total tower base bending moment

(TwBsMxyt), the fairlead tension (FairTen) and anchor tension (AnchTen). Note

that total bending moment refers to the result of in-plane and out-of-plane bending

moments on blade roots and tower base. In addition, Mlife is used to compare the

statistical descriptions (e.g. the maximum and standard deviation) of each quantity,

and the lifetime fatigue loads predicted using the 6 DOF and 22 DOF FAST time

domain outputs and the time domain results created using the new frequency domain

approach. The environmental conditions used in the comparison studies as well as

the results from each model are discussed in the following sections.

3.4.1 Environmental and simulation conditions

In this study, the OC3-Hywind spar buoy platform, the MIT/NREL TLP, and the

OC4-DeepCwind semisubmersible platform are simulated in water depths of 300 m,

200 m, and 200 m, respectively (see the design properties of these platforms in Table

3.2). A range of steady wind speeds from 4 m/s to 24 m/s with 2 m/s increments

at the hub height are considered in the linearization of the system dynamics. An

unsteady wind spectrum, Kaimal, and an irregular sea state spectrum, JONSWAP,

are included in both the time and frequency domain models (see section 3.2.4). The

JONSWAP spectrum are set using significant wave heights Hs that correspond to
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the steady wind speed. The peak periods Tp for the range of wind speeds and wave

heights are presented in Table 3.3 [52]. The peak shape parameter Γ of 3.3 is applied

for all of the JONSWAP wave spectrum. For the Kaimal wind spectra, the integral

length scale Lk was set as 28.35, and the standard deviation of wind speed σk of 1.2

m/s was considered [93]. The spectral discretization of the wave and wind was at a

resolution of 0.0497 rad/s over the range of 0.001 ≤ ω ≤ 12.65 rad/s. For the sake

of evaluating the frequency domain model, the output variables are calculated from

an aggregate of all the environmental conditions.

For the FAST time domain simulations, a total run time of 25 minutes with

integration time step of 0.0125 s is used. The turbulent wind data for the time

domain model is generated using Turbsim [95] and irregular wave profile and loads

is generated by the HydroDyn FAST module. In this study, the 6 DOF models work

with 1D turbulent wind data and unidirectional waves, while the 22 DOF model uses

3D wind data. To avoid start-up transients, the first 5 minutes of data is excluded

from the analysis. For plotting the output results of the 6 DOF FAST time domain

and the 6 DOF frequency domain models, the reported amplitude results are the

average of short-time Fourier transforms of the input signals which are divided into

512 segments (windows) using the MATLAB spectrogram function.

For the calculation of fatigue loads, the operating turbine design load case (DLC)

1.2 is considered in this study as recommended by the IEC 61400-3 design standard.

Note that the other four fatigue DLCs including DLC 2.4 (control or protection

system fault), DLC 3.1 (start-up), DLC 4.1 (shut-down), and DLC 6.4 (parked, idling)

are also recommended by IEC 61400-3 for the fatigue life analysis of FOWTs. The

wind speed range and the corresponding wave heights and peak periods for partially

developed waves are shown in Table 3.3.
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Table 3.3: Environmental conditions over the operational wind speed range for par-
tially developed waves are shown for DLC 1.2 [60]

Objective Parameters Environmental Conditions
Mean Wind Speed (m/s) 4 6 8 10 12 14 16 18 20 22 24

Wave Height (m) 1.1 1.9 2.5 2.9 3.4 4 4.9 5.1 5.5 6.2 6.9
Peak Period (s) 2.9 3.2 3.9 4.3 5.1 5.9 6.4 7.2 8.7 9.1 9.7

3.4.2 System DOF reduction

To investigate the impacts of time domain modelling with 6 DOF versus a full time

domain model, a new configuration of the FAST 22 DOF is used to compare the key

parameters of the wind turbine and baseline platforms. Note that this comparison is

an essential sequence from a 22 DOF time domain model to a 6 DOF time domain

model, and then to a frequency domain 6 DOF model.

Figure 3.5 shows the comparison of the maximum rotor thrust, total blade root and

tower base bending moments using an aggregate of time series results of the FAST

6 DOF and FAST 22 DOF time domain models for the baseline platforms. The

comparison of these two models for the OC3-Hywind platform shows small variations

of less than 1.4% for the maximum thrust load and tower base bending moment, and

relatively larger variation of 9% for the maximum value of the blade root bending

moment. The calculated maximum blade root bending moment for the MIT/NREL

TLP shows 6% difference between the 22 DOF and 6 DOF time domain models.

There is less than 5.2% variations in their maximum thrust load and tower base

bending moment. Figure 3.5 shows the results for the maximum thrust load and

tower base bending moment (variation of less than 2.1%) for the OC4-DeepCwind

semisubmersible. Also for the OC4-DeepCwind semisubmersible, a variation of 11.6%

in the maximum blade root bending moment was observed.

Figure 3.6 shows the comparison of the maximum fairlead tensions observed across

an aggregate of time series over the full operational range for the time domain models

and all three of the FOWT platforms. Based on Fig. 3.6, the difference between the
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Figure 3.5: Comparison of the FAST 6 DOF and 22 DOF simulations for the max-
imum rotor thrust, total blade root bending moment, and total tower base bending
moment using an aggregate of all the environmental conditions

maximum fairlead tensions for the OC3-Hywind platform and the MIT/NREL TLP

are less than 9.9% and 4.6%, respectively. For the OC4-DeepCwind, the variation of

maximum tensions in fairlead 1 and 2 are 5.2% and 2.3%, respectively. However the

maximum tension of fairlead 3 for the 6 DOF time domain model is 43.2% greater

than the 22 DOF time domain model. In any case, in the results presented in the

next section, the comparison of the 6 DOF frequency domain and time domain models

means that the 6 DOF time domain model is consistent with more flexible designs and

conservative in its prediction (i.e., likely overpredicted results). Detailed comparison

of the 6 DOF frequency domain model and time domain models for selected cases

are presented in the following sections, highlighting the key results found in each

verification.
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Figure 3.6: Comparison of the FAST 6 DOF and 22 DOF simulations for the maxi-
mum fairlead tension 1, 2, and 3 using an aggregate of all the environmental conditions

3.4.3 OC3-Hywind spar buoy case study

Overall views of the 6 DOF time domain and frequency domain results for the OC3-

Hywind spar buoy platform at the wind turbine operating condition (wind speed

of 12 m/s) are given in Fig. 3.7 and Fig. 3.8. Figure 3.7 shows the amplitude of

platform responses in surge, roll, and pitch motions as well as the rotor thrust, total

blade root bending moment, and tower base bending moment over the frequency

range of 0.001 ≤ ω ≤ 2.5 rad/s. One of the main reasons for the differences in the

amplitude of output variables in Fig. 3.7 and Fig. 3.8 is the average of short-time

Fourier transforms of the time domain signals which are divided into 512 segments

(windows). To compare the statistical results of the frequency domain and time

domain models, the maximum value, the standard deviation, and the variation of

these metrics for all the output variables in time domain are summarized in Table 3.4

and Table 3.5 considering an aggregate of all the environmental conditions.
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As can be seen from Table 3.4, the surge and roll motions show relatively small

variations of 8.5% and 6.2% in their maximum values, respectively. However, the

comparison of their standard deviations shows larger relative variations of 15.3%

and 14.2%. Figure 3.7 indicates that for the roll motion, the difference between

the linear and non-linear responses increases around the frequency of 0.14 rad/sec

which shows a uniform underprediction of the linear roll motion at lower frequency.

The results also give the variations of 11.7% and 11.5% for the maximum platform

pitch angle and the standard deviation, respectively. The reason for the relatively

large variation of the pitch motion is the underprediction of the aerodynamic thrust

load in the frequency domain model which varies the platform rotational motions.

The variations of 12.8% and 11.7% are observed for the maximum and the standard

deviation of the aerodynamic thrust load which can consequently lead to changes in

the platform pitch motion.

The total blade root bending moment and the tower base bending moment vari-

ations are also presented in Table 3.4. Based on this table, the difference between

the maximum blade root bending moment for both the frequency domain and the

time domain models is 9.2% with 13% variation in their standard deviations. The

maximum value of the tower base bending moment and the variation of standard

deviation for the frequency domain model are 11.5% and 10.1% less than the time

domain model.

Table 3.4: Comparison of the frequency domain model and the time domain FAST
results for the OC3-Hywind spar buoy platform. Maximum and standard deviation
of the platform motions, total blade root and tower base bending moments for both
models compared in time domain using an aggregate of all the environmental condi-
tions

Objective Parameters
Maximum Standard Deviation

6 DOF Frequency
domain model

6 DOF Time
domain FAST

Variation (%)
6 DOF Frequency

domain model
6 DOF Time
domain FAST

Variation (%)

PtfmSurge (m) 55.5 60.7 8.5 12.1 14.3 15.3
PtfmRoll (deg) 1.5 1.6 6.2 0.3 0.35 14.2
PtfmPitch (deg) 9.8 11.1 11.7 2.3 2.6 11.5
Rotor Thrust (kN) 1,550 1,777.7 12.8 384.9 436.2 11.7
RootMxyt (kN.m) 19,618 22,075 10.9 4,896 5,444.3 10
TwMsFxyt (kN.m) 164,280 190,070 13.5 38,380 44,265 13.2
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Figure 3.7: Results including amplitude of platform surge, roll, and pitch motions of
the OC3-Hywind spar buoy platform at the wind turbine operating condition (wind
speed of 12 m/s) are presented at the left side of the figure. The amplitude of rotor
thrust, total blade root bending moment, and total tower base bending moment are
shown at the right side of the above figure for the given environmental condition

Figure 3.8 shows the fairlead and anchor tensions for the mooring line 1, 2, and

3 over the frequency range of 0.001 ≤ ω ≤ 2.5 rad/s. The statistical results are

summarized in Table 3.5 for both the frequency domain and time domain models

using an aggregate of all the environmental conditions in time domain. Based on Table

3.5, mooring system shows consistent variation of results from 2.6% to 14.9% for the

maximum fairlead and anchor tensions. However, the large variation of 4.9% to 23.8%

is observed for the standard deviations. Among the three mooring lines, the minimum

variation of the maximum fairlead and anchor tensions between the frequency domain
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and time domain models is observed for line 1 with less than 10.2%. The maximum

variation of this metric is also recorded for line 2 with less than 14.9%. The reason

for the relatively large variation of the maximum fairlead and anchor tensions is

the overprediction of these loads in the frequency domain model in comparison to

the time domain model. Table 3.5 also shows relatively small variations (less than

10.1%) in the standard deviation of fairlead and anchor tensions for line 2. However,

the comparison between the standard deviation of fairlead and anchor tensions for line

1 and 3 shows large variations from 10.8% to 12.2% and 6% to 23.8%, respectively.

Figure 3.8: Results including the amplitude of fairlead and anchor tensions for moor-
ing line 1, 2, and 3 of the OC3-Hywind spar buoy platform at the wind speed of 12
m/s
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Table 3.5: Comparison of the frequency domain model and the time domain FAST
results for the OC3-Hywind spar buoy platform. Maximum and standard deviation
of the amplitude of the fairlead and anchor loads for both models compared in time
domain using an aggregate of all the environmental conditions

Objective Parameters
Maximum Standard Deviation

6 DOF Frequency
domain model

6 DOF Time
domain FAST

Variation (%)
6 DOF Frequency

domain model
6 DOF Time
domain FAST

Variation (%)

Fair1Ten (kN) 951 1,060 10.2 182.6 204.9 10.8
Anch1Ten (kN) 791 812.8 2.6 142.1 161.9 12.2
Fair2Ten (kN) 2,500 2,205.8 13.3 499.9 476.1 4.9
Anch2Ten (kN) 2,140 1,861.2 14.9 466.7 423 10.1
Fair3Ten (kN) 1,890 2,160.3 12.5 363.8 477.6 23.8
Anch3Ten (kN) 1,730 1,914.4 9.6 391.9 417.1 6

The lifetime fatigue analysis of the frequency domain and time domain models

is summarized in Table 3.6. To correctly predict the lifetime fatigue loads on the

wind turbine blade and tower as well as the platform fairleads and anchors, the time

domain output variables for the operational wind speed range (see Table 3.3) are

accumulated to calculate the damage cycle counts over the design lifetime. In this

study, the wind turbine lifetime is 20 years, the ultimate load is 1.5 of the extreme load

[99], the Wholer exponent (m) is 3 for the steel and 10 for the fiberglass components.

As discussed in section 3.3, the rainflow cycles and accumulative damage equivalent

loads are also calculated using Mlife. Based on the results presented in Table 3.6

for the OC3-Hywind spar buoy platform, the difference of fatigue loads for the blade

root and tower base are 10% and 8.5%, respectively. The comparison of the fatigue

load for the fairlead and anchor loads also shows variations of 2.7% to 18.9%. The

ultimate loads also vary from 2.6% to 15% for the wind turbine and mooring system

output variables.

Table 3.6: The ultimate load, mean load, and accumulative damage equivalent load
(fatigue load) of the wind turbine blade and tower as well as the platform fairleads
and anchors for the OC3-Hywind spar buoy platform

Objective Parameter
6 DOF Frequency domain model 6 DOF Time domain FAST Variation of

Ultimate load (%)
Variation of

Fatigue load (%)Ultimate load Mean load Fatigue load Ultimate load Mean load Fatigue load
RootMxyt (kN.m) 29,714 7,096 14,164 32,150 7,076 15,745 7.5 10
TwBsMxyt (kN.m) 245,150 50,649 112,740 275,160 54,717 123,302 10.9 8.5
Fair1Ten (kN) 1,426.5 322.7 462.2 1,590 354.2 518.4 10.3 10.8
Anch1Ten (kN) 1,186.2 221.6 349.9 1,218 236.7 395.8 2.6 11.5
Fair2Ten (kN) 3,750 747.1 1,041.7 3,307.5 772 1,105.2 13.3 5.7
Anch2Ten (kN) 3,210 650.2 976.3 2,791.8 657.1 1,004.1 15 2.7
Fair3Ten (kN) 2,835 615.3 895.7 3,242 769 1,105.5 12.5 18.9
Anch3Ten (kN) 2,595 511.3 799.9 2,870 662.4 947.7 9.5 15.6
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3.4.4 MIT/NREL TLP case study

This section focuses on the comparison of the time domain and frequency domain re-

sults for the MIT/NREL TLP using an aggregate of all the environmental conditions.

Note that the design parameters for this platform presented in Table 3.2. Figure 3.9

displays the amplitude of platform motions in surge, roll, and pitch as well as the

amplitude of rotor thrust load, the total blade root bending moment, and the tower

base bending moment in the frequency domain at the wind turbine operating con-

dition. As already mentioned, the main reason for the differences in the amplitude

of output variables in Fig. 3.9 is the average of short-time Fourier transforms of the

time domain signals which are divided into 512 segments (windows). Table 3.7 is

also provided to compare the maximum and the standard deviation of the results in

time domain. For the platform motions, the results of the frequency domain model

completely match with the time domain model. There is only small variation of 1.5%

in the standard deviation of platform surge motions. As can be seen from Table 3.7,

the maximum thrust load and the standard deviation of this load show variations of

6% and 13.4%.

The total blade root and the tower base bending moment variations over a fre-

quency range are also shown in Fig. 3.9 at the rated wind speed and summarized in

Table 3.7 for an aggregate of all the environmental conditions. The comparison of

the maximum blade root bending moment and the standard deviation of this moment

show variations of 7.2% and 9.2%, respectively. Statistical results also show variation

of 6.2% for the maximum tower base bending moment, as well as 7.4% difference in

their standard deviations.

Figure 3.10 shows the amplitude of fairlead and anchor tensions for the MIT/NREL

TLP in the frequency domain at the wind turbine operating condition. Table 3.8 dis-

plays the fairlead and anchor tension variations as well as the statistical results for

both the frequency domain and time domain models in the time domain using an

aggregate of all the environmental conditions. Note that only 4 mooring lines of the
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Figure 3.9: Results including the amplitude of platform surge, roll, and pitch motions
of the MIT/NREL TLP at the wind turbine operating condition (wind speed of 12
m/s) are presented at the left side of the figure. The amplitude of rotor thrust, total
blade root bending moment, and total tower base bending moment are shown at the
right side of the above figure for the given environmental condition

MIT/NREL TLP have been chosen for this case study. Table 3.8 shows relatively

large variations of fairlead and anchor tension loads (from 14.6% to 20.5%) in all the

mooring lines. The reason for the relatively large variation of the fairlead and an-

chor tensions is the underprediction of these loads in the frequency domain model in

comparison to the time domain model. For the mooring line 1 and 2, the maximum

fairlead and anchor tensions vary from 17% to 18.6% with changes in their standard

deviations from 16.8% to 18.1%. For the mooring line 3 and 4, the variation of max-

imum tensions and the standard deviations observed from 16.2% to 17.7% and from



88

Table 3.7: Comparison of the frequency domain model and the time domain FAST
results for the MIT/NREL TLP. Maximum and standard deviation of the ampli-
tude of the platform motions, total blade root and tower base bending moments for
both models compared in time domain using an aggregate of all the environmental
conditions

Objective Parameters
Maximum Standard Deviation

6 DOF Frequency
domain model

6 DOF Time
domain FAST

Variation (%)
6 DOF Frequency

domain model
6 DOF Time
domain FAST

Variation (%)

PtfmSurge (m) 49.6 49.6 0 6.7 6.6 1.5
PtfmRoll (deg) 0.6 0.6 0 0.79 0.79 0
PtfmPitch (deg) 8.5 8.5 0 1.1 1.1 0
Rotor Thrust (kN) 1,910 2,033.7 6 403.9 466.7 13.4
RootMxyt (kN.m) 21,620 24,098 10.2 5,339.6 6,017 11.2
TwBsMxyt (kN.m) 150,700 163,910 8 36,429 40,057.9 9

14.6% to 20.5%, respectively.

Table 3.8: Comparison of the frequency domain model and the time domain FAST
results for the MIT/NREL TLP. Maximum and standard deviation of the amplitude
of the fairlead and anchor tensions for both models compared in time domain using
an aggregate of all the environmental conditions

Objective Parameters
Maximum Standard Deviation

6 DOF Frequency
domain model

6 DOF Time
domain FAST

Variation (%)
6 DOF Frequency

domain model
6 DOF Time
domain FAST

Variation (%)

Fair1Ten (kN) 4,880 5,883.1 17 1,137.3 1,368.1 16.8
Anch1Ten (kN) 4,720 5,644.3 16.3 1,081.8 1,317.5 17.8
Fair2Ten (kN) 5,140 6,320.1 18.6 1,392.8 1,702.3 18.1
Anch2Ten (kN) 4,990 6,065.2 17.7 1,346.6 1,638.1 17.7
Fair3Ten (kN) 7,020 8,537.9 17.7 1,665.6 2,097 20.5
Anch3Ten (kN) 6,930 8,276.9 16.2 1,732.3 2,029.2 14.6
Fair4Ten (kN) 4,970 6,006.9 17.2 1,446.8 1,709.9 15.3
Anch4Ten (kN) 4,820 5,769.2 16.4 1,395.5 1,641.3 14.9

The fatigue analysis of the frequency domain and time domain models for the

MIT/NREL TLP is presented in Table 3.9. Based on the results presented in Table

3.9 for the MIT/NREL TLP, the difference of fatigue loads for the blade root and

tower base are 9.9% and 4.8%, respectively. The comparison of the fatigue load for

the fairlead and anchor loads also shows variations of 3.8% to 15.1%. The ultimate

loads also vary from 5.8% to 18% for the wind turbine and mooring system output

variables.

3.4.5 OC4-DeepCwind semisubmersible case study

The amplitude of the time domain and frequency domain results for the OC4-DeepCwind

semisubmersible platform at the wind turbine operating condition are given in Fig.
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Figure 3.10: Results including the amplitude of fairlead and anchor tensions for the
mooring line 1, 2, 3, and 4 of the MIT/NREL TLP at the wind speed of 12 m/s

Table 3.9: The ultimate load, mean load, and accumulative damage equivalent load
(fatigue load) of the wind turbine blade and tower as well as the platform fairleads
and anchors for the MIT/NREL TLP

Objective Parameter
6 DOF Frequency domain model 6 DOF Time domain FAST Variation of

Ultimate load (%)
Variation of

Fatigue load (%)Ultimate load Mean load Fatigue load Ultimate load Mean load Fatigue load
RootMxyt (kN.m) 32,189 7,813.3 14,522 36,148 7,940 16,125 10.9 9.9
TwBsMxyt (kN.m) 229,600 48,667 106,110 243,810 49,571 111,560 5.8 4.8
Fair1Ten (kN) 7,420 1,726.9 2,466.9 8,824.6 1,999.9 2,909.7 15.9 15.1
Anch1Ten (kN) 7,080 1,623.3 2,686.2 8,466.4 1,902.9 2,933.8 16.3 8.4
Fair2Ten (kN) 7,710 2,385.1 3,629 9,480 2,668.4 3,939.1 18 7.87
Anch2Ten (kN) 7,485 2,290.1 3,534.5 9,097.5 2,565 3,772.6 17.7 6.3
Fair3Ten (kN) 10,530 2,920 4,408 12,806 3,200 4,776.7 17.7 7.7
Anch3Ten (kN) 10,395 2,837 4,306.7 12,414 3,085.8 4,591.3 16.2 6.2
Fair4Ten (kN) 7,455 2,254.3 3,607.1 9,010.3 2,504.2 3,793.9 17.2 4.9
Anch4Ten (kN) 7,230 2,161.3 3,508.5 8,653.5 2,395 3,648.2 16.4 3.8
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3.11 and Fig. 3.12. Figure 3.11 shows the amplitude of the platform responses in

surge, roll, and pitch motions as well as the rotor thrust, total blade root bending mo-

ment, and tower base bending moment over the frequency range of 0.001 ≤ ω ≤ 2.5

rad/s. Note that the average of short-time Fourier transforms of the time domain sig-

nals impacts the shape of frequency domain plot significantly. The maximum value,

the standard deviation, and the variation of the time domain results are summarized

in Table 3.10 for both the frequency domain and time domain models considering an

aggregate of all the environmental conditions.

As can be seen from Table 3.10, the surge motion shows relatively small variation

of 5.3% in the maximum values. However, the comparison of the standard deviation

for the surge motion shows larger variations of 9.8%. In addition, the statistical

results for the maximum roll and pitch motions show variations of 13.3% and 13.2%

with the standard deviations of 16.6% and 9%. The variations of 9.7% and 12.6%

are also observed for the maximum and the standard deviation of the aerodynamic

thrust load which can consequently lead to changes in the platform motions.

The total blade root and the tower base bending moment variations are also

presented in Table 3.10. Based on this table, the difference between the maximum

blade root bending moment for both the frequency domain and time domain models

is 11.9% with 6.3% variation in its standard deviation for an aggregate of all the

environmental conditions. As already mentioned, the non-linear blade root bending

moments are averaged for comparison with the frequency domain model [55]. The

maximum value of the tower base load and the variation of the standard deviation

for the frequency domain model are 4.2% and 3.4% less than the time domain model.

Figure 3.12 shows the fairlead and anchor tensions for the mooring line 1, 2, and

3 over the frequency range of 0.001 ≤ ω ≤ 2.5 rad/s at the wind speed of 12 m/s.

The statistical time domain results are also summarized in Table 3.11 for both the

frequency domain and time domain models using an aggregate of all the environmental

conditions. Based on Table 3.11, the mooring system shows consistent variation of
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Figure 3.11: Results including the amplitude of platform surge, roll, and pitch mo-
tions of the OC4-DeepCwind semisubmersible platform at the wind turbine operating
condition (wind speed of 12 m/s) are presented at the left side of the figure. The am-
plitude of rotor thrust, total blade root and tower base bending moments are shown
at the right side of the above figure for the given environmental condition

results from zero to 12.5% for the maximum fairlead and anchor tensions. However,

the relatively large variation of zero to 18.9% is observed for the standard deviation

of the fairlead and anchor tensions. Among the three mooring lines, the minimum

variation of the maximum fairlead and anchor tensions is observed at line 3. The

maximum variation of this metric is also recorded at line 1 with variation of 8.2%

to 12.5%. The reason for the relatively large variation of the maximum fairlead and

anchor tensions at line 1 is the overprediction of these loads in the frequency domain

model in comparison to the time domain model. Table 3.11 also shows variations of
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Table 3.10: Comparison of the frequency domain model and the time domain FAST
results for the OC4-DeepCwind semisubmersible platform. Maximum and standard
deviation of the amplitude of the platform motions, total blade and tower bending
moments for both models compared in time domain using an aggregate of all the
environmental conditions

Objective Parameters
Maximum Standard Deviation

6 DOF Frequency
domain model

6 DOF Time
domain FAST

Variation (%)
6 DOF Frequency

domain model
6 DOF Time
domain FAST

Variation (%)

PtfmSurge (m) 49.6 52.4 5.3 11.9 13.2 9.8
PtfmRoll (deg) 1.3 1.5 13.3 0.1 0.12 16.6
PtfmPitch (deg) 11.1 9.8 13.2 2.4 2.2 9
Rotor Thrust (kN) 1,830 2,028 9.7 432.7 495.1 12.6
RootMxyt (kN.m) 21,400 23,813 10.1 6,191.5 6,293.2 1.6
TwBsMxyt (kN.m) 199,600 205,870 3 46,836.4 47,305 0.9

2.6% to 7.2% in the maximum fairlead and anchor tensions of line 2. The comparison

between the standard deviation of fairlead and anchor tensions of the mooring lines 1

and 2 shows variations of 3.6% to 18.9% and 0.1% to 4.5% due to the significant effect

of the platform motions as well as the aerodynamic thrust load on these mooring lines.

The standard deviation of fairlead and anchor 3 also varies from zero to 4.7%.

Table 3.11: Comparison of the frequency domain model and the time domain FAST
results for the OC4-DeepCwind semisubmersible platform. Maximum and standard
deviation of the amplitude of the fairlead and anchor loads for both models compared
in time domain using an aggregate of all the environmental conditions

Objective Parameters
Maximum Standard Deviation

6 DOF Frequency
domain model

6 DOF Time
domain FAST

Variation (%)
6 DOF Frequency

domain model
6 DOF Time
domain FAST

Variation (%)

Fair1Ten (kN) 1,440 1,280.7 12.5 298.9 288.5 3.6
Anch1Ten (kN) 1,060 978.9 8.2 260.2 218.8 18.9
Fair2Ten (kN) 2,490 2,426 2.6 512.6 537.1 4.5
Anch2Ten (kN) 2,280 2,126 7.2 476.3 475.7 0.1
Fair3Ten (kN) 1,460 1,460 0 212.9 223.6 4.7
Anch3Ten (kN) 1,310 1,310 0 202 202 0

The fatigue analysis of the frequency domain and time domain models for the

OC4-DeepCwind semisubmersible platform is shown in Table 3.12. Based on the

results presented in Table 3.12, the variation of fatigue loads for the blade root and

tower are 8.6% and 4.4%. However, the fairlead and anchor fatigue loads vary from

2.7% to 21.2%. The reason for the relatively large variation of the fairlead and anchor

fatigue loads is the overprediction of these loads in the frequency domain model in
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Figure 3.12: Results including the amplitude of fairlead and anchor tensions for
mooring line 1, 2, and 3 of the OC4-DeepCwind semisubmersible platform at the
wind speed of 12 m/s

comparison to the time domain model. The ultimate loads also vary from zero to

26.6% for the wind turbine and mooring system output variables.

3.4.6 Comparison of 22 DOF FAST and 6 DOF frequency

domain model

The lifetime fatigue analysis of the 22 DOF time domain and the 6 DOF frequency

domain results for the three baseline FOWTs are summarized in Table 3.13 consider-

ing an aggregate of all the environmental conditions. Based on the results presented

in Table 3.13, the maximum variation of the fatigue load at the blade root is 5.3% for



94

Table 3.12: The ultimate load, mean load, and accumulative damage equivalent load
(fatigue load) of the wind turbine blade and tower as well as the platform fairleads
and anchors for the OC4-DeepCwind semisubmersible platform

Objective Parameter
6 DOF Frequency domain model 6 DOF Time domain FAST Variation of

Ultimate load (%)
Variation of

Fatigue load (%)Ultimate load Mean load Fatigue load Ultimate load Mean load Fatigue load
RootMxyt (kN.m) 32,123 7,878 14,756 34,279 7,970 16,158 6.2 8.6
TwBsMxyt (kN.m) 305,130 58,579 136,800 306,140 58,086 131,010 0.3 4.4
Fair1Ten (kN) 2,160 427.1 812.9 1,921 459.2 705.6 12.4 15.2
Anch1Ten (kN) 1,590 284.5 535.8 1,468.3 306.1 468.4 8.3 14.3
Fair2Ten (kN) 3,735 712.6 1,050.6 3,639 790.8 1,169 2.6 10.1
Anch2Ten (kN) 2,340 589.6 1,059.2 3,189 648 1,089.9 26.6 2.7
Fair3Ten (kN) 2,190 257.2 527.2 2,190 271.9 472.1 0 21.2
Anch3Ten (kN) 1,965 83.1 446.7 1,965 71.8 394.9 0 13.1

the OC4-DeepCwind semisubmersible. The maximum difference of the fatigue load

at the tower base is 9.8% for the OC3-Hywind spar buoy.

The comparison of the fatigue loads for the fairleads and anchors shows large

variations in one of the mooring systems of each baseline platform. The main reason

for this difference is the unidirectional irregular waves in the time domain simula-

tion which affects the downwave mooring lines (mooring line 3 in the OC3-Hywind,

mooring line 1 in the MIT/NREL TLP, mooring line 3 in the OC4-DeepCwind).

By removing this downwave mooring lines from the comparison, then the maximum

variation of the fatigue load for the fairleads and anchors of all the platforms is 13.3%.



95

Table 3.13: The ultimate load and accumulative damage equivalent load (fatigue load)
of the wind turbine blade and tower as well as the platform fairleads and anchors for
all the baseline platforms in the 6 DOF frequency domain model and 22 DOF time
domain FAST

Objective Parameter
6 DOF frequency domain model 22 DOF time domain FAST Variation of

Ultimate load (%)
Variation of

Fatigue load (%)Ultimate load Fatigue load Ultimate load Fatigue load

O
C

3-
H

y
w

in
d

RootMxyt (kN.m) 29,714 14,164 32,725 14,592 9.2 2.9
TwBsMxyt (kN.m) 245,150 112,740 283,512 123,830 13.5 9.8
Fair1Ten (kN) 1,426.5 462.2 1,661.5 517.1 14.1 10.6
Anch1Ten (kN) 1,186.2 349.9 1,290 403.6 8 13.3
Fair2Ten (kN) 3,750 1,041.7 3,301.5 1,093 13.5 4.7
Anch2Ten (kN) 3,210 976.3 2,762.5 931.7 16.1 4.8
Fair3Ten (kN) 2,835 895.7 3190 1,106.5 11 23.6
Anch3Ten (kN) 2,595 799.9 2,820 994.7 7.9 19.5

M
IT

/N
R

E
L

T
L

P

RootMxyt (kN.m) 32,189 14,522 35,813 14,861 10.1 2.2
TwBsMxyt (kN.m) 229,600 106,110 245,800 106,750 6.5 0.5
Fair1Ten (kN) 7,420 2,466.9 8,588 3,103 13.6 25.8
Anch1Ten (kN) 7,080 2,686.2 8493 3,193 16.6 15.8
Fair2Ten (kN) 7,710 3,629 9,009 3,990 14.4 9
Anch2Ten (kN.) 7,485 3,534.5 8,850 3,805 15.4 7.1
Fair3Ten (kN) 10,530 4,408 9,297 4562 13.2 3.3
Anch3Ten (kN) 10,395 4,306.7 12670 4,419 16.8 2.5
Fair4Ten (kN) 7,455 3,607.1 9,080 3,945 17.8 8.5
Anch4Ten (kN) 7,230 3,508.5 8,654 3,789 16.4 7.4

O
C

4-
D

ee
p
C

w
in

d

RootMxyt (kN.m) 32,123 14,756 35,279 15,584 0.4 5.3
TwBsMxyt (kN.m) 305,130 136,800 307,220 132,110 0.6 3.5
Fair1Ten (kN) 2,160 812.9 1,898 754.4 13.8 7.7
Anch1Ten (kN) 1,590 535.8 1,495 491 6.3 8.9
Fair2Ten (kN) 3,735 1,050.6 3,553 1,198 5.1 12.3
Anch2Ten (kN) 2,340 1,059.2 2,805 1,056 16.5 0.2
Fair3Ten (kN) 2,190 527.2 1,454 433 50.6 21.7
Anch3Ten (kN) 1,965 446.7 1190 296 65.12 50.6

3.5 Conclusions and Future Work

In the past years, many studies have been done to develop time domain aero-hydro-

servo tools for the FOWTs. For faster approximate results than time domain models,

frequency domain models widely used as the predominant alternative. However, only

a few of these frequency domain models have calculated the overall response of the

FOWTs to wind and wave loading, and those only examined the harmonic or steady

wind and wave conditions. These frequency domain models therefore potentially

missed the significant impact of the turbulent winds and irregular waves on the plat-

form displacements, and wind turbine blade and tower loads, as well as mooring

system loads. This limitation in previous frequency domain models is probably due

to the level of complexity in linearization of a FOWT using turbulent winds and irreg-

ular waves, since the numerical linearization is performed by perturbing the system

variables about the operating point to achieve a converged solution. The work pre-
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sented herein was a step forward in developing a simpler FOWT modeling technique

that considers the coupled platform-turbine system in the frequency domain under

turbulent winds and irregular wave conditions.

In this research, to carry out a new frequency domain approach for FOWTs, a

validated tool, FAST, was selected to provide a frequency domain representation of

FOWT dynamics. Then a model framework was created to define the frequency do-

main responses of the system under turbulent winds and irregular waves using wind

and wave PSDs. To verify this approach, an NREL 5 MW offshore wind turbine with

three classes of the baseline platforms including the OC3-Hywind, the MIT/NREL

TLP, and the OC4-DeepCwind semisubmersible were examined using the output vari-

ables of 22 DOF and 6 DOF time domain models, as well as 6 DOF frequency domain

model. The goal of this verification study was: first, to investigate the impacts of

system flexibility reduction in the results of the time domain models, and second,

to compare the statistical results of the platform displacements, turbine and tower

loads, and mooring system loads, as well as lifetime fatigue loads for the 6 DOF and

22 DOF time domain and the 6 DOF frequency domain models.

The result comparison for the OC3-Hywind, MIT/NREL TLP, and the OC4-

DeepCwind semisubmersible lead to the following insights. The comparison of the 6

DOF and 22 DOF time domain models shows consistent results for the key param-

eters of the wind turbine and baseline platforms. For the 6 DOF frequency domain

and time domain models comparison, in terms of platform displacements, the differ-

ence between the results of the frequency domain and time domain models for the

TLP is zero, the spar buoy platform shows small variations of 6.2% to 11.7%, and

the semisubmersible shows relatively large variations of 5.3% to 13.2%. The com-

parison of the rotor thrust, total blade root bending moment, and total tower base

bending moment shows a good agreement between the models for the TLP and the

semisubmersible, and relatively large variations of 10.9% to 12.8% for the spar buoy

platform. The best agreement between the fairlead and anchor tensions for both
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the frequency domain and time domain models achieved for the semisubmersible and

spar buoy platform and large variations of 16.2% to 18.6% obtained for the TLP. In

terms of fatigue loads for the turbine blade root and tower base, the comparison of

the results for the semisubmersible indicates small variations of 8.6% and 4.4%, while

the spar buoy platform and the TLP show a relatively larger variations from 4.8%

to 10%. The comparison of the fairlead and anchor fatigue loads displays the over-

prediction of these loads in the frequency domain model of the semisubmersible and

the underprediction of the fatigue loads for the spar buoy and TLP. It is noticeable

that the deviation of the results between the 22 DOF time domain model and 6 DOF

frequency domain model are lower than the cumulative variation of the modeling re-

sults between the 6 DOF time domain and 6 DOF frequency domain models due to

apparently fortuitous pair of error trends.

There are a number of avenues for improving the framework examined in this

study, including structural flexibility extensions, defining an active rotor collective

pitch controller, as well as a variable speed controller. The future efforts are directed

at using the current framework with a wide range of floating platforms, yielding struc-

tural performance, lifetime fatigue loads and cost estimates to ultimately compute

cost of energy (COE) for the FOWTs. For this purpose, the presented frequency

domain approach increases the computational efficiency of the design optimization of

FOWTs. In the future, multi-fidelity optimization techniques might also be employed

to correct the frequency domain model outputs with high-fidelity simulations.
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Chapter 4

Multidisciplinary Design

Optimization of Floating Offshore

Wind Turbine Support Structures

For Levelized Cost of Energy

This paper will be submitted to the journal Renewable Energy.

Karimi, Meysam, Abdulbaset Saad, Zuoming Dong, Brad Buckham, and Curran

Crawford, ”Multidisciplinary design optimization of floating offshore wind turbine

support structures for levelized cost of energy”.

This chapter presents a multidisciplinary design optimization approach for float-

ing offshore wind turbines using a fully coupled frequency domain dynamic model

developed in Chapter 3, a design parametrization scheme (see Chapter 2), a cost

model, and a single objective optimization algorithm. The focus in this chapter is

on evaluation and comparison of different classes of floating offshore wind turbines

subject to levelized cost of energy across standard environmental conditions. To show

the potential of the proposed method, the optimal design candidates of each platform

class (from the subdivided design space) are compared with three baseline platforms.
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Abstract This chapter presents a multidisciplinary design optimization approach

for floating offshore wind turbine support structures with a design space that spans

three stability classes of floating platforms. A design parameterization scheme and

a frequency domain modeling approach were incorporated to calculate the overall

system responses including motions, and design loads of a wide range of tension leg

platforms, spar buoy platforms, and semisubmersibles to turbulent wind and irregular

wave loads. To calculate the cost of each design candidate, a set of cost scaling tools

for an offshore wind turbine was used. The levelized cost of energy was defined as a

combination of initial capital cost, fixed charge ratio, annual operating expenses, and

annual energy production. A Kriging-Bat optimization method was used to deter-

mine the minimum levelized cost of energy when pairing the 5 MW NREL offshore

wind turbine with a moored platform. The potential of the method is demonstrated

through three case studies - each determining potential design improvements on a

conventional floating wind turbine platform design: the OC3-Hywind spar buoy, the

MIT/NREL TLP, and the OC4-DeepCwind semisubmersible. Results for the tension

leg and spar buoy case studies showed 5.21% and 3.1% decrease in the levelized cost

of energy of the optimal design candidates in comparison to the MIT/NREL TLP

and the OC3-Hywind respectively. Optimization results for the semisubmersible case

study indicated that the levelized cost of energy decreased by 1.52% for the optimal

design in comparison to the OC4-DeepCwind.

keywords Multidisciplinary design optimization, Wind turbine, Offshore, Floating

platform, Cost of energy

4.1 Introduction

During the past decade, the offshore wind energy sector has developed rapidly from a

global cumulative installed offshore wind capacity of 1,800 MW in 2007 to 18,814 MW

in 2017 [100]. Although a significant part of this energy production is generated using
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turbines with bottom fixed support structures in shallow waters, the trend is toward

building FOWTs in deep waters [54, 56]. However, a move to FOWT technology

introduces a myriad of potential techniques to support the turbine tower, nacelle and

rotor assembly. For any given choice, there are complex interactions of the mooring

mechanics, platform hydrodynamics, rotor aerodynamics and the system controllers

that determine system performance and cost. Consequently, the engineering design of

moored FOWT support structures requires the development of a multidisciplinary de-

sign optimization (MDO) framework to automate early stage assessment of platform-

turbine system dynamics, economics, and survivability. This work is focused on an

MDO framework for selecting optimal FOWT platform configurations using linearized

coupled aerodynamics, hydrodynamics, structural dynamics, and platform/mooring

design parametrizations.

The three established FOWT classes are the TLP, a spar buoy platform, and a

semisubmersible platform as shown in Fig. 4.1. For all the platform classes, mooring

lines, ballast mass, displacement or a combination of these parameters stabilizes the

floating system, and all three are usually deployed in water depth of greater than 60 m

[2]. The TLP achieves stability through taut vertical mooring lines and displacement.

The spar buoy platform, also known as ballast-stabilized class, uses a relatively high

sub-structure ballast and steel mass and a deep draft with three catenary mooring

lines. The semisubmersible platform, also called buoyancy-stabilized class, utilize a

set of multi-cylinder configurations that surround the central tower with a catenary

mooring system.

Several studies in the past have developed techniques for fully coupled dynamic

simulation, design optimization, and cost analysis of offshore wind energy, with most

of the studies being focused on time domain simulation codes to predict the behavior

of FOWTs. A brief review of these studies is summarized as below.
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Turbulent wind
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Figure 4.1: Three classes of FOWTs in a turbulent wind and irregular waves. From
left to right: a mooring stabilized (tension leg) platform, ballast stabilized (spar
buoy), buoyancy stabilized (semisubmersible).

4.1.1 FOWT time domain dynamics modeling

In the context of dynamic response analysis of FOWTs, it is common to use non-linear

time domain tools to model the hydrodynamic and aerodynamic loading, mooring

lines, and motions of the floating support structures. One of the first fully cou-

pled aero-hydro-servo-elastic simulation tools, referred to as FAST, was developed by

Jonkman and Buhl Jr [7]. Jonkman’s FAST with HydroDyn module is widely used

for simulation of FOWTs in the several studies [4, 16, 43, 51, 57, 60, 61, 83]. Skaare

et al [59] developed a computer tool using HAWC2 [8] and the SIMO/RIFLEX for

simulating the dynamic response of FOWTs exposed to wind, wave and current forces.

Shirzadeh et al [101], Karimirad and Moan [102], Paulsen et al [103], Damgaard et al

[104] used HAWC2 to address coupled wave and wind induced motions of FOWTs.

Bossanyi [9] developed BLADED which is a time domain tool to calculate the aero-

dynamic and hydrodynamic loads of FOWTs.
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4.1.2 FOWT frequency domain dynamics modeling

Alternative to non-linear time domain simulations, there is a simpler modeling tech-

nique in the literature which uses a linearization of the system dynamics in order to

facilitate frequency domain analysis of FOWTs. This approach is widely used for

floating offshore structures in the literature [10, 11, 60, 80, 81]. The linearization of

FOWTs is usually accomplished using a time domain simulation code. FAST is widely

used for the linearization of FOWTs in the literature [12–16, 83]. FAST perturbs the

state variables to obtain steady state conditions for the system displacements and

reaction forces/moments- these changes are then used to determine the coefficients of

the linearized model. The weakness of the FAST code is that the linearization of the

floating system imposes steady wind and still water approximations.

One of the first frequency domain offshore wind turbine codes TURBU developed

by van Engelen and Braam [84] to model fixed bottom offshore wind turbines. Lupton

[55] developed a frequency domain approach to model the overall responses of FOWTs

to harmonic wind and wave loading. A new frequency domain approach for a coupled

wind turbine, floating platform, and mooring system was explained in Chapter 3. In

this study, irregular wave and turbulent wind loads were incorporated to the frequency

domain model developed in this dissertation using wave and wind power spectral

densities (PSDs).

4.1.3 Design optimization studies

Several studies in the past have proposed comparison analysis of the different classes

of FOWT support structures [4, 23–27]. However, in the context of the FOWT

support structure design optimization, there is a lack of studies that explore and

analyze a wide range of support structure design classes. One of the first support

structure design optimization studies for four design classes including a TLP, a spar

buoy, and two buoyancy stabilized platforms was performed by Wayman [12]. Tracy

[14] presented a comprehensive design optimization study for the single-body floating
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support structures to evaluate design candidates across the design space. Parker

[29] developed an optimization framework to perform the parametric analysis of the

design of mooring-stabilized platforms. Fylling and Berthelsen [30] presented an

optimization study subject to the stability of a wide range of spar buoy platforms

and mooring line costs. Myhr et al [32] used optimization routines to find the optimal

geometry and mooring line layout for tension leg buoy (TLB) platforms subject to

the platform cost. A design optimization of floating wind turbine support structures

for three stabilized classes of floating platforms including single-body and multi-body

platforms presented by Hall [15], Karimi et al [16], Hall et al [33]. An extensive review

of the recent studies and approaches in the design optimization of FOWT support

structures was provided by Muskulus and Schafhirt [34].

4.1.4 Cost models

The wind turbine rotor, gearbox, and tower have the highest cost contribution of

the total offshore wind turbine cost [105]. Fingersh et al [17] developed a set of cost

scaling functions and a tool to estimate the levelized cost of energy (LCOE) of onshore

and offshore wind turbines based on turbine power rating, rotor diameter, hub height,

and other key turbine and support structure features. Fingeresh et al.’s cost model

is used in the studies by Ashuri et al [105], Dinwoodie and McMillan [106], Fischer

et al [107]. Rademakers et al [108] developed an operating and maintenance cost

estimator (OMCE) tool to calculate the costs of offshore wind farms. Myhr et al [18]

used OMCE to estimate the cost of offshore wind farms. Ozkan [19] developed an

offshore wind integrated cost model (OFWIC) which includes the power market to

estimate the electricity prices for offshore wind energy. Roeth et al [109], Dykes et al

[110] used OFWIC model for financial analysis of offshore wind energy. Hofmann [20]

provided an overview of existing onshore and offshore wind turbine/wind farm cost

models with their main characteristics.
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4.1.5 Proposed model

In the current study, an integrated MDO framework is developed for FOWTs to simul-

taneously design the platform and mooring system using a parametrization scheme

for three platform stabilization classes. A fully coupled frequency domain dynamic

model is also integrated to the MDO framework to evaluate the internal forces, sys-

tem motions, and other dynamic variables from the frequency domain outputs. Using

the frequency domain dynamic model and the parametric scheme to numerically span

the design space, an MDO of FOWT support structure is executed.

The approach taken for this MDO problem is to find the optimum floating support

structure design for each stabilized classes that can then be used as a starting point

in the detailed design processes. To identify the optimal concept, the Kriging-Bat

optimization algorithm [22] in this work is focused on the task of finding a global

minima. Each global minima in this study is the minimum of the LCOE using

Fingeresh et al.’s cost model for a 5 MW NREL offshore wind turbine [40] across

the range of possible floating support structures.

4.1.6 Chapter outline

The remainder of this chapter is structured in three main sections as follows. The

architecture of the MDO framework including the linearized aero-hydro-elastic model,

support structure parametrization, and the optimization problem formulation is dis-

cussed in section 4.2. In section 4.3, the results of the optimized NREL offshore 5

MW wind turbine for the three stabilized classes of floating platforms are compared

with the NREL FOWT baseline models- OC3-Hywind spar buoy [5], MIT/NREL

TLP [4], and OC4-DeepCwind semisubmersible [6]. Finally, section 4.4 presents the

conclusions drawn from this study and directions for future work.
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4.2 Methodology

In the following subsections, we describe how the MDO architecture is assembled

from four main constituent blocks; these are: support structure parametrization,

frequency domain dynamic model, cost esmtimation model, and optimization problem

formulation. The functional relationships between these blocks are shown in Figs. 4.2

and 4.4.

4.2.1 MDO framework

A series of multidisciplinary computational tools is used in this MDO framework to

manipulate the design variables and consequently the objective function. Most of

these tools have been developed for wind energy and floating platform studies, and

are listed in Table 4.1. To make a framework for integrating and automating the

design process, the computational tools have been coupled such that the objective

function could be linked to the optimizer as shown in Fig. 4.2. This automation is

achieved using a MATLAB-based script to manage the dataflow between all the tools

in the MDO framework.

In the current study, the platform and mooring design variables, design load cases,

and the wind turbine properties are passed to a linearized aero-hydro-servo model,

which computes the complete suite of system external and internal loads for the

coupled system. Then, the computed objective function from the cost model and

design constraints are passed to the optimizer in an iterative approach until the

optimal solution is achieved.

4.2.2 Support structure parametrization

The support structure parametrization scheme uses a finite set of design variables to

describe the widest range of feasible FOWT platforms and mooring system config-

urations. The platform geometry, connective elements, platform mass and inertia,
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Table 4.1: Computational tools and models used in the MDO architecture.

Tools and Models Usage

WAMIT
Computes hydrodynamic coefficients and

wave excitation for each platform[111]
AeroDyn Models the aerodynamic loads [112]

HydroDyn Models the hydrodynamic loads [91]

FAST
Models the linearized aero-hydro-servo-elastic

behaviour of the floating wind turbine
TurbSim Simulate the steady wind flow [95]

MBC
Generates azimuth-averaged of the

wind turbine properties [96]

Mlife
Computes rain-flow cyles using time

series in fatigue analysis [98]
Cost model Computes cost components [17]

MATLAB
Integrates the computational tools to the

optimization algorithm[48]

and mooring line arrangements and properties were first described in past work (c.f.

Section 2.3 in Chapter 2) and we summarized the salient features in the following

subsections. Note that the design space is subdivided into 3 sub-domains (TLP, spar

buoy, and semisubmersible) to complete three different optimizations within each

sub-domain.

Platform geometry

The geometric design variables for the three classes of floating platforms are illustrated

in Fig. 4.3. The platform geometries are formed by vertical cylinders with variable

radius and draft, an array of outer cylinders, circular heave plates, top taper ratio

of the central cylinder draft, cross-bracing elements, and tendon arms as provided

in Table 4.2. A free board of 10 m is considered for all the platform designs as a

constant design parameter [5].

The mass and inertia properties of each platform are specified by the platform

geometry and the ballast mass which is set according to the surplus buoyancy of the

platform to achieve the specific freeboard. The wall thickness of vertical cylinders and
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Figure 4.2: The integrated MDO architecture with required computational tools.
This architecture shows how optimizer is coupled to the wind turbine and support
structure design variables and computational tools. The gray lines show the data flow
between all the tools which is automated using a MATLAB-based script.

heave plates are considered 50 mm and 30 mm respectively [16, 51]. The total platform

mass and inertia is estimated by superposing the masses of the vertical cylinders,

heave plates, cross-bracing members, and tendon arms using the steel density of

8,050 kg/m3 as well as the density of 2,400 kg/m3 for the concrete ballast mass.

Mooring system

The mooring line configuration is defined based on different platform classes, from

taut lines to slack catenary mooring lines in the parametrization scheme. Hence,

an additional design variable for the mooring system, XM , is added to the platform

design variables described in the previous subsection. This design variable transitions

between taut vertical lines (−1 ≤ XM ≤ 0), angled taut lines (0 < XM ≤ 1), and

slack catenary lines (1 < XM ≤ 3) as discussed in [16].

For the TLP design, four pairs of taut vertical lines are used and they are connected

at the end of each tendon arm as shown in Fig. 4.1. The anchor of this platform

class is located directly under the fairlead. For the spar buoy and semisubmersible
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Figure 4.3: Design variables for three platform classes including the inner and outer
cylinders radius and draft, diameter and length of the connective elements, and radius
of the outer cylinders array for a semisubmersible platform.

Table 4.2: Geometric design variables of platforms with the lower and upper bounds
of each variable. The length and diameter of tendon arm and cross-bracing members
are the function of fairlead tension, mooring design variable XM , and buoyancy loads.

Design variables Description Variations
HI Inner cylinder draft (m) 2 ≤ HI ≤ 150
RI Inner cylinder radius (m) 3 ≤ RI ≤ 25
TI Top taper ratio 0.2 ≤ TI ≤ 2
RF Radius of outer cylinder array (m) 5 ≤ TI ≤ 40
HO Outer cylinder draft (m) 3 ≤ HO ≤ 50
RO Outer cylinder radii (m) 1.5 ≤ RO ≤ 10
RHP Outer cylinders heave plate radii (m) 0 ≤ RHP ≤ 20
DT Tendon arm diameter (m) f(fairlead tension)
LT Tendon arm length (m) f(mooring design variable XM)
BH Cross-bracing horizontal length (m) f(RF , RO, RI)
BD Cross-bracing diagonal length (m) f(RF , HO, HI)
DB Diameter of the cross-bracing (m) f(max(buoyancy, fairlead tension))

platforms, three lines are used and they are connected to the fairlead at the half of

the cylindrical draft and at the bottom of each outer cylinder respectively (see Fig.

4.1). The anchor location for these two platform classes are determined from the

horizontal spread of the water depth as illustrated in Table 4.3. All the mooring

system properties for three classes of the floating platforms are summarized in Table

4.3.
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Table 4.3: Design parameters of mooring systems for three specific platform types.

Design parameters TLP Spar buoy platform Semisubmersible platform

Mooring technology Four pairs of taut vertical line
Three angled taut lines or

slack catenary lines
Three angled taut lines or

slack catenary lines
XM Variations −1 ≤ XM ≤ 0 0 < XM ≤ 3 0 < XM ≤ 3

Line mass density (kg/m) 116.027 77.7 113.35
Modulus of elasticity (Pa) 1.18E+09 6E+08 1.66E+09

Line diameter (m) 0.127 0.09 0.076
Line extensional stiffness (N) 1.5E+09 384.243E+06 7.536E+08

Horizontal distance (lx) of
anchor from fairlead (m)

0 XM ×Water depth XM ×Water depth

Vertical distance (lz) of
anchor from fairlead (m)

Water depth−HI Water depth−HI/2 Water depth−HO

Unstretched mooring line length (m) (Water depth - HI)-1
√
l2x + l2z + lz

12

√
l2x + l2z + lz

12

4.2.3 Frequency domain aero-hydro-servo model

To predict the coupled platform-turbine system motions and survivability, a frequency

domain dynamics modeling approach, which is developed in Chapter 3, is used here

in the MDO framework. This model provides a quick and accurate insight on sys-

tem aerodynamics, hydrodynamics, and structural dynamics and has been shown to

capture the static and dynamic behavior of FOWT systems across all three platform

classes mentioned earlier in the real world turbulent wind and irregular wave loads.

In the frequency domain modeling framework, the wind turbine blade, nacelle, and

tower properties are assumed rigid with no structural DOF, and the rotor rotational

speed is assumed constant. The motions of floating support structures are described

in 6 DOF including surge, sway, heave, roll, pitch, and yaw.

The frequency domain model is assembled using the validated numerical tools

FAST, WAMIT, and TurbSim are used for a FOWT design as shown in Fig. 4.2. For

each candidate design, a frequency domain model is assembled by first using FAST to

complete a linearization process considering still water, steady wind, a predefined col-

lective blade pitch controller, and frequency independent hydrodynamic coefficients

calculated using WAMIT for the specific candidate platform geometry. In this solu-

tion for the steady state condition, frequency independent added mass and damping

coefficients are used to extract energy from the platform and attenuate oscillations

in order to expedite the convergence on the operating point. Once the steady state
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(or operating point) has been calculated, the linearized system’s mass, damping and

stiffness matrices are computed through the conventional process of perturbing the

system state (all 6 platform DOFs), the rotor pitch angle, the wind speed distur-

bances, and the state dependent reaction forces. For more details about the FAST

linearization and the governing equations, the reader is referred to the FAST users

guide [7] and the study presented in Chapter 3.

Model assembly

The linearization output files require a multi-blade coordinate (MBC) transforma-

tion to generate the azimuth-averaged mass Mavg, damping Cavg, and stiffness Kavg.

Note that in the frequency domain equation of motion, the constant added mass and

damping values, which were used in the linearization process, subtracted from the

azimuth-averaged mass and damping matrices. Moreover, the MBC transformation

generates output variables Yopt, displacement output matrix DspCavg, velocity output

matrix V elCavg, pitch control F and wind input disturbance Fd input matrices for

the frequency representation of a system dynamics at the operating point. Then the

irregular wave and turbulent wind loads are incorporated to the frequency domain

model using JONSWAP Sj(ω) [90] and Kaimal Sk(ω) [94] power spectral densities

(PSDs). The resulting linearized frequency domain equation of motion is shown in

Eq. 4.1:

− ω2
(
Mavg +Ma(ω)

)
∆q(ω)eiωt

+ iω
(
Cavg + Cp(ω)

)
∆q(ω)eiωt +

(
Kavg

)
∆q(ω)eiωt

=
(
Fw

(√
2 SJ(ω)∆ω

)
+ Fd

(√
2 Sk(ω)∆ω

)
+ F∆u(ω)

)
eiωt

(4.1)

where ∆q(ω)eiωt = ∆q(t), Ma(ω) is the platform added mass, Cp(ω) is the platform

damping matrix, and Fw is the wave excitation vector calculated using WAMIT.

∆u(ω) is the collective blade pitch controller (rotor pitch) vector, and ω is the fre-
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quency of the steady system response. Note that external forces are independent for

each frequency component, ω. In addition, the relative phases of the external forces

are assumed to be zero, since detail of phases cannot be extracted from PSDs.

Output variables

By using the state variable q from Eq. 4.1, azimuth-averaged matrices from the

MBC, and the FAST capability to develop a series of output variables. The linearized

representation of the output variables are given as:

Yj(ω) =
∣∣∣iωV elCj×k ∆qk×j(ω)

∣∣∣+
∣∣∣DspCj×k ∆qk×j(ω)

∣∣∣
+
∣∣∣Ddj∆ud(ω)

∣∣∣+
∣∣∣Dj∆u(ω)

∣∣∣+ Yopj(ω)
(4.2)

where Y (ω) is the amplitude of the output variables, ∆ud(ω) is the vector of wind

input disturbance, Dd is the wind input disturbance transmission matrix, and D

is the control input transmission matrix. In the above equation, j subscript shows

the number of output variables and k subscript presents the system’s DOF. The

frequency domain output variables include any linear combination of dynamic model

state variables, internal forces and moments such as blade root and tower base bending

moment, and fairlead/anchor loads (see Table 4.8 for a list of output variables in this

chapter).

Fatigue and extreme load analysis

In order to perform the fatigue-life analysis for a design candidate, the amplitude of

the output variables (Eq. 4.2) is converted to the time domain data file using the

following equation:

ζ(t) =
N∑
i=1

(Yi cos(ωit+ φi)) (4.3)
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where ζ(t) is the time series generated from the amplitude of the output variables Y ,

N is the number of frequency bins, time t in seconds, and associated frequency ωi

and random phase φi. Then the lifetime fatigue analysis is completed using the cycle

counting of the variable-amplitude load ranges, ultimate loads, mean loads, and wind

speed distribution as discussed in Hayman and Buhl Jr [97] and presented in Section

3.3 of Chapter 3 .

4.2.4 Cost estimation

There are various factors to consider when the final goal is to determine an optimal

energy generation system. However, when considering a large-scale deployment of a

system like the FOWT, the cost of energy is the dominant factor [18]. The approach

taken to obtain the cost of FOWTs, which leads to the calculation of LCOE, is similar

to Fingersh et al [17], and only the main aspects of the design cost and scaling model

for an offshore wind turbine are presented in the following items:

Turbine capital cost (TCC) . The TCC displays the cost of all the main wind

turbine components including rotor, drivetrain and nacelle, control, safety system,

condition monitoring, tower, and marinization (extra cost to protect an offshore sys-

tem against marine environment). All the aforementioned TCC components are the

function of machine rating, rotor diameter, hub height, and rotor rotational speed in

the cost model.

Balance of station cost (BOS) . The BOS encompasses all the cost components

of a FOWT system other than the wind turbine cost. This includes platform, mooring

and anchor cost as well as offshore transportation, port and staging equipment, off-

shore turbine installation, offshore electrical interface/connections, offshore permits,

engineering and site assessment, personal access equipment, and offshore warranty

premium.
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In this design cost and scaling model, the floating platform cost is a function

of design variables defined in section 4.2.2. A constant cost per mass of $1/kg is

considered for the platform cylinder and connection materials, and cost of $0.083/kg

for the concrete ballast materials. The cost of the mooring system is calculated using

the total length of the lines and the maximum mooring line tension which is observed

to occur at the fairlead. Hence, a constant cost of $5/m − kN is defined for the

mooring lines which is multiplied by the safety factor of 5. This provides the line

cost results within the range of costs spanned by Musial et al [113], Kim et al [114].

The anchor cost is a combination of anchor installation and technology costs which

is summarized in Table 4.4. Similar to the mooring line cost model, the maximum

anchor tension and the safety factor of 5 is used for each anchor technology cost [16].

Table 4.4: Cost model for three anchor systems including installation and technology
cost.

Anchor technology Line angle
$/anchor/kN
(Line tension)

$/anchor
(Installation )

Drag embedment 0o − 10o 100 50000
VLA 10o − 45o 120 80000
Suction pile 45o − 90o 150 110000

Initial capital cost (ICC) . The ICC is the sum of the TCC and the BOS (c.f.

Section 3.2.3 in [17]) . Note that ICC does not include construction financing or

financing fees, since these are taken into account through the fixed charge rate (FCR).

Levelized replacement cost (LRC) . The LRC is a cost factor to cover the

life-time replacements and overhauls of major wind turbine components such as gen-

erators, gearboxes, and blades. The LRC is an explicit function of machine rating.

Operations and maintenance cost (OMC) . The OMC covers the scheduled

and unscheduled mechanical and electrical maintenance expenditures of the offshore
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wind turbine. The cost model assumes a fixed cost per kWh of energy converted as

an estimate for the OMC.

Land lease cost (LLC) . The LLC includes the ocean bottom lease cost for an

offshore wind turbine which is defined as a fixed cost per kWh in the cost model.

Annual operating expenses (AOE) . The AOE is the sum of the LRC, the

OMC, and the LLC (c.f. Section 3.2.4 in [17]).

Note that the cost model was developed based on 2005 costs and it needs to be

calibrated based on the costs components in the present time. To compensate for

the cost fluctuations, a cost escalation model is used based on the producer price

index (PPI) of the U.S Department of Labor, Bureau of Labor Statistics. Moreover,

a labor cost escalator, which is specified as the general inflation index, is the gross

domestic product (GDP) for the cost components such as AOE, marinization, offshore

warranty, etc. In this study, the general inflation index is 1.27 and PPI varies for

different components of the offshore wind turbine such as shaft, bearing, hub, etc.

4.2.5 Optimization problem formulation

The general formulation for a single objective design optimization problem is:

Find x = [x1, x2, ., xk] that minimizes J(x) (4.4)

where J(x) is the objective function, and x is a k-dimensional vector of design vari-

ables with lower and upper bounds subject to inequality constraints:

xlower ≤ x ≤ xupper (4.5)

gj(x) ≤ 0; j = 1 to p (4.6)
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where p is the number of inequality constraint functions gj. To achieve optimal

design configurations for floating support structures, an optimization algorithm with

the LCOE as an objective function and eleven cost and design constraints are used

in this MDO problem for a specific case of offshore wind turbine.

Objective function

In this study, the LCOE is used as a multidisciplinary objective function because it

reflects the cost of energy production for FOWTs in a coupled analysis system.

Annual energy production (AEP) . The net AEP is the maximum amount of

generated electricity in a year based on the machine rating, wind speed distribution

(Weibull distribution), and the power curve of the wind turbine:

AEPnet ≈ 8760×
cut−out∑
i=cut−in

P (Vi).f(Vi) (4.7)

where Vi represents the discretized wind speed with a bin interval of 4, 6, 8, ..., 24

m/s, 8760 is the number of hours per year, PV is the power curve of the wind turbine,

and f(Vi) is the wind speed distribution which is defined as:

f(Vi) = (
k

c
).(
Vi
c

)k−1e

[
−(Vi

c
)k

]
(4.8)

where k is the shape factor of 2 and c is the scale factor of 9.47 [105]. Note that

due to using the same wind turbine on each candidate platform, the AEPnet value is

uniform across all design candidates considered in this work.

Levelized cost of energy (LCOE) . By using all the aforementioned cost (see

Section 4.2.4) and wind energy factors, the LCOE is calculated by the following

equation:



116

LCOE =
FCR× ICC + AOE

AEPnet
(4.9)

where FCR is an annual value per $ of the ICC required to cover the return on debt

and equity, depreciation, income tax, property tax, and insurance. A constant value

is considered for the FCR in the design cost and scaling model.

Design constraints

In addition to the design variable bounds discussed in section 4.2.2, complex con-

straints are enforced that ensure the mooring and internal structural loads with the

candidate design are within allowable limits. Table 4.5 lists the design constraints

and the partial safety factors which are prescribed in this study.

Table 4.5: Wind turbine, support structure, and mooring line cost and design con-
straints.

Index Design constraint Value Partial safety factor
1 Support structure cost (M$) ≤ 12 N/A
2 Nacelle acceleration (m/s2) ≤ 1 N/A
3 Platform pitch angle (deg) ≤ 10 N/A
4 Platform mass (tons) ≥ 2500 N/A
5 Blade root fatigue damage rate (-) ≤ 1 1.38 [115]
6 Tower base fatigue damage rate (-) ≤ 1 1.38 [115]

7
Breaking strength of offshore
mooring steel wire rope (kN)

≤ 18, 000 1.15 [116]

8
Breaking strength of offshore
mooring chain- spar (kN)

≤ 8, 100 1.15 [116]

9
Breaking strength of offshore
mooring chain- semisub (kN)

≤ 5, 800 1.15 [116]

10 Total blade root stress (MPa) ≤ 325 1.62 [105]
11 Total tower base stress (MPa) ≤ 270 1.62 [105]

To avoid expensive support structures, an inequality cost constraint limit the sum

of platform cost, mooring cost, and anchor cost to less than $12 M [6]. To keep

the platform and wind turbine stable, the maximum standard deviation of nacelle

acceleration is limited to 1 m/s2 [14]. In order to avoid over-turning of the floating
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system, the platform pitch angle should be less than 10 degrees at all instants in an

aggregate of all environmental conditions [15]. A platform mass of less than 2500

tons is avoided to prevent insufficient buoyancy of the FOWT.

To avoid the failure of the blade elements, the maximum allowable fatigue damage

of 1 and the stress constraint (yield stress) of 325 MPa are applied to the blade root by

considering that the blade is made of composite materials with the Wholer exponent

of 10 [105]. In addition, a maximum allowable fatigue damage of 1 and the stress

constraint (yield stress) of 270 MPa are assumed for the tower base considering that

the tower is made of structural steel with the Wholer exponent of 3 [105]. Note that

the blade root and tower base fatigue damages and stresses are calculated based on

the ultimate loads (1.5 of the extreme load) and fatigue analysis explained in section

4.2.3.

To avoid mooring line failure, the breaking strengths of 18,000 kN, 8,100 kN, and

5,800 kN are defined for TLPs, spar buoys, and semisubmersible platforms respec-

tively (as prescribed by DNV GL standards [117, 118]).

Optimization algorithm

As a population-based random search algorithm, the Bat algorithm (BA) was intro-

duced by Yang [119]. BA has been successfully applied in many real-world optimiza-

tion problems because of its easy implementation in global optimum searches. The

Kriging-Surrogate model (K-SM) method has the performance of high robust and

global convergence [120]. Therefore, in this work the Kriging-Bat algorithm (K-BA)

is used, which combines the K-SM and BA to increase the efficiency of the BA to find

the global optimal solutions [22].

Note that the BA requires thousands of function evaluations to locate a global

optimum, which impedes its application in computationally expensive problems. The

basic idea of the K-BA is to approximate the original objective function using K-

SM. The K-BA algorithm starts with a Design of Experiments (DOE) using Latin
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Hypercube Sampling (LHS) techniques [121], which allows for sampling the objective

function within the considered domain, and then constructs a K-SM to approximate

the expensive function. Based on the latter, new points are chosen and added at

each iteration to the initial DOE samples, in order to improve the quality of the

approximation, as evaluated by K-SM metrics. In this work, the size of population

of the K-BA was chosen to be 20 candidates as the initial sample across the design

space with a maximum number of function evaluation of 600 before the algorithm

converges to the optimal design. In addition, a tolerance value of 1E-06 is applied as

a stoping criteria. More details about the K-BA algorithm and its comparison with

other search methods can be found in Saad et al [22].

Figure 4.4 shows the data and process flow of different computational tools in the

MDO framework that captures the dynamic responses of a FOWT in standard design

load cases and evaluates the design constraints and objective function. This integra-

tion is achieved using a MATLAB-based script to manage the design optimization.

Note that the computational cost of the steps (e.g. FAST, WAMIT, and Mlife run

times) per design candidate is very fast for frequency domain modeling and overall

runtimes to get the final optimal solutions.
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4.3 Results

This section presents the optimization results using the NREL offshore 5 MW hori-

zontal axis wind turbine and three stabilized classes of support structures. For all the

design cases, the TCC is $7.13 M, the LRC is $0.1 M, the OMC is $0.59 M, the LLC is

$0.03 M, and the FCR is 11.58%. The optimization algorithm spans across the design

space which is subdivided into 3 sub-domains in order to force the optimization to

reveal the best possible platform candidate in each class. This will allow the techno-

economic tradeoffs that exist between classes to be fully elucidated. Consequently,

the optimization results are presented in the TLP, spar buoy, and semisubmersible

design cases. In addition, the optimal design cases are compared with three baseline

FOWTs including the MIT/NREL TLP, the OC3-Hywind, and the OC4-DeepCwind

semisubmersible. Note that the optimization is repeated 10 times for each platform

case to find the optimum design using the baseline models as the initial population.

The range of environmental conditions as well as the results from each stage are

discussed separately in the following subsections.

4.3.1 Environmental conditions

In this study, a water depth of 200 m is used for the TLP and semisubmersible plat-

form designs, and a water depth of 300 m is considered for the spar buoy platforms to

maintain the consistency being considered between this MDO study and prior studies

of the three baseline platform designs. A range of steady wind speeds from 4 m/s

to 24 m/s with 2 m/s increments at the hub height with corresponding peak periods

Tp and significant wave heights Hs are presented in Table 4.6. The peak shape pa-

rameter of 3.3 is defined for the wave spectrum, JONSWAP. For the wind spectra,

Kaimal shape is used with an integral length scale of 28.35 and a standard deviation

of wind speed of 1.2 m/s [93]. The spectral discretization of the waves and winds

is at a resolution of 0.0497 rad/s over the range of 0.001 ≤ ω ≤ 12.65 rad/s. For
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the sake of evaluating the internal forces and system motions, an aggregate of all the

environmental conditions is used. Note that multi-seeds (6 random phases for each

condition) are used for the environmental conditions to get a set of statistically mean-

ingful results. The fatigue load analysis is also performed considering the operating

design load case (DLC) 1.2, which is recommended by IEC 61400-3 design standard.

To calculate the fatigue ratio, the ultimate load is assumed as 1.5 of the extreme load

generated from the time domain results. The net AEP is 23871E3 kWh (as discussed

in Section 4.2.5) for all the design cases in the MDO framework.

Table 4.6: Environmental conditions over the operational wind speed range for par-
tially developed waves for DLC 1.2 [60]

Objective Parameters Environmental Conditions
Mean Wind Speed (m/s) 4 6 8 10 12 14 16 18 20 22 24

Wave Height (m) 1.1 1.9 2.5 2.9 3.4 4 4.9 5.1 5.5 6.2 6.9
Peak Period (s) 2.9 3.2 3.9 4.3 5.1 5.9 6.4 7.2 8.7 9.1 9.7

4.3.2 TLP design class

To define the TLP support structure, a cylindrical element with six design variables

including cylinder draft HI , cylinder radius RI , top taper ratio TI , tendon arm length

LT , tendon arm diameter DT , and taut vertical mooring lines, −1 ≤ XM ≤ 0, are

used in the MDO of this platform.

Figure 4.5 illustrates the design space for the TLP in terms of LCOE and number

of design evaluations. The visualization of a group of platform candidates as well as

the optimal platform design is also shown in Fig. 4.5. The geometry, cost components,

and the LCOE of each labelled platform are summarized in Table 4.7.

As can be seen from Fig. 4.5 and Table 4.7, platform D is found to be the most

optimal design with the lowest support structure cost of $3.09 M and the minimum

LCOE of 11.26E-2 $/kWh. The design space also presents the highest support struc-

ture cost of $3.44 M for platform A with the maximum LCOE of 11.43E-2 $/kWh.
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A

B

C D

Figure 4.5: Design exploration of TLPs subject to the LCOE and number of design
evaluations. Four design candidates including the optimal platform (D) are presented
in the design space. The reason for the sharp declination in the design space between
200 to 300 evaluations is the cost sensitivity of the TLP designs as already discussed
in Section 2.6.5 of Chapter 2.

In addition to the design candidates shown in Figure 4.5, the design and cost compo-

nents of the MIT/NREL TLP are presented in Table 4.7. The cost model indicates

the support structure cost of $4.34 M for the MIT/NREL TLP with the LCOE of

11.88E-2 $/kWh, which is 5.21% higher than the calculated LCOE for platform D.

From the details of each TLP design (Table 4.7), it is apparent that there is a

consistent trend along the design components as the support structure and LCOE

decrease. This trend shows that although the draft and radius have been roughly the

same for all the platform candidates, the platform taper ratio, and tendon arm length

and diameter decrease among platforms A to D. The more slender floats are reducing
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Table 4.7: Platform characteristics, cost components, and calculated objective func-
tion (LCOE) for TLP designs and the MIT/NREL TLP baseline model.

Design and cost components Units
Tension-leg platforms

A B C D MIT/NREL TLP
Draft (HI) m 42.13 42.23 42.32 42.36 47.89
Radius (RI) m 8.85 9.34 9.43 9.52 9
Taper ratio (TI) N/A 1.19 0.55 0.46 0.44 1
Mooring line type (XM) N/A -0.08 -0.19 -0.09 -0.06 -0.36
Tendon arm length (LT ) m 4.1 9.5 4.5 3.35 18
Tendon arm diameter (DT ) m 3.92 3.2 3.02 2.95 2.65
Support structure cost 1000 $ 3449.3 3320.6 3109.4 3099.6 4344.5
Balance of station cost (BOS) 1000 $ 10132.3 9999.7 9782.2 9772.1 11054.4
Levelized cost of energy (LCOE) $/kWh 11.43E-2 11.37E-2 11.26E-2 11.26E-2 11.88E-2

the platform’s cost and sensitivity to wave excitation which affect the fairlead and

anchor tensions.

The wind turbine blade root and tower base bending stresses and fatigue damage

rates as well as the platform ultimate fairlead loads (FairTen) and ultimate anchor

loads (AnchTen) for the optimal TLP (platform D) and the MIT/NREL TLP are

listed in Table 4.8. The accumulative fatigue damage rate experienced at the of

tower base for platform D is higher than for the baseline platform. Table 4.8 displays

also higher bending stresses and ultimate fairlead/anchor loads for platform D.

Table 4.8: The accumulative fatigue damage rates and bending stresses of the wind
turbine blade root and tower base as well as the platform ultimate fairlead and anchor
loads for the optimal TLP (platform D) and the MIT/NREL TLP.

Design parameters Platform D MIT/NREL TLP
Blade root bending stress (MPa) 10.4 9.2
Tower base bending stress (MPa) 36.1 14.9
Blade root fatigue damage rate (-) 0.37 0.48
Tower base fatigue damage rate (-) 0.69 0.33
Fair1Ten (kN) 17,458 7,420
Anch1Ten (kN) 16,529 7,080
Fair2Ten (kN) 9,812 7,710
Anch2Ten (kN) 9,512 7,485
Fair3Ten (kN) 17,040 10,530
Anch3Ten (kN) 17,212 10,395
Fair4Ten (kN) 9,399 7,455
Anch4Ten (kN) 9,231 7,230
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4.3.3 Spar buoy design class

To define the spar buoy platform, a cylindrical element with four design variables in-

cluding cylinder draftHI , cylinder radius RI , top taper ratio TI , and angled taut/slack

catenary mooring lines, 0 < XM ≤ 3, are used in the MDO of this platform.

Figure 4.6 presents the design space for the spar buoy platform in terms of LCOE

and number of design evaluations. The visualization of a group of platform candidates

as well as the optimal platform design is shown in Fig. 4.7. The geometry, cost

components, and the LCOE of each labelled platform are summarized in Table 4.9.

A

B

C

D

Figure 4.6: Design exploration of spar buoy platforms subject to the LCOE and
number of design evaluations. Four design candidates including the optimal platform
(D) are presented in the design space
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For the spar buoy design configuration, the support structure costs are distributed

between $3.76 M to $6.55 M for platforms A to D. From Fig. 4.6 and Table 4.9, it can

be seen that platforms D and A represent the lowest and highest LCOE of 11.59E-2

$/kWh and 12.98E-2 $/kWh respectively. Moreover, the details of design and cost

components of the OC3-Hywind spar buoy platform are summarized in Table 4.9 as

a baseline model. The cost model shows the support structure cost of $4.49 M for

the OC3-Hywind platform with the LCOE of 11.95E-2 $/kWh, which is 3.1% higher

than the calculated LCOE for platform D.

Table 4.9: Platform characteristics, cost components, and calculated objective func-
tion (LCOE) for spar buoy platform designs and the OC3-Hywind baseline model.

Design and cost components Units
Spar buoy platforms

A B C D OC3-Hywind
Draft (HI) m 86.92 86.88 86.88 86.85 120
Radius (RI) m 9.12 8.88 8.46 8.38 6.5
Taper ratio (TI) N/A 1.55 0.96 0.25 0.2 0.69
Mooring line type (XM) N/A 2.08 2 1.99 1.97 2.88
Support structure cost 1000 $ 6551.8 5091.7 3859 3760.1 4496.8
Balance of station cost (BOS) 1000 $ 13327.9 11823.9 10554.2 10452.4 11211.2
Levelized cost of energy (LCOE) $/kWh 12.98E-2 12.25E-2 11.63E-2 11.59E-2 11.95E-2

By using the details of platforms from Table 4.9, the apparent trend for the

spar buoy design candidates is the predominant influence of two design parameters,

platform radius and taper ratio, as the support structure cost and the LCOE decrease.

As already explained, the more slender floats are reducing the platform’s cost and

sensitivity to wave excitation. consequently, the fairlead/anchor tension decreases.

The blade root and tower base bending stresses and fatigue damage rates as well as

the platform ultimate fairlead and anchor loads for the optimal spar buoy (platform

D) and the OC3-Hywind are listed in Table 4.10. As the table displays, only for

platform D is the tower base accumulated fatigue damage ratio higher than that for

baseline platform. Table 4.10 indicates also higher ultimate fairlead and anchor loads

for the baseline platform.
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Table 4.10: The accumulative fatigue damages and bending stresses of the wind
turbine blade root and tower base as well as the platform ultimate fairlead and anchor
loads for the optimal spar buoy (platform D) and the OC3-Hywind.

Design parameters Platform D MIT/NREL TLP
Blade root bending stress (MPa) 9.1 9.3
Tower base bending stress (MPa) 12 10.2
Blade root fatigue damage rate (-) 0.49 0.78
Tower base fatigue damage rate (-) 0.87 0.42
Fair1Ten (kN) 980 1,426
Anch1Ten (kN) 825 1,186.2
Fair2Ten (kN) 822 3,750
Anch2Ten (kN) 604 3,210
Fair3Ten (kN) 933 2,835
Anch3Ten (kN) 714 2,595

4.3.4 Semisubmersible design class

This section focuses on the MDO results for semisubmersible platforms. This multi-

body structure is defined with eleven design variables including inner cylinder draft

HI , inner cylinder radius RI , top taper ratio TI , radius of outer cylinders array RF ,

outer cylinders draft HO, outer cylinders radius RO, outer cylinders heave plate radius

RHP , cross-bracing horizontal length BH , cross-bracing diagonal length BD, diameter

of the cross-bracing DB, and angled taut/slack catenary mooring lines, 0 < XM ≤ 3.

The design space of semisubmersible platforms, which includes one inner cylinder

and three outer cylinders, is indicated in Fig. 4.7 along with the visualization of a

group platform candidates as well as the optimal platform design. The geometry, cost

components, and the LCOE of each labelled platform are summarized in Table 4.11.

The semisubmersible designs with four total floats in Fig. 7 are indicated by

representative platforms A to D. As can be seen from Table 4.11, platform D is the

optimal design with the lowest support structure cost of $4.13 M and the minimum

LCOE of 11.77E-2 $/kWh. The highest support structure cost of $4.84 M is calculated

for platform A with the maximum LCOE of 12.13E-2 $/kWh. To compare the results

of the optimal design case with a baseline model, the design and cost components of



127

A

B

C

D

Figure 4.7: Design exploration of semisubmersible platforms subject to the LCOE and
number of design evaluations. Four design candidates including the optimal platform
(D) are presented in the design space.

the OC4-DeepCwind semisubmersible platform are provided in Table 4.11. The cost

model calculates the support structure cost of $4.49 M for the OC4-DeepCwind with

the LCOE of 11.95E-2 $/kWh, which is 1.52% higher than the calculated LCOE for

the optimal design (platform D).

From the details of presented semisubmersible designs in Table 4.11, it is apparent

that there is a consistent trend along the design components of platforms A to D as

the LCOE decreases. This trend shows the inner cylinders radius and draft, taper

ratio, and the radius of outer cylinders becoming smaller, while the heave plates, and

draft of outer cylinders are not changed significantly. Moreover, the outer cylinders
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Table 4.11: Platform characteristics, cost components, and calculated objective func-
tion (LCOE) for semisubmersible platform designs and the OC4-DeepCwind baseline
model.

Design and cost components Units
Semisubmersible platforms

A B C D OC4-DeepCwind
Inner cylinder draft (HI) m 60.81 60.80 60.68 60.64 20
Inner cylinder radius (RI) m 10.56 10.43 9.96 9.82 3
Taper ratio (TI) N/A 0.51 0.22 0.2 0.2 1
Radius of array (RF ) m 28.95 28.89 28.94 28.92 30
Outer cylinders draft (HO) m 27.28 27.29 27.29 27.3 20
Outer cylinder radius (RO) m 1.61 1.51 1.51 1.51 6
Cross-bracing diameter (DB) m 1.22 1.28 1.28 1.28 2.34
Heave plate radius (RHP ) m 4.37 4.36 4.36 4.36 12
Mooring line type (XM) N/A 1.18 1.18 1.12 1.12 2.5
Support structure cost 1000 $ 4849.3 4438.01 4192.8 4130.4 4496.8
Balance of station cost (BOS) 1000 $ 11574.2 11151.5 10898.3 10834.7 11211.2
Levelized cost of energy (LCOE) $/kWh 12.13E-2 11.92E-2 11.88E-2 11.77E-2 11.95E-2

radius and mooring line design parameter decreases slightly from platform A to D.

Hence, the platform water plane area decreases (i.e. reducing sensitivity to incident

waves). Note that reducing the platform sensitivity to the incident waves decreases

the fairlead/anchor tensions and their costs.

Table 4.12: The accumulative fatigue damage rates and bending stresses of the wind
turbine blade root and tower base as well as the platform ultimate fairlead and anchor
loads for the optimal semisubmersible (platform D) and the OC4-DeepCwind.

Design parameters Platform D MIT/NREL TLP
Blade root bending stress (MPa) 9.7 9.6
Tower base bending stress (MPa) 26 26.1
Blade root fatigue damage rate (-) 0.63 0.63
Tower base fatigue damage rate (-) 0.66 0.28
Fair1Ten (kN) 2,433 2,160
Anch1Ten (kN) 2,115 1,590
Fair2Ten (kN) 1,884 3,735
Anch2Ten (kN) 1,614 2,340
Fair3Ten (kN) 612 2,190
Anch3Ten (kN) 108 1,965

The blade root and tower base bending stresses and fatigue damage rates as well

as the platform ultimate fairlead and anchor loads for the optimal semisubmersible

(platform D) and the OC4-DeepCwind are listed in Table 4.12. As this table shows,
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the accumulative damage rate of the tower base for the platform D is higher than the

baseline platform.

4.4 Conclusions and Future Work

In the past years, the design optimization of FOWTs was based on a sequential ap-

proach. In this approach, the structural, hydrodynamic, and aerodynamic designs of

the FOWT were performed separately. This was mainly because of the level of com-

plexity in modeling and simulating the coupled aero-hydro-servo interaction among

different components of FOWTs. The work presented herein was a step forward in

the design optimization of FOWT support structures that simultaneously designs the

three classes of floating platforms and mooring systems subject to constraints on the

wind turbine blade and tower stresses, platform cost and displacements, and mooring

line breaking strengths with the LCOE as the objective function.

In this research, to carry out an integrated MDO for FOWTs, a fully coupled

frequency domain dynamic model and a design parameterization scheme were in-

corporated to evaluate the internal forces, and system motions from the frequency

domain outputs under turbulent winds and irregular waves. To calculate the objec-

tive function, a set of cost scaling tools for a 5 MW NREL offshore wind turbine

and the dynamic model were used in the MDO framework. A K-BA optimization

algorithm was selected to represent the design exploration and the optimal designs.

To show the potential of this MDO framework, three baseline platforms including the

MIT/NREL TLP, the OC3-Hywind, and the OC4-DeepCwind were compared with

the results obtained from the design optimization.

The results for the TLPs showed the minimum LCOE of 11.26E-2 with the support

structure cost of $3.44 M. The cost model indicated the LCOE of 11.88E-2 $/kWh

for the MIT/NREL TLP that was 5.21% higher than the calculated LCOE for the

optimal TLP. The lowest LCOE for the spar buoy case study was 11.59E-2 $/kWh
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with the support structure cost of $3.76 M. The cost model shows the LCOE of

11.95E-2 $/kWh and the support structure cost of $4.49 M for the OC3-Hywind

platform which was 3.1% higher than the LCOE of the optimal spar buoy. The

LCOE of the optimal semisubmersible design was 11.77E-2 $/kWh with the support

structure cost of $4.13 M, while the calculated LCOE for the OC4-DeepCwind was

11.95E-2 $/kWh which was 1.52% higher than the optimal design.

There are a number of avenues for improving the MDO framework used in this

work, including improvements to the linearized dynamic model, cost model improve-

ments, structural flexibility extensions, and extending the parameterization scheme to

include turbine design variables. The future efforts are therefore directed at extending

this MDO framework to include a higher fidelity dynamic model using a wide range

of floating platforms and wind turbines by defining more flexible design variables.
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Chapter 5

Conclusions and Future Work

Design optimization of FOWTs is a challenge to the widespread deployment of offshore

wind technologies. The traditional approach to dealing with this challenge is the

comparison analyses of a limited number of designs using the available time domain

models, which often is computationally too expensive and can lead to a specific design

at the targeted environmental condition. A multidisciplinary design optimization

approach using a frequency domain dynamic model is the optimal solution to study a

wide range of FOWTs. Hence, this dissertation suggests (1) a platform and mooring

system parameterization scheme that spans three stability classes of FOWT support

structures, (2) a fully coupled frequency domain dynamic model to predict the floating

system motions and internal forces in the aggregate of turbulent wind and irregular

wave conditions, and (3) a systematic MDO framework for three classes of FOWT

support structures by interaction of different components of design problem to find

the minimum LCOE. A summary of the key conclusions and future work directions

are listed in the following sections.

5.1 Conclusions

The key conclusions of this dissertation are as follows:



132

1. The unique Pareto front exploration of FOWTs for three classes of

support structures using the frequency domain and cost models

In this study, to carry out a global optimization, a multi-objective GA was

selected to represent the entire design exploration and optimal points through

Pareto fronts. A combination of a cost model and dynamic model were used

to define the economic and engineering performance of the platforms. A lin-

earized hydrodynamic model computed loads on the platform, together with a

quasi-static mooring system model, and a linear representation of the NREL

5 MW wind turbine under specific environmental conditions. The goal of this

optimization was explore the cost implications of platform stability, expressed

through the nacelle acceleration objective function, across the three FOWT

platform stability classes.

The results for optimized TLPs, spar buoys, and semisubmersible platforms

lead to Pareto fronts with widely distributed optimal design points. The results

showed that TLPs and semisubmersibles with three outer cylinders are the best

options below a cost of $4.5 M. Above this cost, TLPs are the optimal plat-

forms but achieve only modest performance improvements with exponentially

increasing costs. Sensitivity analysis of the optimization revealed high sensitiv-

ity of the TLP designs to changes in the cost model. It is very important to

note though that this work was a preliminary exploration across the full design

space, focusing only on acceleration minimization versus cost, rather than a

direct minimization of cost of energy. Therefore, a full multidisciplinary design

optimization of FOWTs subject to LCOE was performed in Chapter 4.

2. The unique fully coupled frequency domain dynamic model for FOWTs

In this study, a model framework was created to define the frequency domain

responses of the system under turbulent winds and irregular waves using wind

and wave PSDs. To verify this approach, an NREL 5 MW offshore wind turbine
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with three classes of the baseline platforms including the OC3-Hywind, the

MIT/NREL TLP, and the OC4-DeepCwind semisubmersible were examined

using the output variables of 22 DOF and 6 DOF time domain models, as well

as 6 DOF frequency domain model. The goal of this verification study was to

compare the statistical results of the platform displacements, turbine and tower

loads, and mooring system loads, as well as lifetime fatigue loads for the 6 DOF

and 22 DOF time domain and the 6 DOF frequency domain models.

The comparison of the 6 DOF and 22 DOF time domain models showed consis-

tent results for the key parameters of the wind turbine and baseline platforms.

For the 6 DOF frequency domain and time domain models comparison, in terms

of platform displacements, the difference between the results of the frequency

domain and time domain models for the TLP is zero, the spar buoy platform

showed small variations of 6.2% to 11.7%, and the semisubmersible showed rel-

atively large variations of 5.3% to 13.2%. The comparison of the rotor thrust,

total blade root bending moment, and total tower base bending moment showed

a good agreement between the models for the TLP and the semisubmersible,

and relatively large variations of 10.9% to 13.5% for the spar buoy platform.

The best agreement between the fairlead and anchor tensions for both the fre-

quency domain and time domain models achieved for the semisubmersible and

spar buoy platform and large variations of 16.2% to 18.6% obtained for the

TLP. In terms of fatigue loads for the turbine blade root and tower base, the

comparison of the results for the semisubmersible indicated small variations of

8.6% and 4.4%, while the spar buoy platform and the TLP showed a relatively

larger variations from 4.8% to 10%. The comparison of the fairlead and an-

chor fatigue loads displayed the overprediction of these loads in the frequency

domain model of the semisubmersible and the underprediction of the fatigue

loads for the spar buoy and TLP. The deviation of the results between the 22

DOF time domain model and 6 DOF frequency domain model were lower than
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the cumulative variation of the modeling results between the 6 DOF time do-

main and 6 DOF frequency domain models due to apparently fortuitous pair of

error trends from the frequency resolution assumption at the low frequencies.

The verified coupled frequency domain model was used in the multidisciplinary

design optimization study which presented in Chapter 4.

3. The unique multidisciplinary design optimization of FOWTs support

structures for the minimum LCOE

In this study, a fully coupled frequency domain dynamic model (see Chapter

3) and a design parameterization scheme (see Chapter 2) were incorporated to

evaluate the internal forces, and system motions from the frequency domain

outputs under turbulent winds and irregular waves. To calculate the objec-

tive function (LCOE), a set of cost scaling tools for a 5 MW NREL offshore

wind turbine and the dynamic model were integrated to shape the multidisci-

plinary design optimization framework. A Kriging-Bat optimization algorithm

was selected to represent the design exploration and the optimal designs. To

show the potential of this framework, three baseline platforms including the

MIT/NREL TLP, the OC3-Hywind, and the OC4-DeepCwind were compared

with the results obtained from the design optimization.

The results for the TLPs showed the minimum LCOE of 11.26E-2 $/kWh with

the support structure cost of $3.44 M. The cost model indicated the LCOE

of 11.88E-2 $/kWh for the MIT/NREL TLP that was 5.21% higher than the

calculated LCOE for the optimal TLP. The lowest LCOE for the spar buoy

case study was 11.59E-2 $/kWh with the support structure cost of $3.76 M.

The cost model shows the LCOE of 11.95E-2 $/kWh and the support structure

cost of $4.49 M for the OC3-Hywind platform which was 3.1% higher than the

LCOE of the optimal spar buoy. The LCOE of the optimal semisubmersible

design was 11.77E-2 $/kWh with the support structure cost of $4.13 M, while
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the calculated LCOE for the OC4-DeepCwind was 11.95E-2 $/kWh which was

1.52% higher than the optimal design.

5.2 Future work

Although the current frequency domain dynamic model and MDO framework look

promising, the following studies and modifications could be done to improve the

current work.

• To improve the fully coupled frequency domain dynamic model of the floating

structure, structural flexibilty extensions, second order wave loads, and moor-

ing dynamics could be added to the linearization process and hydrodynamic

analysis, respectively.

• An active rotor pitch angle and variable rotational speed controllers can be used

outside the optimizer (to be able to opt as well in frequency domain) to improve

the performance of the offshore wind turbine and consequently to reduce the

structural loads and to increase the floating platform restoring moment.

• It would also be possible to expand the design space, by defining more design

variables to create other support structures and wind turbines. For the wind

turbine, it would be possible to add rotor, tower, and controller design variables

as a complete set of parametric scheme in the design optimization.

• More accurate and updated cost models can be applied to calculate the LCOE

not only for a single FOWT but also for an offshore wind farm.

• The accuracy of developed dynamic model in this dissertation is verified for

several test cases, consequently it can be an appropriate model for floating

moored structures such as wave energy convertors.
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