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ABSTRACT 

 

STRUCTURAL CONTROL OF OFFSHORE WIND TURBINES USING PASSIVE 

AND SEMI-ACTIVE CONTROL 

 

 

SEPTEMBER 2019 

 

SEMYUNG PARK 

B.E.M.E., YEUNGNAM UNIVERSITY 

M.S.M.E., YEUNGNAM UNIVERSITY 

Ph.D., UNIVERSITY OF MASSACHUSETTS, AMHERST 

 

Directed by: Professor Matthew Lackner 

 

Offshore wind energy has the potential to generate substantial electricity production 

compared to onshore locations, due to the high-quality wind resource. Offshore wind 

turbines must endure severe offshore environmental conditions and be cost effective, in 

order to be sustainable. As a result, load mitigation becomes crucial in successfully 

enabling deployment of offshore wind turbines. A direct approach to reduce loads in 

offshore wind turbines is the application of structural control techniques. So far, the 

application of structural control techniques to offshore wind turbines has shown to be 

effective in reducing fatigue and extreme loads of turbine structures. However, the 

majority of previous research regarding the application of structural control to offshore 

wind turbine noted the needs for the high-fidelity analysis for structural control using a 

computer aided engineering (CAE) tool, such as FASTv8. In this dissertation, a structural 

control module coupled with FASTv8 is developed to meet the needs for high-fidelity 

analysis of structural control techniques for various OWTs. In addition, the developed 

control module is updated to analyze various structural control devices operating both 
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passively and semi-actively. The dynamics of an omni-directional pendulum-type tuned 

mass damper and orthogonal tuned liquid column dampers (TLCDs) are mathematically 

modeled and incorporated into the structural control module. With the developed control 

module, several structural control devices are optimized through a variety of techniques 

(parametric study, exhaustive search and multi-objective optimization). Solving 

optimization problems not only provides the parameters for each control device that can 

be applicable to other multi-megawatts offshore wind turbines, but also provides insight 

into the effects of design variables on the control performance. Site-specific 

meteorological and oceanographic data that consists of a combination of wind and wave 

data are processed and compiled in order to establish key design load cases. With the 

optimal designs of structural control devices, non-linear fully-coupled time marching 

simulations are conducted by running a series of design load cases in order to investigate 

the impacts of passive and semi-active structural control on improving fatigue and 

extreme behaviors of fixed-bottom and floating offshore wind turbines. The simulation 

results demonstrate the effectiveness of various structural control techniques on reducing 

fatigue and extreme loadings.  
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INTRODUCTION 

Offshore wind turbine (OWT) systems have the potential for substantial 

electricity production due to the high quality wind resource, compared to onshore 

locations [1-3]. While OWTs can be deployed in locations with high quality wind 

resources, the operational environment of OWTs is harsher than onshore turbines 

because of the combined effects of aerodynamic loading from the wind as well as the 

hydrodynamic loading from sea waves and currents. These high speed winds and severe 

waves cause fatigue and extreme loads on the structure, which may lead to failures of 

OWTs and necessitate large, heavy structures to withstand the loads. In order for OWTs 

to be viable, they must be able to withstand the harsh offshore environment while still 

being cost effective. Thus, load mitigation is extremely important in order to enable 

successful deployment of fixed-bottom and floating OWTs. 

In this context, a wide range of load mitigation approaches have been 

investigated. One class of methods utilizes the pitch of the blades as a control actuator, 

such as blade pitch control with feedback [4-9], or feedforward control (preview control) 

using LIDAR (light detection and ranging) [10-13]. Collective Pitch Control (CPC) can 

adjust the pitch of all rotor blades to the same angle simultaneously, so it allows the 

control of the turbine speed and thrust in order to limit power in above rated wind speeds. 

This approach has been successful in OWTs by using gain-scheduled proportional-

integral-derivative (PID) control based on the speed differences between the rated 

(constant) and the filtered generator speed [4]. CPC can be used to damp out tower 

vibrations through feedback control of the tower fore-aft acceleration [6].  However, 
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CPC is incapable of coping with the unsteady and asymmetric aerodynamic loads caused 

by inhomogeneous wind fields such as wind shear, turbulence, and yaw misalignment, 

etc. [7].  

Another approach for load mitigation is Individual Pitch Control (IPC), in which 

the pitch of each blade is adjusted individually, in order to reduce the fatigue loads on the 

rotor blades, hub, and other components. The control algorithms of IPC may use the 

multi-blade coordinate transformation [8, 10], or optimal state feedback control, using 

Linear Quadratic Regulator (LQR) and Linear Quadratic Gaussian (LQG) methods [9-

11]. Also, further load reductions to the IPC strategy can be achieved by adding a 

feedforward term in parallel with feedback control [12]. In addition, IPC can compensate 

for asymmetric aerodynamic loads by regulating the pitch angle of each blade 

independently with preview pitch control based on feedforward control using LIDAR 

[13-15].  

“Smart rotors,” in which aerodynamic load control devices are distributed along 

the blade span, are a novel approach for blade load mitigation. These devices could be 

controllable trailing edge flaps, micro-tabs, synthetic jets, plasma actuators, etc. In all 

cases, the devices are capable of modifying the local sectional lift coefficient on the 

blade. In smart rotor approaches, the blade loads are sensed through accelerometers or 

strain gauges, and the actuators are commanded using a control algorithm to adjust the 

lift and reduce the variation in the local lift. While simulation results have indicated 

significant promise for smart rotors, they have not been implemented commercially to 

date [16]. 
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The common rationale behind the aforementioned strategies above is to control 

the aerodynamic characteristics of the rotor in order to add aerodynamic damping to the 

turbine blades, tower, and platform. Although the approaches have been shown to be 

very effective in improving the dynamic response of structures, they suffer from potential 

drawbacks that prompt further examination into additional load mitigation approaches 

[17, 18]. Methods that rely on modifying the aerodynamic characteristics of the rotor will 

increase the usage of the blade pitch actuator, and are incapable of operating during 

shutdowns. The methods also primarily impact the blade loads; however, tower 

vibrations caused by wave loading have been shown to cause failures in many non-

structural components, such as transformers, yaw drives, etc, and they can also lead to 

lower reliabilities and significant unscheduled maintenance of OWTs. In addition, the 

strategies add little aerodynamic damping to the lightly damped tower side-to-side 

motion. Thus, additional control approaches to reduce loads on OWT structures may be 

appealing. 

A more direct approach for load control is to apply structural control techniques 

to OWTs. Structural control has been investigated for over two decades in civil 

engineering, and has shown to be effective in protecting and improving dynamic 

responses of structures such as skyscrapers and bridges from dynamic loadings caused by 

earthquakes, wind, and waves [19-21]. Structural control techniques have been 

investigated for its application in OWTs in recent years in order to cope with harsher 

conditions in the offshore environments [22-28]. Unlike the strategies mentioned above 

that increase aerodynamic damping of structures, structural control is a more direct way 

to add additional damping to structures. In general, the structural damping ratio of a 
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typical multi-megawatt turbine tower ranges from 0.5 to 2%, which is much lower than 

the aerodynamic damping from the rotor (~ 5%). Such numbers demonstrate the potential 

of using structural control techniques that have the capability of adding the additional 

damping for structures of wind turbines. 

The main objective of this dissertation is to apply various structural control 

techniques to OWTs and to evaluate the potential and the control performance through a 

rigorous loads analysis using aero-hydro-servo-elastic code FASTv8 [29]. The 

dissertation develops structural control simulation software coupled with FASTv8, and 

optimizes both passive and semi-active structural control devices using tuned mass 

damper (TMDs), pendulum mass dampers (PMDs) and tuned liquid column dampers 

(TLCDs). The control effects of such devices on reducing fatigue and extreme loads are 

investigated by running a series of design load cases (DLCs) in accordance with IEC 

61400-3 [30]. The primary contributions of this thesis are: 

1. This research is the first to develop structural control simulation software 

coupled with FASTv8. It is able to simulate the dynamic behavior of several 

structural control devices such as tuned mass dampers (TMDs), pendulum mass 

dampers (PMDs) and tuned liquid column dampers (TLCDs). As the dynamic 

response of structural control devices are coupled with the turbine dynamics 

through the mesh-mapping utility of FASTv8, it allows for non-linear fully-

coupled aero-hydro-servo-elastic simulations while analyzing the impact of 

structural control devices. 

2. This research is the first to establish the optimal design formulas for important 

design variables of structural control devices. The proposed optimal design 
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formulas can overcome a limitation inherent in utilizing a limited degree of 

freedom model of a main structure and a control system. In addition, they 

provide an effective approach for designing structural control devices applied to 

offshore wind turbines. 

3. This research is the first to perform a multi-objective optimization using NSGA-

II for orthogonal nacelle-TLCDs. The most influential factors are identified that 

strongly affect the two objectives that are in conflict. In addition, we derive a 

Pareto optimal front that provides insights for a decision maker considering the 

trade-off between the two objective functions. 

4. This research is the first to comprehensively analyze the impacts of optimized 

structural control devices, operating either passively or semi-actively, on 

reducing fatigue and extreme loads for fixed-bottom and floating offshore wind 

turbines by utilizing the high-fidelity wind turbine design code, FASTv8 with 

the developed structural control module. For more rigorous load analysis, the 

key design load cases recommended by the IEC standard were further modified 

based on the results of the site-specific metocean data processing. 

The structure of the dissertation is organized as follows. Chapter 1 provides a 

general overview of OWTs and a review of the literature on the subject of structural 

control techniques for OWTs. A review of previous studies on structural control for 

OWTs shows the potential of structural control and presents problems to be addressed in 

this dissertation. In Chapter 2, OWT models and simulation tools used in this dissertation 

are reviewed. Chapter 3 describes modeling of various structural control devices. The 

dynamics of each control device are modeled and coded in accordance with the 
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FASTv8’s framework. In Chapter 4, site-specific meteorological oceanographic 

(metocean) data is processed to create design load cases (DLCs) for load analysis. 

Chapter 5 presents structural control strategies and solves the optimization problems of 

passive structural control devices. In addition, various semi-active control strategies are 

investigated and magnetorheological (MR) dampers are modeled to realize semi-active 

control algorithms. With the optimal parameters and control strategies determined in 

Chapter 5, Chapter 6 investigates the impact of the optimized structural control devices 

on reducing the fatigue and extreme loads for OWTs by running a series of DLCs which 

are derived in Chapter 4. Finally, Chapter 7 summarizes the work and provides 

concluding remarks and future work. 
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CHAPTER 1 

LITERATURE REVIEW 

This chapter introduces the background of offshore wind technologies and 

identifies the intrinsic issues of OWTs. Also, the chapter reviews previous research on 

the application of structural control to OWTs, in order to overcome such issues. Finally, 

this chapter identifies research topics taking into account the technical limits and 

problems of previous work to date.  

1.1 Offshore Wind Technology 

Recent offshore wind turbine types can be classified into two categories: fixed-

bottom OWTs, which are a relatively mature commercial technology, and floating OWTs. 

Fixed-bottom OWTs are only commercially viable in shallow water depth that are 

typically less than 60 m but are no longer feasible in deeper water sites [1]. Deep water 

sites tend to be farther from shore, with fewer visual impacts and qualitative wind 

resources. For deployment of OWTs in deeper water sites, floating substructures have 

been considered as an economically feasible way, and a number of projects have begun 

to commercialize floating technologies in recent years [31]. 

There are different types of fixed bottom substructures depending on the ocean 

floor conditions and water depth. A monopile and a gravity base substructure are suitable 

to be deployed in shallow water depths (less than 30 m). In transition water depths 

between 30 and 60 m, a tripod and a jacket substructure are usually utilized. Among 

those support structures, the monopile has a relatively simple fabrication process and are 
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more quickly installed offshore, which generally enables a cost-effective solution in 

comparison to complicated fixed-bottom structures such as a jacket or a tri-pod. Thus, 

the monopile support structure will be mainly utilized in this dissertation as the 

representative fixed bottom OWTs. The current trend in offshore wind development is 

toward larger turbines installed in deeper water. This results in a lower natural frequency 

of the system that is closer to the wave excitation frequencies, which may shorten the 

reliability of the system [32]. While the fore-aft motion has substantial aerodynamic 

damping during power production from the rotor, the side-to-side motion is poorly 

damped especially when the wind and waves are misaligned. Therefore, reducing the 

side-to-side motion is expected to play a critical role in designing a monopile-OWT. 

While floating substructures are reasonable in comparison with fixed-bottom 

OWTs in deeper waters, they tend to retain more complicated dynamics and have to 

safely endure harsher environmental conditions caused by the combined effects of 

aerodynamic and hydrodynamic loadings [33]. There are currently different types of 

floating substructures for OWTs that have been developed for use in deeper water sites. 

These include a spar buoy, a semi-submersible, and a tension leg platform (TLP), as 

shown in Figure 1.1. These types of floating substructures have distinct characteristics. 

The spar buoy uses a large ballast mass to achieve static stability, and it is tethered by 

catenary mooring lines. The spar buoy is easily influenced by yaw motion [34]. The 

semi-submersible consists of a main column and some number of offset cylindrical 

columns. The main column is attached to the tower structure, and pontoons and cross 

members are used to connect the offset columns to the main column. These substructures 

float like ships, but remain in place through mooring lines and anchors, which are 
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attached to the sea floor [35, 36, 37]. A TLP is a vertically moored floating structure, 

which can achieve stability through the use of taut mooring lines on each leg to provide a 

restoring force. It may also contain a central spar that contains a buoyancy system and 

ballast weight to help offset any motion of the turbine. The TLP tends to be much stiffer 

than other floating substructures, with smaller amplitude motions [38]. The combined 

loadings induce a pitch and a roll motion of the platform, which significantly affect 

dynamic responses of a turbine tower due to strong moments of inertia exerted by the 

pitch and roll mode [39].  In addition, the TLP is very sensitive to severe wave 

conditions, which can cause a significant structural response and may lead to failure of 

the system [40]. Among various floating substructures, TLP substructures will be used in 

this dissertation as the representative floating OWTs. Based on the observations, 

advanced control systems using structural control techniques are required for OWTs to 

be more reliable. Previous researches surrounding the application of structural control 

techniques to OWTs will be reviewed in the next section. 

 

Figure 1.1: Types of floating substructures for offshore wind turbine [37] 
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1.2 Structural Control in Offshore Wind Turbines 

Structural control approaches in the field of civil engineering have been applied 

to improve dynamic responses of wind turbine structures [22-28]. Mainly, there are three 

control ways for structural control devices that operate passively, actively and semi-

actively. The mechanical parameters of the passive structural control system, such as the 

spring stiffness and the damping coefficient, are constant during operation. The passive 

system generally operates in a manner that absorbs a vibrational energy of a critical mode 

of a main structure by tuning it to a critical mode of a main structure. This approach is 

commonly used due to its simple mechanism, robustness, and no need for external power 

consumption [41, 42]. However, the effective frequency band of a passive control system 

is relatively narrow. In addition, the constant mechanical parameters of a passive system 

may result in performance deterioration due to the inability of addressing detuning issues. 

A structural control device controlled actively is more sophisticated approach and it 

makes use of a variety of actuators to generate the control forces on a main structure [25, 

26, 27]. The active control system potentially has superior control performance compared 

to a passive system, but it requires high power consumption to produce control forces. It 

is also vulnerable to possible power failures, which may occur under abnormal events, 

such as loss of electricity and failure of power supplies. Semi-active control system, 

which has the capability of adjusting the mechanical properties of the control system in 

real-time with a low power consumption, is an attractive compromise to cope with the 

drawbacks of the passive and active control systems [43, 44]. 

 



11 

1.2.1 Structural Control for Tower Response Control 

A variety of passive structural control techniques are being applied to wind 

turbine systems, especially offshore, in order to improve dynamic responses of an 

OWT’s tower. In recent years, a considerable amount of studies on the application of 

passive TMDs, TLCDs and pendulum-type mass dampers, and more on OWTs have 

been conducted [22-28]. Earlier studies focused on fixed bottom OWTs. The control 

effect of a passive TLCD to improve the dynamic response of a fixed-bottom OWT has 

been investigated by Colwell et al. [28]. Chen et al. [45] conducted a physical experiment 

for a TLCD attached to a nacelle of a fixed-bottom OWT. A 1/13-scaled model for a 

wind turbine system equipped with a TLCD is tested via shaking table tests, which can 

produce equivalent accelerations of wind/wave excitations. They proved experimental 

results through a numerical analysis using a simplified single degree of freedom model of 

the OWT. Moreover, Sun et al. [46] proposed analytical formulations of a bi-directional 

pendulum type TMD and have shown the effectiveness on reducing the fore-aft and side-

to-side motion of a fixed-bottom OWT tower. Li et al. [47] verified the effect of a ball 

vibration absorber installed inside the nacelle through experimental study. Guimarães et 

al. [48] investigated an inverted pendulum-type TMDs for reducing the vibration of the 

fixed-bottom OWT tower. For floating OWTs, Si et al. [49] modeled a passive TMD 

installed in the spar by considering the platform’s three critical modes such as surge, 

heave, and pitch. Also, they optimized the passive TMDs and investigated the impact of 

the control system thorough high-fidelity non-linear simulations. Coudurier et al. [50] 

investigated the impact of a passive and semi-active TLCD on reducing a pitch motion of 

OWT by incorporating the equations of motion for the TLCD into the floating 
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substructure’s dynamics which includes a pitch, surge and heave motions. As they 

considered only three motions of the substructure instead of a full-system of OWT that 

includes the interaction of coupled dynamics between a turbine tower and a rotor system, 

they noted the needs for the high-fidelity analysis using FAST or other equivalent wind 

engineering CAE tools. Later, O’Donnell et al. [51] carried out experiments for a scaled 

floating OWT equipped with multi tuned liquid dampers (MTLCDs) and showed the 

potential of MTLCDs reducing motions of the floating OWTs. Whilst optimal passive 

control systems are shown to be very effective on reducing the tower vibrations, they are 

incapable of coping with off-tuning issues. Since the offshore wind turbines with 

complicated system dynamics excited by a number of combined loadings are vulnerable 

to changes in the dynamic natures and the dominant frequency, more advanced control 

approaches need to be investigated in order to resolve the intrinsic weakness of the 

passive control system. In addition, the majority of previous research regarding the 

application of structural control systems to OWTs has been limited to utilizing reduced 

order models by considering some of critical modes of the turbine and the control system, 

rather than using high-fidelity wind turbine design code. So, it might not take all of the 

complicated non-linear dynamics of OWTs. This is likely to result in a further loss in the 

case of a floating substructure that requires more complex dynamics. So, there’s a need 

for a high-fidelity computer aided engineering (CAE) tool for structural control. 

In order to complement such issues regarding the detuning issues of the passive 

control system and the usage of the simplified models, Lackner et al. [22] developed a 

new structural control tool in 2011, named FAST-SC. The tool is coupled with FASTv7 

and it enabled non-linear fully-coupled aero-hydro-servo-elastic simulations while 
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analyzing the impact of a passive and an active TMD for floating OWTs. They not only 

thoroughly examined an optimal passive TMD for floating OWTs but also proposed a 

hybrid mass damper (HMD) by utilizing the developed tool. In the research of Lackner et 

al [27], the HMD system is able to reduce the tower fatigue loads by up to about 20 ~ 30 % 

compared to the baseline system by consuming 2 ~ 8 % (100 ~ 400 kW) of the rated 

turbine power (5 MW) to operate the actuator. It is shown that the HMD system is very 

effective in reducing loads on the tower with a large damper stroke. This larger damper 

stroke and high power consumption of the active control system for floating OWTs may 

not be suitable for practical use. Later on, Stewart and Lackner [25] enhanced the 

previous work by introducing a pure active mass damper (AMD) which can resolve the 

weakness of the HMD system such as the large stroke. 

Semi-active control approaches have been widely studied in the field of civil 

engineering by a number of researchers. However, the application of semi-active control 

to wind turbines is a relatively new field. Limited studies on semi-active controls have 

been carried out in the field of wind energy. In 2002, Kirkegaard et al. [52] investigated 

the semi-active control device using a magnetorheological (MR) damper through 

experimental and numerical methods. The authors have shown the effects of the MR 

damper on improving the lateral motion of the turbine. Later on, Karimi et al. [53] 

proposed a feed-back control technique to change the damping characteristics of the 

TLCD in real-time by adjusting the valve of the TLCD. Furthermore, Dinh et al. [54] 

introduced a short time fourier transform (STFT) algorithm for a semi-active TMD. The 

algorithm commands to change the stiffness of the TMD by tracking the real-time 

frequencies through STFT algorithm. The authors proved that the semi-active control can 
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cope with the changes in the dynamic nature of the turbine structures, which makes the 

TMD free from detuning issues.  

1.2.2 Structural Control for Blade Response Control 

In the current trend toward using larger rotors to capture more wind energy for 

modern multi-megawatt wind turbines, the diameter of turbine blades increases and they 

become more flexible compared to the shorter blades, making them relatively vulnerable 

to external loads. For this reason, it is also highly desirable to apply structural control 

concepts to the blades themselves, rather than confining them to towers. However, most 

of the studies regarding structural control in the field of wind energy focused on reducing 

loads on wind turbine towers. Limited number of studies on structural control for blade 

vibrations has been conducted. Arrigan et al. [44] proposed a semi-active TMD to reduce 

the flapwise vibrations of turbine blades. The tuning frequency of the semi-active TMD 

can be adjusted in real-time by tracking the dominant frequencies of the system through 

the STFT. Later on, Zhang et al. [55, 56] proposed roller dampers and tuned liquid 

dampers to mitigate the edgewise vibrations in rotating blades. They are shown to be 

effective in decreasing the edgewise vibrations where the aerodynamic damping effect is 

relatively low, leading to more severe vibrations and increased fatigue loads. 

1.3 Identified Research Topics 

As discussed in the previous section, there has been extensive research on the 

application of the advanced structural control systems to OWT, and the effectiveness of 

structural control for reducing dynamic responses of OWTs have been validated as well. 
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Nonetheless, the majority of previous research, excluding the ones based on the cutting 

edge high-fidelity wind engineering code, has not considered the comprehensive 

dynamics of OWTs with complex system modes. Instead, most of them employ only a 

few critical dynamic modes of the entire system of OWTs while analyzing and 

optimizing the structural control devices. Such methods may raise several questions 

about the validity and reliability of the analysis, as the system may not capture the 

specificities of the coupled nonlinear dynamics of wind turbines. 

As mentioned in the previous section, the work done by Lackner et al. [22] has 

offered a new way of analyzing structural control techniques for OWTs, that 

complements the limitations of previous researches. The developed tool (FAST-SC) is 

coupled to the existing high-fidelity wind engineering tool, FASTv7, so it can provide 

more reliable and accurate simulation results for structural control. However, TMDs are 

only applicable with the tool among other structural control devices, and the tool has no 

function to implement semi-active control approaches as well. In order to employ other 

structural control devices, further development on the tool is crucial and necessary. As a 

result, this dissertation aims to develop and upgrade the structural control tool to 

incorporate various kinds of control devices operating both passively and semi-actively 

as well. Motivated by these observations, the major tasks of this dissertation follows: 

• The dissertation develops structural control modules coupled with FASTv8 in order 

to meet the needs for the high-fidelity analysis of structural control techniques for 

OWTS. Now, the module is capable of simulating the dynamic behaviors of 

translational TMDs, pendulum-type TMDs, and TLCDs. In addition, the TMD can be 

controlled in a passive and semi-active way. The module enables the analysis of a 
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wide range of structural control devices and implementations. The module can be 

applied to fixed-bottom and floating OWTs. 

• The dissertation optimizes design variables of structural control devices applied to 

each respective OWT models in an attempt to improve fatigue and extreme behaviors. 

Parametric studies and a multi-objective optimization strategy are performed to 

optimize the control systems. Through this, we also identify the effects of each 

design variables and their influences on control performance, as well as present the 

optimal design formulas which can be applicable to multi-megawatts OWTs.  

• The dissertation proposes various semi-active control strategies and models a MR 

damper in FASTv8 to physically implement passive and semi-active TMDs. High-

fidelity modeling is required to properly capture non-linear dynamic characteristic of 

the MR damper. Also, the parameters of the MR damper are identified with 4
th

 order 

polynomials as a function of input current. In addition, we present the frequency 

response characteristics of three different semi-active ground hook controls. 

• Site-specific meteorological oceanographic data at Southeast of Nantucket and Wave 

Hub site are post-processed to create design load cases for fatigue and extreme load 

analysis. We calculate key statistics of variables for wind and waves that specifies the 

site-specific external conditions by processing raw data measured over the years.  

• The dissertation conducts fully-coupled time domain simulations using FASTv8 with 

the developed structural control modules, in order to investigate the impact of a 

number of structural control techniques on reducing fatigue and extreme loads of 

particular. Through a rigorous load analysis and investigation, we demonstrate the 

potential of application of structural control to OWTs and their technical values. 
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CHAPTER 2 

OWT MODELS AND SIMULATION TOOLS 

This chapter reviews various computer aided engineering (CAE) tools for wind 

energy developed at the National Renewable Energy Laboratory (NREL). The tools are 

utilized for the analysis of structural control techniques for various OWT models. In 

addition, this chapter describes the various OWT and support structure models used in 

this study in order to investigate the impact of structural control approaches. 

2.1 Offshore Wind Turbine Models 

The wind turbine models used in this study are multi-megawatts turbines with 

rotor diameters of over 120 meters. One of representative multi-megawatts turbines used 

in this dissertation is the NREL 5-MW wind turbine model, which has been widely used 

as a simulation model. In addition to the NREL 5-MW turbine model, the GE Haliade 6-

MW wind turbine [57] with a rotor diameter of 150 m is utilized as a baseline OWT 

model. These turbines are mounted on two types of substructures: fixed-bottom 

substructures or floating substructures. The monopile support structure is utilized as the 

fixed-bottom substructure, and the TLP is utilized for floating systems. The monopile 

substructure developed in the Offshore Code Comparison Collaboration (OC3) [58] 

project, and the MIT/NREL TLP [59] are adopted to support the NREL 5-MW wind 

turbine. Separate monopile substructure and TLP to support the GE Haliade 6-MW 

turbine are also used. The TLP model for the GE Haliade 6-MW turbine is Glosten’s 

PelaStar TLP [57]. It is designed for the Wave Hub test site off the coast of Cornwall, 

UK, in a FEED study sponsored by the Energy Technology Institute (ETI) of 
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Loughborough, UK. It is also designed in accordance with DNV specifications [60]. 

These fixed bottom and floating OWTs (NREL 5-MW and GE Haliade 6-MW) are 

mainly used to examine the effects on the tower response using a tower-TMD and 

nacelle-TLCDs in this dissertation. In order to investigate the impact of a blade-TMD, 

the DTU 10-MW reference turbine model [61] with a rotor diameter of 178.4 m and the 

NREL 5-MW baseline turbine model are utilized as test models and they are assumed as 

onshore turbines. The properties and structural parameters of the turbine models and 

support structures are summarized in Table 2.1 to 2.5. For the NREL/OC3 monopile 

support structures, the portion of the monopile embedded into the soil has a constant 

diameter of 6 m and extends to 32 m. Likewise, the subsoil part of the GE monopile is 

simply an extension (~ 32 m with diameter of 8 m) of the monopile above the mudline. 

The apparent fixity (AF) length model is applied to each monopile substructure [53]. 

Rated Power 5 MW 

Rotor orientation, number of blades Upwind, 3 blades 

Cut-in, rated, cut-out wind speed 3 m/s, 11.4 m/s, 25m/s 

Cut-in, rated rotor speed 6.9 rpm, 12.1 rpm 

Rotor Diameter 126 m 

Hub Height 90 m 

Nacelle dimension (length, width, height) 14.2 m, 2.3 m, 3.5 m 

Tower mass 347,460 kg 

Rotor nacelle assembly mass 350,000 kg 

RNA control Variable speed, Collective pitch control 

Table 2.1: Properties of the NREL 5-MW turbine 

Rated Power 6 MW 

Rotor orientation, number of blades Upwind, 3 blades 

Cut-in, rated, cut-out wind speed 3 m/s, 10.4 m/s, 25m/s 

Cut-in, rated rotor speed 4 rpm, 11.5 rpm 

Rotor Diameter 150 m 

Hub Height 100 m 

Generator Type Direct drive 

RNA control Variable speed, Independent pitch control 

Table 2.2: Properties of the GE Haliade 6-MW turbine 
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Rated Power 10 MW 

Rotor orientation, number of blades Upwind, 3 blades 

Cut-in, rated, cut-out wind speed 4 m/s, 11.4 m/s, 25m/s 

Cut-in, rated rotor speed 6 rpm, 9.6 rpm 

Rotor Diameter 178.3 m 

Hub Height 119 m 

Nacelle dimension (length, width, height) 14.2 m, 2.3 m, 3.5 m 

Tower mass 628,442 kg 

Rotor mass 227,962 kg 

Nacelle mass 446,036 kg 

RNA control Variable speed, Collective pitch control 

Table 2.3: Properties of the DTU 10-MW turbine 

N
R

E
L

/O
C

3
 M

o
n

o
p

il
e 

Length of monopile 30 m (Above mudline) 

Total mass 587,098 kg 

Diameter at monopile base (mudline) 6 m 

Thickness at monopile base (mudline) 0.027 m 

Diameter at monopile top 3.87 m 

Thickness at monopile top 0.019 m 

Tower base height 10 m above the MSL 

Young’s modulus 210 × 10
9
 Pa 

Shear modulus 80.8 × 10
9
 Pa 

Effective mass density 8,500 kg/m
3

 

   

G
E

/M
o
n

o
p

il
e 

Length of monopile 53 m (Above mudline) 

Total mass 834,746 kg 

Diameter at monopile base (mudline) 8 m 

Thickness at monopile base (mudline) 0.085 m 

Diameter at monopile top 6 m 

Thickness at monopile top 0.065 m 

Tower base height 15.64 m above the MSL 

Young’s modulus 210 × 10
9
 Pa 

Shear modulus 80.8 × 10
9
 Pa 

Effective mass density 8,500 kg/m
3
 

Table 2.4: Properties of the monopole substructures 
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N
R

E
L

/T
L

P
 

Number of mooring lines 8 (4 pairs) 

Draft 47.89 m 

Displaced volume 12,179 m
3
 

Mass including ballast 8,600,410 kg 

CM location below SWL 40.61 m 

Mooring line diameter 0.127 m 

Mooring line stiffness 1.5e
9
 N 

Unstretched line length 151.7 m 

G
lo

st
en

 P
el

a
st

a
r 

T
L

P
 Number of mooring lines 5 

Draft 25.6 m 

Displaced volume 4,706 m
3
 

Platform mass 1,276,433 kg 

CM location below SWL 14.38  m 

Mooring line diameter 0.159 m 

Mooring line stiffness 1.58e
9
 N 

Unstretched line length 81.8 m 

Table 2.5: Properties of the TLP substructures 

2.2 Simulation Tools 

This dissertation utilizes various computer-aided engineering (CAE) tools 

developed at the National Renewable Energy Laboratory (NREL). BModes and Turbsim 

are used as preprocessors and FASTv8 with the developed structural control module is 

used as the main simulator. MLife is used to process wind turbine simulation data 

calculated by FASTv8. The tools have been validated against experiments, and provide a 

high degree of confidence. The descriptions of the tools used in this dissertation are 

outlined in the following section. 

2.2.1 FASTv8 

The main simulator used in this dissertation is the FAST (Fatigue, Aerodynamics, 

Structures, and Turbulence) code, which is a fully-coupled aero-hydro-servo-elastic code 
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for wind turbines. The current version of FAST (FASTv8) modularizes each different 

physical domain, with simulation modules such as AeroDyn, ElastoDyn, HydroDyn and 

ServoDyn, etc. as seen in Figure 2.1. AeroDyn is a module to calculate aerodynamic 

loading on the turbine rotor based on blade-element momentum (BEM) theory. Structural 

dynamics including structural models of the rotor, drivetrain, nacelle, tower and support 

structure are modeled in the ElastoDyn module. The hydrodynamic loading, from 

irregular waves and current for OWTs, are calculated using the HydroDyn module based 

on a combined potential flow and Morison’s equation formulation. The mooring lines are 

modeled using a quasi-static formulation in MAP (Mooring Analysis Program). The 

main control system of the turbines implements torque and a pitch control through the 

ServoDyn module. In the structural control module (sub-module of ServoDyn), 

additional degrees of freedom for control devices are established to influence the 

structural behavior. 

 

Figure 2.1: Schematic of FASTv8 modules with structural control module  
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2.2.2 TurbSim 

TurbSim is a preprocessor to generate stochastic turbulent wind, which uses a 

statistical model to simulate the time series of three-component wind speed vectors [62]. 

In this dissertation, TurbSim is used to create a full-field turbulent wind in time series 

based on site-specific metocean conditions. The wind data file is generated to meet the 

requirements of the specific design load cases, which follows the IEC 61400-3 standards 

[30].  

2.2.3 BModes 

BModes is a finite-element code that computes coupled modes for both the 

rotating blades or non-rotating tower [63]. In this dissertation, BModes is utilized to 

calculate the 1
st
 edgewise natural frequency of certain blades with the blade-TMD 

installed. The change of the 1
st
 edgewise natural frequency of the blade according to the 

mass and the location of the blade-TMD is evaluated. This demonstrates the feasibility of 

the blade-TMD and also provides meaningful information in the selection of the tuning 

frequency of the blade-TMD. 

2.2.4 MLife 

MLife is a post-processor and a MATLAB-based tool to estimate the fatigue 

behavior of wind turbines [64]. In this dissertation, MLife is utilized to post-process the 

results from the simulations in order to evaluate the impact of structural control 

techniques on reducing the lifetime fatigue loads of the OWTs used. 
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CHAPTER 3 

MODELING OF STRUCTURAL CONTROL DEVICES IN FASTv8 

Previously, a structural control module in FASTv8 was developed by La Cava 

and Lackner [65]. The module simulates the dynamic behaviors of a tuned mass damper 

(TMD) mounted inside a nacelle. The module was limited to considering two 

independent single degree of freedom TMDs operating only passively. In this 

dissertation, the control module has been updated to add a variety of functions and 

control devices, i.e. omni-directional pendulum-type mass dampers, tuned liquid column 

dampers, and semi-active control algorithms. In this chapter, the modeling of the 

dynamics of a tower-TMD, a blade-TMD, and nacelle-TLCDs are discussed. Non-linear 

models based on analytical dynamic formulas are established for each control device. 

The mathematical models are coded in accordance with FASTv8’s framework and are 

incorporated into the structural control module in FASTv8. Note that the words like 

tower, blade and nacelle written before the device name (TMD or TLCD) in this 

dissertation refer to the structure in which the device is installed. Nomenclature used to 

model the control devices are provided in Appendix A: Nomenclature. The content 

regarding the tower-TMD has been published in Wind Energy [66]. The content 

regarding the nacelle-TLCDs are results of collaboration with an undergraduate student, 

Meghan Glade, and are now prepared for publication [67]. 
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3.1 Modeling of a Tower-TMD 

 

Figure 3.1: Schematic of the pendulum-type omni-directional TMD [66] 

 

Figure 3.2: Schematic of the pendulum-type TMD located on top of the tower 
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The analytical formulas of a tower-TMD designed by ESM GmBH are 

established in this section [66]. The tower-TMD is mounted inside a turbine tower 

(usually on top of a tower) and a single pendulum-type TMD that can oscillate omni-

directionally, i.e. in two dimensions (fore-aft and side-to-side). The ability to oscillate 

omni-directionally allows the TMDs to absorb the energy of the tower fore-aft and side-

to-side motion simultaneously with a single mass. It consists of a universal joint, 

magnetorheological dampers, a mass, an elastomeric end-stop spring, and a regulation 

spring system as shown in Figure 3.1. Figure 3.2 shows a schematic of a turbine tower 

with the pendulum-type tower-TMD at the tower top. 

The position of the moving mass “TMD” from the global fixed point “O” (at the 

tower base) in the orientation G can be expressed in the form of the position vector as 

follows: 

 𝑟𝑇𝑀𝐷/𝑂𝐺
= 𝑟𝑃/𝑂𝐺

+ 𝑟𝑇𝑀𝐷/𝑃𝐺
= [𝑥 𝑦 𝑧]𝑇𝑂𝐺

𝑇𝑀𝐷  (3.1) 

where point O represents the origin point of the global inertial reference frame and point 

P is the origin point of the non-inertial reference frame fixed to the tower top where the 

TMD is at rest. G is the axis orientation of the global reference frame. The point TMD is 

the origin point of the moving mass of the TMD. The velocity and acceleration vector of 

the moving mass in the orientation of the tower top reference frame T can be derived by 

differentiating Eq. (3.1): 

 �̇�𝑇𝑀𝐷/𝑃𝑇
= �̇�𝑇𝑀𝐷/𝑂𝑇

− �̇�𝑃/𝑂𝑇
− �⃗⃗⃗�𝑇/𝑂𝑇

× 𝑟𝑇𝑀𝐷/𝑃𝑇
 (3.2) 

 �̈�𝑇𝑀𝐷/𝑃𝑇
= �̈�𝑇𝑀𝐷/𝑂𝑇

− �̈�𝑃/𝑂𝑇
− �⃗⃗⃗�𝑇/𝑂𝑇

× (�⃗⃗⃗�𝑇/𝑂𝑇
× 𝑟𝑇𝑀𝐷/𝑃𝑇

) − �⃗�𝑇/𝑂𝑇
× 𝑟𝑇𝑀𝐷/𝑃𝑇

− 2�⃗⃗⃗�𝑇/𝑂𝑇
× �̇�𝑇𝑀𝐷/𝑃𝑇

 (3.3) 
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where �⃗�𝑇/𝑂𝑇
× 𝑟𝑇𝑀𝐷/𝑃𝑇

, 2�⃗⃗⃗�𝑇/𝑂𝑇
× �̇�𝑇𝑀𝐷/𝑃𝑇

, �⃗⃗⃗�𝑇/𝑂𝑇
× (�⃗⃗⃗�𝑇/𝑂𝑇

× 𝑟𝑇𝑀𝐷/𝑃𝑇
)  are associated 

with non-inertial terms such as the angular, Coriolis, and the centrifugal acceleration. 

The acceleration in the inertial frame �̈�𝑇𝑀𝐷/𝑂𝑇
 can be replaced with a force balance, per 

Newton’s second law: 

 �̈�𝑇𝑀𝐷/𝑂𝑇
=

1

𝑚
[Σ𝐹𝑥 Σ𝐹𝑦 Σ𝐹𝑧]𝑂𝑇

𝑇𝑀𝐷 𝑇

=
1

𝑚
�⃗⃗�𝑇𝑀𝐷/𝑂𝑇

 (3.4) 

 
1

𝑚
�⃗�𝑇𝑀𝐷/𝑂𝑇

= [

−𝑐𝑥�̇�𝑇𝑀𝐷/𝑃𝑇 − 𝑘𝑥𝑥𝑇𝑀𝐷/𝑃𝑇
+ 𝑚𝛼𝐺𝑥/𝑂𝑇 + 𝐹𝑥,𝑠𝑡𝑜𝑝−𝑠𝑝𝑟𝑖𝑛𝑔

−𝑐𝑦�̇�𝑇𝑀𝐷/𝑃𝑇 − 𝑘𝑦𝑦𝑇𝑀𝐷/𝑃𝑇
+ 𝑚𝛼𝐺𝑦/𝑂𝑇

+ 𝐹𝑦,𝑠𝑡𝑜𝑝−𝑠𝑝𝑟𝑖𝑛𝑔

𝐹𝑧,𝑇𝑀𝐷/𝑂𝑇
+ 𝑚𝛼𝐺𝑧/𝑂𝑇

] (3.5) 

where 𝐹𝑥,𝑠𝑡𝑜𝑝−𝑠𝑝𝑟𝑖𝑛𝑔  and 𝐹𝑦,𝑠𝑡𝑜𝑝−𝑠𝑝𝑟𝑖𝑛𝑔  are non-linear stop-spring forces for restricting 

the TMD motion. In general, the larger the stroke of the TMD, the more vibrational 

energy of the main structure can be absorbed. However, the trade-off between the load 

reduction and the acceptable TMD stroke must be considered, since the space where the 

TMD operates is limited for real applications. This TMD design has a feature that causes 

nonlinear position constraints, which are achieved by applying a nonlinear spring force 

curve defined in the TMD input file, restricting the TMD motion at certain positions. For 

small displacements (within the stroke limits), the TMD oscillates at the tuning 

frequency in a linear stiffness region (blue line in Figure 3.1), and then the nonlinear 

force curve (red and orange lines in Figure 3.1) is applied when the TMD excursion 

exceeds some defined limit. This can be realized by a trilinear stiffness representation, 

composed of the regulation spring and the elastomeric stop springs as shown in Figure 

3.1. 
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The TMD is only fixed to the frame T in the z direction because the TMD is free 

to move in the x and y directions (omni-directional). So, the vector 𝑟𝑇𝑀𝐷/𝑃𝑇
can be 

decomposed as follows: 

 𝑟𝑇𝑀𝐷/𝑃𝑇
= [𝑥𝑇𝑀𝐷/𝑃𝑇

   𝑦𝑇𝑀𝐷/𝑃𝑇
   0]

𝑇
 (3.6) 

The other components, such as the angular, centrifugal and Coriolis accelerations 

are: 

 �⃗⃗⃗�𝑇/𝑂𝑇
× (�⃗⃗⃗�𝑇/𝑂𝑇 × 𝑟𝑇𝑀𝐷/𝑃𝑇 ) = [

−𝑥𝑇𝑀𝐷/𝑃𝑇 (�̇�𝑃𝑇
2 + �̇�𝑃𝑇

2 ) + 𝑦𝑇𝑀𝐷/𝑃𝑇 (�̇�𝑃𝑇
�̇�𝑃𝑇

)

−𝑦𝑇𝑀𝐷/𝑃𝑇 (�̇�𝑃𝑇
2 + �̇�𝑃𝑇

2 ) + 𝑥𝑇𝑀𝐷/𝑃𝑇 (�̇�𝑃𝑇
�̇�𝑃𝑇

)

𝑥𝑇𝑀𝐷/𝑃𝑇 (�̇�𝑃𝑇
�̇�𝑃𝑇

) + 𝑦𝑇𝑀𝐷/𝑃𝑇 (�̇�𝑃𝑇
�̇�𝑃𝑇

)

] (3.7) 

 2�⃗⃗⃗�𝑇/𝑂𝑇
× �̇�𝑇𝑀𝐷/𝑃𝑇

= [

−2�̇�𝑃𝑇
�̇�𝑇𝑀𝐷/𝑃𝑇 

2�̇�𝑃𝑇
�̇�𝑇𝑀𝐷/𝑃𝑇 

−2�̇�𝑃𝑇
�̇�𝑇𝑀𝐷/𝑃𝑇 − 2�̇�𝑃𝑇

�̇�𝑇𝑀𝐷/𝑃𝑇 

] (3.8) 

 �⃗�𝑇/𝑂𝑇
× 𝑟𝑇𝑀𝐷/𝑃𝑇

= [

−�̈�𝑃𝑇
𝑦𝑇𝑀𝐷/𝑃𝑇

�̈�𝑃𝑇
𝑥𝑇𝑀𝐷/𝑃𝑇

−�̈�𝑃𝑇
𝑥𝑇𝑀𝐷/𝑃𝑇

+ �̈�𝑃𝑇
𝑦𝑇𝑀𝐷/𝑃𝑇

] (3.9) 

Combining and simplifying Eqs. (3.3) – (3.9) yields the governing equations, 

describing the movement of the TMD in the x and y directions: 

 �̈�𝑇𝑀𝐷/𝑃𝑇
= (�̇�𝑃𝑇

2 + �̇�𝑃𝑇
2 −

𝑘𝑥

𝑚
)𝑥𝑇𝑀𝐷/𝑃𝑇

− (
𝑐𝑥

𝑚
) �̇�𝑇𝑀𝐷/𝑃𝑇

− �̈�𝑃/𝑂𝑇
+ 𝛼𝐺𝑥/𝑂𝑇

− (�̇�𝑃𝑇
�̇�𝑃𝑇

− �̈�𝑃𝑇
)𝑦𝑇𝑀𝐷/𝑃𝑇

+ 2�̇�𝑃𝑇
�̇�𝑇𝑀𝐷/𝑃𝑇  (3.10) 

 �̈�𝑇𝑀𝐷/𝑃𝑇
= (�̇�𝑃𝑇

2 + �̇�𝑃𝑇
2 −

𝑘𝑦

𝑚
)𝑦𝑇𝑀𝐷/𝑃𝑇

− (
𝑐𝑦

𝑚
) �̇�𝑇𝑀𝐷/𝑃𝑇 − �̈�𝑃/𝑂𝑇 + 𝛼𝐺𝑦/𝑂𝑇

− (�̇�𝑃𝑇
�̇�𝑃𝑇

+ �̈�𝑃𝑇
)𝑥𝑇𝑀𝐷/𝑃𝑇 − 2�̇�𝑃𝑇

�̇�𝑇𝑀𝐷/𝑃𝑇  (3.11) 

The reaction forces in the z direction by the TMD can be solved by noting 

�̈�𝑇𝑀𝐷/𝑃𝑇
= 0: 

 𝐹𝑍𝑇𝑀𝐷/𝑂𝑇
= −𝑚(𝛼𝐺𝑧/𝑂𝑇

− �̈�𝑃/𝑂𝑇
+ (�̈�𝑃𝑇

− �̇�𝑃𝑇
�̇�𝑃𝑇

)𝑥𝑇𝑀𝐷/𝑃𝑇
− (�̈�𝑃𝑇

− �̇�𝑃𝑇
�̇�𝑃𝑇

)𝑦𝑇𝑀𝐷/𝑃𝑇
+ 2�̇�𝑃𝑇

�̇�𝑇𝑀𝐷/𝑃𝑇 − 2�̇�𝑃𝑇
�̇�𝑇𝑀𝐷/𝑃𝑇 ) (3.12) 
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The first-order state space form for the relationship between the TMD motions 

and the tower top motions can be expressed by modifying Eqs. (3.10) to (3.12): 

 �̇⃗⃗�𝑇𝑀𝐷/𝑃𝑇
= A(�⃗⃗⃗�)�⃗⃗�𝑇𝑀𝐷/𝑃𝑇

+ 𝐵(�⃗⃗⃗�) (3.13) 

 �⃗⃗�𝑇𝑀𝐷/𝑃𝑇
= [

𝑥𝑇𝑀𝐷/𝑃𝑇

�̇�𝑇𝑀𝐷/𝑃𝑇

𝑦𝑇𝑀𝐷/𝑃𝑇

�̇�𝑇𝑀𝐷/𝑃𝑇

] 
(3.14) 

 A(�⃗⃗⃗�) =

[
 
 
 
 

0

�̇�𝑃𝑇
2 + �̇�𝑃𝑇

2 −
𝑘𝑥

𝑚
0

−(�̇�𝑃𝑇
�̇�𝑃𝑇

+ �̈�𝑃𝑇
)

1

− (
𝑐𝑥

𝑚
)

0
−2�̇�𝑃𝑇

0
−(�̇�𝑃𝑇

�̇�𝑃𝑇
− �̈�𝑃𝑇

)

0

�̇�𝑃𝑇
2 + �̇�𝑃𝑇

2 −
𝑘𝑦

𝑚

0
2�̇�𝑃𝑇

1

− (
𝑐𝑦

𝑚
)
]
 
 
 
 

 
(3.15) 

 B(�⃗⃗⃗�) =

[
 
 
 
 
 

0

−�̈�𝑃/𝑂𝑇
+ 𝛼𝐺𝑥/𝑂𝑇

+
1

𝑚
(𝐹𝑥,𝑠𝑡𝑜𝑝−𝑠𝑝𝑟𝑖𝑛𝑔)

0

−�̈�𝑃/𝑂𝑇
+ 𝛼𝐺𝑦/𝑂𝑇

+
1

𝑚
(𝐹𝑦,𝑠𝑡𝑜𝑝−𝑠𝑝𝑟𝑖𝑛𝑔)]

 
 
 
 
 

 (3.16) 

where �⃗⃗�𝑇𝑀𝐷/𝑃𝑇
 is a vector for the TMD position and velocity in the x and y directions. 

𝐴(�⃗⃗⃗�) is a 4 by 4 state matrix as a function of input �⃗⃗⃗�. 𝐵(�⃗⃗⃗�) is an input vector in the state 

space representation. The tower top translational acceleration ( �̈�𝑃/𝑂𝑇
) and angular 

velocity (�⃗⃗⃗�𝑇/𝑂𝑇
) and acceleration (�⃗�𝑇/𝑂𝑇

) are inputs (�⃗⃗⃗�) for Eq. (3.13), and they are 

calculated in ElastoDyn in FASTv8. As the control module is coupled with FASTv8, the 

tower top motions can be inputted to Eq. (3.13). 

The output vectors �⃗�𝑃𝐺
and  �⃗⃗⃗�𝑃𝐺

 which are reaction forces and moments by the 

TMD acting on the tower local node where the TMD is attached (usually tower top) can 

be expressed as: 
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 �⃗�𝑃𝐺
= 𝑅𝑇/𝐺

𝑇 [

𝑘𝑥𝑥𝑇𝑀𝐷/𝑃𝑇
+ 𝑐𝑥�̇�𝑇𝑀𝐷/𝑃𝑇 − 𝐹𝑥,𝑠𝑡𝑜𝑝−𝑠𝑝𝑟𝑖𝑛𝑔

𝑘𝑦𝑦𝑇𝑀𝐷/𝑃𝑇
+ 𝑐𝑦�̇�𝑇𝑀𝐷/𝑃𝑇 

− 𝐹𝑦,𝑠𝑡𝑜𝑝−𝑠𝑝𝑟𝑖𝑛𝑔

−𝐹𝑧𝑇𝑀𝐷/𝑂𝑇

] (3.17) 

 �⃗⃗⃗�𝑃𝐺
= 𝑅𝑇/𝐺

𝑇 [

−𝐹𝑧𝑇𝑀𝐷/𝑂𝑇
𝑦

𝑇𝑀𝐷/𝑃𝑇

𝐹𝑧𝑇𝑀𝐷/𝑂𝑇
𝑥𝑇𝑀𝐷/𝑃𝑇

0

] (3.18) 

Eqs. (3.13), (3.17) and (3.18) are incorporated into the control module in FASTv8, 

and a fourth order Runge-Kutta numerical method is utilized to solve them within the 

module. As the dynamics of the structural control devices are fully coupled to the wind 

turbine dynamics, the turbine motions (at the tower top) are inputted to drive the control 

devices, and the reaction forces and moments from the control devices affect the turbine 

responses. The motions between the turbine tower and the TMD interact with each other 

every time step during a fully-coupled time domain simulation. The TMD module is 

publicly released and can be downloaded on the NWTC site [68]. 

3.2 Modeling of a Blade-TMD 

 

Figure 3.3: Schematic of the pendulum-type TMD located inside the blade 
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The analytical formulation of a blade-TMD is established in this section. Unlike 

the tower-TMD, the blade-TMD oscillates only in the edgewise direction. The main 

objective of the blade-TMD is to mitigate the edgewise vibration, as the vibration in this 

direction is lightly damped due to the lack of the aerodynamic damping from the rotor. 

Moreover, due to the intrinsic shape of the blades, the application of the TMD to reduce 

the flap-wise vibration is still questionable, as there is insufficient room for the TMD to 

vibrate in the flap-wise direction. On the other hand, the space in the edgewise direction 

inside the hollow blade is on the scale of the chord length as seen in Figure 3.3. The 

configuration of the blade-TMD is the same as the tower-TMD. The analytical 

formulation for the blade-TMD is similar to that for the tower-TMD except for a few 

differences, in that the motion of the blade-TMD in the flap-wise direction (x-direction as 

seen in Figure 3.3) is limited and the global fixed point is on the center of the hub. As the 

blade-TMD is fixed to frame B (orientation of blade reference frame) in the x (flap-wise) 

and z direction, the position vector for the blade-TMD in the non-inertial reference frame 

is modified as: 

 𝑟𝑇𝑀𝐷/𝑃𝐵
= [0   𝑦𝑇𝑀𝐷/𝑃𝐵

   0]
𝑇
 (3.19) 

The change of the position vector affects the angular, centrifugal and Coriolis 

acceleration so that: 

 �⃗⃗⃗�𝐵/𝑂𝐵
× (�⃗⃗⃗�𝐵/𝑂𝐵 × 𝑟𝑇𝑀𝐷/𝑃𝐵 ) = [

𝑦𝑇𝑀𝐷/𝑃𝐵 (�̇�𝑃𝐵
�̇�𝑃𝐵

)

−𝑦𝑇𝑀𝐷/𝑃𝐵 (�̇�𝑃𝐵
2 + �̇�𝑃𝐵

2 )

𝑦𝑇𝑀𝐷/𝑃𝐵 (�̇�𝑃𝐵
�̇�𝑃𝐵

)

] (3.20) 
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 2�⃗⃗⃗�𝐵/𝑂𝐵
× �̇�𝑇𝑀𝐷/𝑃𝐵

= [

−2�̇�𝑃𝐵
�̇�𝑇𝑀𝐷/𝑃𝐵 

0
2�̇�𝑃𝐵

�̇�𝑇𝑀𝐷/𝑃𝐵 

] (3.21) 

 �⃗�𝐵/𝑂𝐵
× 𝑟𝑇𝑀𝐷/𝑃𝐵

= [

−�̈�𝑃𝐵
𝑦𝑇𝑀𝐷/𝑃𝐵

0
�̈�𝑃𝐵

𝑦𝑇𝑀𝐷/𝑃𝐵

] (3.22) 

The reaction forces in the x and z direction by the TMD can be solved by noting 

�̈�𝑇𝑀𝐷/𝑃𝐵
= �̈�𝑇𝑀𝐷/𝑃𝐵

= 0: 

 𝐹𝑥𝑇𝑀𝐷/𝑂𝐵
= −𝑚(𝛼𝐺𝑥/𝑂𝐵

− �̈�𝑃/𝑂𝐵
+ (�̈�𝑃𝐵

− �̇�𝑃𝐵
�̇�𝑃𝐵

)𝑦𝑇𝑀𝐷/𝑃𝐵
− 2�̇�𝑃𝐵

�̇�𝑇𝑀𝐷/𝑃𝐵 ) (3.23) 

 𝐹𝑍𝑇𝑀𝐷/𝑂𝐵
= −𝑚(𝛼𝐺𝑧/𝑂𝐵

− �̈�𝑃/𝑂𝐵
+ (�̈�𝑃𝐵

+ �̇�𝑃𝐵
�̇�𝑃𝐵

)𝑦𝑇𝑀𝐷/𝑃𝐵
+ 2�̇�𝑃𝐵

�̇�𝑇𝑀𝐷/𝑃𝐵 ) (3.24) 

The state matrix 𝐴(�⃗⃗⃗�) for the blade-TMD is a 2 by 2 matrix and the input vector 

𝐵(�⃗⃗⃗�) is a 2-dimensional vector (𝑦𝑇𝑀𝐷/𝑃𝐵 and �̇�𝑇𝑀𝐷/𝑃𝐵 ). The state matrix 𝐴(�⃗⃗⃗�) and the 

input vector 𝐵(�⃗⃗⃗�) can be expressed as: 

 A(�⃗⃗⃗�) = [

1 0

(�̇�𝑃𝐵
2 + �̇�𝑃𝐵

2 −
𝑘𝑦

𝑚
) −

𝑐𝑦

𝑚
] (3.25) 

 B(�⃗⃗⃗�) = [
0

−�̈�𝑃/𝑂𝐵
+ 𝛼𝐺𝑦/𝑂𝐵

+
1

𝑚
(𝐹𝑦,𝑠𝑡𝑜𝑝−𝑠𝑝𝑟𝑖𝑛𝑔)

] (3.26) 

The output vectors �⃗�𝑃𝐺
and  �⃗⃗⃗�𝑃𝐺

, which are reaction forces and moments by the 

blade-TMD acting on the tower top, can be expressed as: 
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 �⃗�𝑃𝐺
= 𝑅𝐵/𝐺

𝑇 [

−𝐹𝑥𝑇𝑀𝐷/𝑂𝐵

𝑘𝑦𝑦𝑇𝑀𝐷/𝑃𝐵
+ 𝑐𝑦�̇�𝑇𝑀𝐷/𝑃𝐵 

− 𝐹𝑦,𝑠𝑡𝑜𝑝−𝑠𝑝𝑟𝑖𝑛𝑔

−𝐹𝑧𝑇𝑀𝐷/𝑂𝐵

] (3.27) 

 

�⃗⃗⃗�𝑃𝐺
= 𝑅𝐵/𝐺

𝑇 [

−𝐹𝑧𝑇𝑀𝐷/𝑂𝐵
𝑦𝑇𝑀𝐷/𝑃𝐵

0
𝐹𝑥𝑇𝑀𝐷/𝑂𝐵

𝑦𝑇𝑀𝐷/𝑃𝐵

] 

(3.28) 

Similar to the tower-TMD, Eqs. (3.25) – (3.28) are incorporated into the control 

module in FASTv8 and are solved by a Runge Kutta numerical method. The blade 

motions are inputted to drive the blade-TMD, and the reaction forces and moments from 

the blade-TMD affect the blade responses. The motions between the turbine blade and 

the TMD interact with each other every time step during a fully-coupled time domain 

simulation. Various mechanical parameters specifying the blade-TMD such as the 

position, mass, stiffness, and damping coefficient, etc. can be defined in the input file, as 

shown in Appendix D: Example TMD module Input File. The equations of motion for 

the blade-TMD has similarities with that for the tower-TMD except for a few differences: 

the motion of the blade-TMD in the flapwise direction is limited; the global fixed point is 

on the center of the hub; and the centrifugal acceleration of the rotating blade is a main 

driver to operate the blade-TMD while the translational acceleration of the tower governs 

the motion of the tower-TMD. The code for the blade-TMD is the same as the tower-

TMD except that the reference point changes from the tower base to the center of the hub. 

The mesh-mapping utility to couple the blade motions with the TMD motions will be 

updated and released publicly in the future. 
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3.3 Modeling of Nacelle-TLCDs 

 

Figure 3.4: Schematic of the orthogonal TLCDs, (a): Orthogonal TLCDs inside a nacelle, 

(b): Top-view, (c): Side-view 

Another structural control module has been developed that employs orthogonal 

TLCDs to improve the fore-aft and side-to-side dynamic response of the turbine tower. A 

TLCD used in this dissertation is a “U-shaped” tank of water, composed of two vertical 

sections connected by a horizontal section, and an orifice through which the flow may 

pass. The liquid inside the TLCDs sloshes under excitation by the main structure, and 

produces a resultant force on the main structure in order to suppress tower vibrations. 

Figure 3.4 (a) shows the schematic of a nacelle equipped with orthogonal TLCDs. The 

individual TLCDs are placed orthogonally to each other in order to dampen both the 

fore-aft and side-to-side directions. One is aligned in the fore-aft direction of the turbine, 

and is referred to as FA-TLCD (FA meaning Fore-aft); and the other one is aligned 
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orthogonally to FA-TLCD and controls side-to-side vibration, referred to as SS-TLCD 

(SS standing for Site-to-side). There are two vertical columns and one horizontal column 

in each TLCD configuration. For convenience, the front vertical column is noted as “𝐹𝑉  ”, 

the back vertical column as “𝐵𝑉”, and the horizontal column as “HFA”. Likewise, the left 

vertical column is noted as “𝐿𝑉”, the right vertical column as “𝑅𝑉”, and the horizontal 

column as “𝐻𝑆𝑆” as seen in Figure 3.4 (b). The cross-sectional area for each column can 

be modeled as either a rectangle or a circle, as seen in Figure 3.4 (a) and (b). The two 

vertical columns and a horizontal column are filled with a volume of liquid, i.e. water or 

a water/glycol mixture, where the fluid is assumed to be incompressible. In the FA-

TLCD, the two vertical columns with cross-sectional area 𝐴𝑉,𝐹𝐴 are connected by the 

horizontal column with cross-sectional area 𝐴𝐻,𝐹𝐴. The term “non-uniform area” means 

that a different cross-sectional area may be chosen for both 𝐴𝑉,𝐹𝐴  and 𝐴𝐻,𝐹𝐴 . The 

geometric shape of the TLCD is thus defined by four parameters; 𝐿𝐹𝐴, 𝐵𝐹𝐴, 𝐴𝑉,𝐹𝐴, 𝐴𝐻,𝐹𝐴, 

as seen in Figure 1 (c). These not only represent the geometric shape, but also influence 

important dynamic characteristics of the TLCD, i.e. the tuning frequency and total mass 

of the system. The rationale behind these four parameters applies in the same way to the 

SS-TLCD by introducing different subscripts, i.e. 𝐿𝑆𝑆, 𝐵𝑆𝑆, 𝐴𝑉,𝑆𝑆, 𝐴𝐻,𝑆𝑆. In Figure 3.4 (a) 

and (c), the position of the moving center of mass in the vertical columns, as well as the 

stationary center of mass of the horizontal column from the global fixed point “O” to 

point  𝑊𝑖  (𝑖 = 𝐹𝑉 , 𝐵𝑉, 𝐻𝐹𝐴 ) for the FA-TLCD, can be expressed in the form of the 

position vector as follows: 

 𝑟𝑂𝑊𝑖 = 𝑟𝑂𝑃𝐺 +𝐺 𝑟𝑃𝑊𝑖𝑁 = [𝑥 𝑦 𝑧]𝑇𝐺
𝑂𝑊𝑖  (3.29) 
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where 𝑊𝑖 represent the points of the center of mass of each of the columns. The subscript 

𝐺 on the left side of the bracket indicates the axis orientation of the global reference 

frame, and the superscript 𝑂𝑊𝑖
 indicates the position vector of the center of the liquid 

mass with respect to the origin point of the global reference frame 𝑂. The velocity and 

acceleration vector of the fluid particle in the global reference frame can be derived by 

differentiating Eq. (3.29): 

 �̇�𝑂𝑊𝑖 = �̇�𝑂𝑃𝐺 +𝐺 �̇�𝑃𝑊𝑖𝑁 + �⃗⃗⃗�𝑁𝐺 × �̇�𝑃𝑊𝑖𝑁  (3.30) 

 �̈�𝑂𝑊𝑖 = �̈�𝑂𝑃𝐺 +𝐺 �̈�𝑃𝑊𝑖𝑁 + 2 �⃗⃗⃗�𝑁𝐺 × �̇�𝑃𝑊𝑖𝑁 + �⃗�𝑁𝐺 × 𝑟𝑃𝑊𝑖𝑁 + �⃗⃗⃗�𝑁𝐺 × ( �⃗⃗⃗�𝑁𝐺 × 𝑟𝑃𝑊𝑖𝑁 ) (3.31) 

where �⃗�𝑁𝐺 × 𝑟𝑃𝑊𝑖𝑁 , �⃗�𝑁𝐺 × 𝑟𝑃𝑊𝑖𝑁  and �⃗⃗⃗�𝑁𝐺 × ( �⃗⃗⃗�𝑁𝐺 × 𝑟𝑃𝑊𝑖𝑁 )  are associated with 

non-inertial terms such as the angular, Coriolis, and the centrifugal acceleration. The 

acceleration in the inertial reference frame 𝑟𝑂𝑊𝑖𝐺  can be replaced with a force balance, 

per Newton’s second law. For the vertical columns (𝐹𝑉 and 𝐵𝑉), the acceleration vector 

in terms of force components can be expressed as follows: 

 �̈�𝑂𝑊𝑖𝐺 =
1

𝑚𝑖
[Σ𝐹𝑥 Σ𝐹𝑦 Σ𝐹𝑧]𝐺

𝑂𝑊𝑖
𝑇

=
1

𝑚𝑖
[𝐹𝑥

𝑊𝑖 + 𝑚𝑖 𝑔𝑁
𝑥        𝐹𝑦

𝑊𝑖 + 𝑚𝑖 𝑔𝑁
𝑦       𝑚𝑖 𝑔𝑁

𝑧]𝐺

𝑂𝑊𝑖
𝑇

 (3.32) 

The position vectors in the vertical columns (𝐹𝑉 and 𝐵𝑉) can be expressed as: 

 𝑟𝑃𝑊𝐹𝑣
𝑁 = [𝑥   𝑦   𝑧]𝑁

𝑃𝑊𝐹𝑉 𝑇 = [𝐵𝐹𝐴 2⁄       0      (𝐿𝐹𝐴 − 𝐵𝐹𝐴) 2⁄ + 𝑤]
𝑁

𝑃𝑊𝐹𝑉 𝑇 (3.33) 

 
𝑟𝑃𝑊𝐵𝑉

𝑁 = [𝑥   𝑦   𝑧]𝑁

𝑃𝑊𝐵𝑉 𝑇 = [−𝐵𝐹𝐴 2⁄       0      (𝐿𝐹𝐴 − 𝐵𝐹𝐴) 2⁄ − 𝑤]
𝑁

𝑃𝑊𝐵𝑉 𝑇 (3.34) 

To derive the acceleration vector in the horizontal column (𝐻𝐹𝐴), the continuity 

equation (Eq. (3.35)) with incompressible fluid is applied, and the acceleration vector in 

terms of force components is as follows: 
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�̇�𝑊𝐻𝐹𝐴

𝑁 =
𝐴𝑣𝐹𝐴

𝐴𝐻𝐹𝐴

�̇�𝑊𝐹𝑣
𝑁 = α𝐹𝐴 �̇�𝑊𝐹𝑣

𝑁  (3.35) 

 �̈�𝑂𝑊𝑖𝐺 = 1
𝑚𝐻𝐹𝐴

⁄ [𝑚𝐻𝐹𝐴
𝑔𝑁

𝑥 − 1
2⁄ 𝜌𝐴𝐻𝐹𝐴

𝜉𝛼𝐹𝐴
2 |�̇�|�̇�      𝐹𝑦

𝑊𝐻𝐹𝐴 + 𝑚𝐻𝐹𝐴
𝑔𝑁

𝑦       𝐹𝑧
𝑊𝐻𝐹𝐴 + 𝑚𝐻𝐹𝐴

𝑔𝑁
𝑧]

𝐺

𝑂𝑊𝐻𝐹𝐴
𝑇

 (3.36) 

The position vector for fluid particle in the horizontal column in the nacelle 

reference frame N can be expressed as: 

 𝑟𝑃𝑊𝐻𝐹𝐴
𝑁 = [𝑥   𝑦   𝑧]𝑁

𝑃𝑊𝐻𝐹𝐴 𝑇 = [𝛼𝐹𝐴𝑤       0       0]
𝑁

𝑃𝑊𝐻𝐹𝐴 𝑇 (3.37) 

Substituting Eqs. (3.34) - (3.37) into Eq. (3.31) and computing all cross-products 

yields three distinct expressions regarding the acceleration of the fluid particle (𝑤) for 

the two vertical columns and one horizontal column of the FA-TLCD: 

 𝐹𝑟𝑜𝑛𝑡 𝑐𝑜𝑙𝑢𝑚𝑛 (𝐹𝑣): �̈�𝐹𝑉
= − �̈�𝑃𝐺 + �̈�

𝐵𝐹𝐴

2
− �̇�2�̇�

𝐵𝐹𝐴

2
+ �̇�2 (

𝐿𝐹𝐴 − 𝐵𝐹𝐴

2
+ 𝑤) + �̇�2 (

𝐿𝐹𝐴 − 𝐵𝐹𝐴

2
+ 𝑤) + 𝑔𝑁

𝑧 (3.38) 

 𝐵𝑎𝑐𝑘 𝑐𝑜𝑙𝑢𝑚𝑛 (𝐵𝑣): �̈�𝐵𝑉
= �̈�𝑃𝐺 + �̈�

𝐵𝐹𝐴

2
− �̇�2�̇�

𝐵𝐹𝐴

2
− �̇�2 (

𝐿𝐹𝐴 − 𝐵𝐹𝐴

2
− 𝑤) − �̇�2 (

𝐿𝐹𝐴 − 𝐵𝐹𝐴

2
− 𝑤) − 𝑔𝑁

𝑧 (3.39) 

 𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑐𝑜𝑙𝑢𝑚𝑛 (𝐻𝐹𝐵): �̈�𝐻𝐹𝐵
= − �̈�𝑃𝐺 + 𝑔𝑁

𝑥 −
1

𝑚𝐻𝐹𝐴

(
1

2
𝜌𝐴𝐻𝐹𝐴

𝜉𝛼𝐹𝐴
2 |�̇�𝐹𝑉

|�̇�𝐹𝑉
) (3.40) 

The acceleration of the total liquid mass (𝑚𝑡𝑜𝑡) can be described accordingly: 

 𝑚𝑡𝑜𝑡�̈� = 𝑚𝐹𝑉
�̈�𝐹𝑉

+ 𝑚𝐵𝑉
�̈�𝐵𝑉

+ 𝑚𝐻𝐹𝐴
�̈�𝐻𝐹𝐴

 (3.41) 

Combining and simplifying Eqs. (3.38) - (3.41) yields the governing equation, 

describing the movement of the liquid through the FA-TLCD: 

 
�̈� =

𝜌𝐴𝑉𝐹𝐴
𝐵𝐹𝐴 (

𝐿𝐹𝐴 − 𝐵𝐹𝐴

2
) (�̈� − �̇��̇� −

2
𝐿𝐹𝐴 − 𝐵𝐹𝐴

( �̈�𝑃𝐺 + 𝑔𝑥)) + 2𝜌𝐴𝑉𝐹𝐴
(𝐿𝐹𝐴 − 𝐵𝐹𝐴) (�̇�2 + �̇�2 +

𝑔𝑧 + �̈�𝑃𝐺

𝐿𝐹𝐴 − 𝐵𝐹𝐴
)𝑤 −

1
2

𝜌𝐴𝑉𝐹𝐴
𝜉𝛼𝐹𝐴

2 |�̇�|�̇�

𝜌𝐴𝑉𝐹𝐴
(𝐿𝐹𝐴 − 𝐵𝐹𝐴 + 𝛼𝐹𝐴𝐵𝐹𝐴)

 
(3.42) 
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The equation for the SS-TLCD can be derived by applying the same process from 

Eqs. (3.32) to (3.41): 

 
�̈� =

𝜌𝐴𝑉𝑆𝑆
𝐵𝑆𝑆 (

𝐿𝑆𝑆 − 𝐵𝑆𝑆

2
)(�̈� − �̇��̇� −

2
𝐿𝑆𝑆 − 𝐵𝑆𝑆
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The output force vector (�⃗�) and moment vector (�⃗⃗⃗�) produced by the TLCDs 

acting on the nacelle is: 
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Eqs. (3.42) to (3.45) are incorporated into the control module in FASTv8, and a 

fourth order Runge-Kutta numerical method is utilized to solve them within the module. 

The motions between the nacelle and the TLCD interact with each other every time step. 

Important assumptions and an overview of the TLCD code implementation are as 

follows: 

- The two TLCDs (FA-TLCD and SS-TLCD) are assumed to be mounted inside the 

nacelle, and they are orthogonal to each other. 

- Non-inertial terms and rotational effects are considered.  

- The FA-TLCD and SS-TLCDs are independent, so they can be implemented 

separately or simultaneously by turning the mode on or off in the input file. 

- The geometric parameters (𝐿, 𝐵, 𝐴, and 𝛼) and the head-loss coefficient (𝜉) can be 

defined by the user in the input file of the module. 

The code for the nacelle TLCDs will be publicly released in the future [68]. 
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3.4 Structural Control Module TMD in FASTv8 

As mentioned earlier, we have updated a structural control module, TMD in 

FASTv8, in order to include more functions to implement various control devices and 

control techniques. Once the theoretical equations of motion of the tower-TMD, blade-

TMD, and nacelle-TLCDs are developed, they are incorporated into the TMD module 

and implemented in the FASTv8. A brief overview of the features and implementation 

details of the module is as follows: 

- The module TMD has been updated with the ability to model an omni-directional 

TMD as an alternative to the two independent TMDs previously available. In 

addition, it has been updated to include an option to model orthogonal TLCDs. 

- The control device such as the tower-TMD, blade-TMD and nacelle-TLCDs can be 

used to achieve a certain control objective. For example, the tower-TMD can be 

mounted anywhere inside a tower by defining the reference position of the TMD in 

the direction of x, y and z. For the tower-TMD, the motion of the tower at the local 

node of the tower where the TMD is mounted drive the TMD, and the output 

vectors of forces and moments from the TMD are applied to the local node of the 

tower. Such input-output coupling relationships between the tower motion (input) 

and the TMD motion (output) can be realized by a mesh-mapping utility of FASTv8 

[29]. 

- The user can define the physical and geometric parameters for each structural 

control device and control approaches in the input file. It also contains a new option 

to use several semi-active damping control algorithms and has a magnetorheological 
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damper model to realize semi-active damping control algorithms. 

- The module contains a new option to use spring forces from a user-defined table in 

the input file (Use_F_TBL  on line 48). An example input file is provided at the end 

of the document, in Appendix D: Example TMD module Input File. The nonlinear 

stop-spring forces (𝐹𝑥,𝑠𝑡𝑜𝑝−𝑠𝑝𝑟𝑖𝑛𝑔  and 𝐹𝑦,𝑠𝑡𝑜𝑝−𝑠𝑝𝑟𝑖𝑛𝑔 ) can be applied by a user-

defined spring force table. The previous version (FAST-SC) has also an option to 

restrict the TMD stroke by modeling a much stiffer spring that comes into contact 

with the TMD mass near a defined position. This can be regarded as a combination 

of only two linear spring forces (blue line and purple line in Figure 3.1), which 

makes the system highly nonlinear and discontinuous due to the lack of the 

regulation spring. 
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CHAPTER 4 

METOCEAN DATA PROCESSING AND DESIGN LOAD CASES 

As the interest in offshore wind technology increases, the demand to characterize 

site-specific environmental conditions also increases. Offshore structures deployed in the 

ocean are subjected to a site-specific offshore environment. It is important to know the 

effect of the environmental conditions on the offshore structures for the successful 

deployment of OWTs. Also, in order to more precisely estimate the effect of structural 

control techniques applied to OWTs installed in a specific offshore site, a proper 

statistical interpretation of the site-specific environmental conditions is required. 

In order to create Design Load Cases (DLCs) for predicting dynamic responses of 

OWTs and to evaluate the impact of structural control techniques on reducing loads of 

OWTs, site-specific meteorological oceanographic (metocean) data that consists of a 

combination of wind (speed and direction) and wave (height, period and direction) data 

has been processed and compiled. In this dissertation, through various techniques, the 

site-specific wind and wave characteristics are defined, and also estimates are made of 

the probabilities that particular wind and wave conditions occur and to predict extreme 

wind and wave conditions. Such conditions are mainly utilized to evaluate fatigue and 

extreme behavior of OWTs by running several key DLCs, such as DLC 1.2, 1.3, 6.1 and 

6.2. Turbulent wind data files can then be created by TurbSim, and irregular waves using 

the JONSWAP spectrum can be generated using FASTv8’s built-in wave generator. This 

wind and wave data, which corresponds to the specific DLCs, are created in accordance 

with the International Electrotechnical Commission (IEC) offshore design standards [30].  
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4.1 Metocean Conditions at Southeast of Nantucket 

The primary source to analyze the metocean data is from buoy 44008 (Southeast 

of Nantucket) of the National Data Buoy Center (NDBC) [69]. Over 30 years of 

historical data are available on the NDBC’s website, but data for wave directions are not 

recorded prior to 2007. Consequently, data produced after 2007 (by 2016) have been 

adopted for the post-processing. DLC 1.2 needs a joint probability distribution of wind 

speeds (𝑈), significant wave heights (𝐻𝑠), peak spectral periods (𝑇𝑃) and wind/wave 

misalignment (𝛽). In addition, data recorded in 2013 and 2014 are excluded due to the 

lack of sufficient data. The description of measurements is summarized in Table 4.1, and 

a more detailed description of measurements can be found on the NDBC website. 

Parameter Description Report time Unit 

Wind speed 8-min average Hourly m/s 

Wind direction 8-min average, clockwise Hourly deg 

Significant wave height 20-min average of the highest one-third Hourly m 

Peak spectral period Dominant wave period Hourly sec 

Wave direction Clockwise Hourly deg 

Table 4.1: Description of measurement of the metocean data at buoy 44008 

In this dissertation, post-processing the raw data is performed in order to specify 

the site-specific external conditions that are applicable to key DLCs for fatigue and 

ultimate analysis of OWTs equipped with structural control devices. The main conditions 

and outputs of the post-processing are: 

- A wind shear exponent of 0.14 is used for the power law in order to extrapolate the 

wind speed from the anemometer (5 m ASL) to the hub-height of 90 m (NREL 5-



42 

MW turbine) and 119 m (DTU 10-MW turbine). According to IEC 61400-3, an 

exponent of 0.14 is normally recommended for offshore locations. The data for 

turbulence intensity (TI) and standard deviation of the wind speed are not available 

on the NDBC’s website. It is assumed that the TI follows the IEC category B [30]. 

- For the 8 years of historical data, key statistics of variables of interest, such as 𝑈, 

𝐻𝑠 , 𝑇𝑃  and 𝛽  are calculated. These are used as external conditions to conduct a 

parametric study of the tower-TMD and the blade-TMD as well as a preliminary 

design of the nacelle-TLCDs. The overall statistics of the variables based on eight 

years of historical metocean data are summarized in Table 4.2. 

- A conditional probability distribution near the rated wind speed is created as a 

function of 𝛽. To do this, the data for 𝛽 are sorted for wind speeds between 11 m/s 

to 13 m/s in order to create a conditional probability distribution. Also, 𝐻𝑠 and 𝑇𝑃 

corresponding to each bin of 𝛽 (bin width of 45 degrees, 9 total bins from -180 to 

180 degrees) are determined as seen in Figure 4.1. This conditional probability 

distribution is used to calculate damage equivalent loads (DELs) for a multi-

objective optimization problem of the nacelle-TLCDs. Further details are discussed 

in Section 5.3.2. 

- A joint probability distribution is created as a function of 𝑈 and 𝛽, as seen in Figure 

4.2 (a) and (b). The wind speed at the hub height of 90 m is binned with a width of 2 

m/s from the cut-in wind speed (3 m/s) to the cut-out wind speed (25 m/s). The data 

for 𝛽 is binned with a width of 15 degrees from -180 to 180 degrees. The expected 

values of Hs and TP corresponding to each set of conditions are determined and can 

be seen in Figure 4.2 (c) and (d). The expected values and corresponding 

probabilities are listed in Appendix B: Expected Values and Corresponding 

Probabilities (Table B.1 and B.2). The joint probability distribution and the expected 

values of 𝐻𝑠 and 𝑇𝑃 are used to create a comprehensive DLC 1.2 for fatigue analysis 

in order to investigate the impact of the optimized tower-TMD and nacelle-TLCDs 

for the NREL/OC3 monopile OWT and NREL/MIT TLP OWT. 
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- Extreme value analysis [71] (EVA) is performed to estimate the extreme return 

period wind and wave. The extrapolated annual maxima (𝑈, 𝐻𝑠 and 𝑇𝑃) are sorted 

from the metocean data ranging from 1982 to 2016, and are modelled by a Gumbel 

distribution, which is a generalized extreme value distribution with a shape 

parameter of zero [71]. Figure 4.3 shows the annual maxima and the extreme values 

for different return periods. Table 4.3 shows extreme wind speed, significant wave 

height, and peak spectral period for 1, 50, 100, 200 and 500-year return periods. The 

outputs of the EVA are then used to create conditions for DLC 6.2 in accordance 

with IEC 61400-3 for extreme loading analysis in order to evaluate the control effect 

of the optimized tower-TMD and nacelle-TLCDs for the NREL/OC3 monopile-

OWT and NREL/MIT TLP-OWT. 

- For the blade-TMD, probability distributions of operational wind speeds (4 m/s to 

24 m/s) at each hub-height of 90 m and 119 m are created as shown in Figure 4.4. 

The wave conditions are not considered in this analysis. The probability 

distributions are used to post-process DLC 1.2 simulation results. The lifetime 

damage equivalent loads (DELs) are evaluated to determine the fatigue behaviors of 

the blades with the TMD. The turbulence intensity in accordance with the IEC 

category B for DLC 1.2 and 1.3 are also included in Figure 4.4. 

Table 4.4 summarizes DLCs and the types of analysis applied to each OWT and 

structural control device. Wind and wave models associated with each DLC are also 

specified. The acronyms NTM, ETM, and EWM stand for the normal turbulence model, 

extreme turbulence model and extreme wind model (50-year recurrence), respectively. 

The acronyms NSS and ESS are related to waves and they stand for the normal sea state 

and the extreme sea state, respectively. For the fatigue limit state (FLS) analysis, DLC 

1.2 is mainly adopted, and DLC 1.3 and 6.2 are mainly utilized for the ultimate limit 

state (ULS) analysis. 
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Figure 4.1: Conditional probability density and expected values of 𝐻𝑠 and 𝑇𝑃 

 

Figure 4.2: Joint probability density as functions of 𝑈 and 𝛽, and expected values of 𝐻𝑠 

and 𝑇𝑃 (a): 3-D view of distribution, (b): 2-D view of distribution, (c): expected value of 

𝐻𝑠 for each intersection, (d): expected value of 𝑇𝑃 for each intersection 
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Figure 4.3: Extreme values and the corresponding return periods 

 

F i g u r e  4.4:  Probability distribution of operational wind speed and corresponding 

turbulence intensity (a): hub height of 90 m, (b): hub height of 119 m 

Parameter Value 

Mean wind speed, 𝑈 9.4 m/s 

Significant wave height, 𝐻𝑠 1.7 m 

Peak wave spectral period, 𝑇𝑃 8.2 s 

Mean wind/wave misalignment, 𝛽 15.3 deg 

Turbulence intensity, TI 18.8 % (IEC Turbulence category B) 

Table 4.2: Statistics of variables of interest based on 8 years historical data 
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Return period Wind speeds Significant wave heights Peak spectral periods 

1 year 25.6 m/s 5.93 m 9.1 s 

50 years 43.1 m/s 12.6 m 15.1 s 

100 years 45.4 m/s 13.5 m 15.9 s 

200 years 47.6 m/s 14.4 m 16.7 s 

500 years 50.6 m/s 15.5 m 17.8 s 

Table 4.3: Extreme values for 1, 50, 100, 200 and 500-year return periods 

Control 

device 

Turbine 

model 
Design load case Anlaysis 

Wind/ wave 

model 

Reference 

Figure / Table 

T
o

w
er

-T
M

D
 

NREL/OC3 

monopile 

Mean of 𝑈, 𝐻𝑠, 𝑇𝑃, 𝛽 Parametric  NTM/NSS N/A / 4.2 

DLC 1.2 (Joint probability of 𝑈, 𝛽) FLS NTM/NSS 4.2 / A.1 & 2 

DLC 6.2 (𝑈 = 𝑈50, 𝐻𝑠 = 𝐻𝑠50, 𝑇𝑝 = 𝑇𝑝50) ULS EWM/ESS 4.3 / 4.3 

MREL/MIT 

TLP 

Mean 𝑈, 𝐻𝑠, 𝑇𝑃, 𝛽 Parametric  NTM/NSS N/A / 4.2 

DLC 1.2 (Joint probability of 𝑈, 𝛽) FLS NTM/NSS 4.2 / A.1 & 2 

DLC 6.2 (𝑈 = 𝑈50, 𝐻𝑠 = 𝐻𝑠50, 𝑇𝑝 = 𝑇𝑝50) ULS EWM/ESS 4.3 / 4.3 

N
ac

el
le

-T
L

C
D

s 

NREL/OC3 

monopile 

Mean 𝑈, 𝐻𝑠, 𝑇𝑃, 𝛽 ES  NTM/NSS N/A / 4.2 

Conditional probability of 𝑈, 𝛽 MOO NTM/NSS 4.1 / N/A 

DLC 1.2 (Joint probability of 𝑈, 𝛽) FLS NTM/NSS 4.2 / A.1 & 2 

DLC 6.2 (𝑈 = 𝑈50, 𝐻𝑠 = 𝐻𝑠50, 𝑇𝑝 = 𝑇𝑝50) ULS EWM/ESS 4.3 / 4.3 

MREL/MIT 

TLP 

Mean 𝑈, 𝐻𝑠, 𝑇𝑃, 𝛽 ES  NTM/NSS N/A / 4.2 

Conditional probability of 𝑈, 𝛽 MOO NTM/NSS 4.1 / N/A 

DLC 1.2 (Joint probability of 𝑈, 𝛽) FLS NTM/NSS 4.2 / A.1 & 2 

DLC 6.2 (𝑈 = 𝑈50, 𝐻𝑠 = 𝐻𝑠50, 𝑇𝑝 = 𝑇𝑝50) ULS EWM/ESS 4.3 / 4.3 

B
la

d
e-

T
M

D
 

NREL 5-

MW blade 

Mean of 𝑈 Parametric  NTM N/A / 4.2 

DLC 1.2 (Probability of operational wind)  FLS NTM 4.4 / N/A 

DLC 1.3 ULS ETM 4.4 / N/A 

DTU 10-

MW blade 

Mean of 𝑈 Parametric  NTM N/A / 4.2 

DLC 1.2 (Probability of operational wind) FLS NTM 4.4 / N/A 

DLC 1.3 ULS ETM 4.4 / N/A 

Table 4.4: Summary of design load cases and type of analysis 
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4.2 Metocean Conditions at Wave Hub Site 

The metocean conditions of the Wave Hub site are measured and estimated 

through a hind cast approach conducted by HR Wallingford hydraulics laboratory in UK 

[72]. The Wave Hub site is permitted as a test site for wave energy devices and has 

relatively severe wave conditions. In this dissertation, the metocean conditions at this site 

are mainly utilized to conduct ULS analysis (extreme load analysis) for evaluating the 

control effect of the tower-TMD on reducing extreme loads of the GE Haliade 6-MW 

supported by a monopile-OWT and Glosten’s PelaStar TLP-OWT. The extreme wind 

conditions are taken from statistical analyses of 30 years and 10 year hind cast wind data 

sets. The extreme wave conditions are estimated from wave hind cast data based on wave 

propagation models. The post-processing of the wave data returns a 50-year return period 

𝐻𝑠  and  𝑇𝑃 . The post-processed wave data is further modified by Glosten to provide 

conservative 50-year return period extreme wave conditions. Figure 4.5 shows a contour 

plot of 𝐻𝑠 and  𝑇𝑃 provided by Glosten. The extreme 50-year return wind speed of 38.1 

m/s at the hub height is used in the ULS analysis. In addition, two significant wave 

heights, 9.94 m (𝑇𝑃 of 14.04 s) and 10.26 m (𝑇𝑃 of 14.69 s), are used to represent severe 

wave conditions at the Wave Hub site. Table 4.5 shows the ULS conditions for the GE 

Haliade 6-MW PelaSatr TLP-OWT. The conditions listed in Table 4.5 for ULS analysis 

are used to create a set of conditions for DLC 6.1 according to the IEC 61400-3. To 

derive FLS conditions, a probability distribution for operational wind speed and a 

probability distribution for wind/wave misalignment are created, as shown in Figure 4.6. 

The wind speed at the hub height of 100 m is binned with a width of 2 m/s from the cut-

in wind speed (3 m/s) to the cut-out wind speed (25 m/s). The data for wind/wave 
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misalignment is binned with a width of 30 degrees from 0 to 90 degrees. The expected 

values of 𝐻𝑠 and 𝑇𝑃 associated with each wind bin are determined and shown in Table 

4.6. The turbulence intensity follows the IEC category B. The probability regarding 

wind/wave misalignments and the expected values of 𝐻𝑠 and 𝑇𝑃 are used to create a set 

of DLC 1.2 conditions for investigating the impact of the tower-TMD on reducing 

fatigue loads of GE Haliade 6-MW OWTs. Table 4.7 shows some important statistics of 

variables of interest, such as 𝑈, 𝐻𝑠 , 𝑇𝑃 and 𝛽 are also estimated, which are used for a 

parametric study of the tower-TMD for GE Haliade 6-MW OWTs. Table 4.8 summarizes 

DLCs and the types of analysis. 

 

Figure 4.5: Contour plot of 50-year return period wave heights and periods [72] 
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Figure 4.6: Wind speed distribution and wind/wave misalignment probability [72] 

Wind speed (m/

s) 
TI (%) Current (m/s) 𝐻𝑠 (m) 𝑇𝑃 (s) 

38.1 11.0 0.354 10.26 14.69 

38.1 11.0 0.354 9.94 14.04 

Table 4.5: Summary of extreme wind and wave conditions at the Wave Hub site 

Wind speed (m/s) 
Turbulence intensity 

(%) 

Significant wave heights 

(m) 
Peak spectral periods (s) 

4 30.1 0.37 3.79 

6 23.6 0.48 4.01 

8 20.3 0.61 4.26 

10 18.3 0.76 4.54 

12 17.0 0.93 4.84 

14 16.1 1.12 5.12 

16 15.4 1.32 5.49 

18 14.9 1.55 5.84 

20 14.4 1.80 6.19 

22 14.1 2.06 6.54 

24 13.8 2.34 6.89 

Table 4.6: Summary of operational wind and wave conditions 

Parameter Value 

Mean wind speed, 𝑈 9.1 m/s 

Significant wave height, 𝐻𝑠 0.65 m 

Peak wave spectral period, 𝑇𝑃 4.37 s 

Mean wind/wave misalignment, 𝛽 10.7 deg 

Turbulence intensity, TI 19.8 % 

Table 4.7: Statistics of variables of interest 
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Control 

device 

Turbine 

model 
Design load case Anlaysis 

Wind/ 

wave 

model 

Reference 

Figure / 

Table 
T

o
w

er
-T

M
D

 

GE 

Haliade/ 

monopile 

Mean of 𝑈, 𝐻𝑠, 𝑇𝑃, 𝛽 
Parametric 

study 
NTM/NSS N/A / 5.6 

DLC 1.2 (Joint probability of 𝑈, 𝛽) FLS NTM/NSS 5.6 / N/A 

DLC 6.1 (𝑈 = 𝑈50, 𝐻𝑠 = 𝐻𝑠50, 

𝑇𝑝 = 𝑇𝑝50) 
ULS EWM/ESS 5.5 / 5.5  

GE 

Haliade/ 

TLP 

Mean 𝑈, 𝐻𝑠, 𝑇𝑃, 𝛽 
Parametric 

study 
NTM/NSS N/A / 5.6 

DLC 1.2 (Joint probability of 𝑈, 𝛽) FLS NTM/NSS 5.6 / N/A 

DLC 6.1 (𝑈 = 𝑈50, 𝐻𝑠 = 𝐻𝑠50, 

𝑇𝑝 = 𝑇𝑝50) 
ULS EWM/ESS 5.5 / 5.5  

Table 4.8: Summary of design load cases and type of analysis 
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CHAPTER 5 

CONTROL STRATEGIES AND OPTIMIZATION 

It is important to establish control strategies to investigate the impact of structural 

control approaches on reducing fatigue and extreme load reductions of OWTs. This 

chapter describes passive and semi-active control techniques for the tower-TMD, the 

blade-TMD and the nacelle-TLCDs. Different optimization approaches for each control 

device are utilized. Several semi-active control algorithms for the tower-TMD used in 

this dissertation are presented and the optimal combination is determined based on their 

distinct frequency characteristics. Some of the results regarding the tower-TMDs for 

GE’s OWTs have been published in Wind Energy [66]. 

5.1 Parameter Optimization for a Tower-TMD 

A parametric study is conducted to determine the optimal parameters of the 

passive pendulum-type omni-directional TMD situated on the top of a tower (see Figure 

3.1). The OWT models used in this analysis are the NREL 5 MW baseline wind turbine 

supported by OC3 monopile and MIT-NREL TLP, and the GE Haliade 6 MW wind 

turbine with the monopile and the Pelastar TLP support structures. The main parameters 

to be optimized are the mass ratio, tuning frequency ratio, and damping ratio of the 

tower-TMD. Typically, the vibrational energy of a turbine tower increases as it goes 

toward the end of the tower, and is mostly distributed near the tower top as the 

magnitude of the critical tower mode is the largest as shown in Figure 5.1. Although the 

space for driving the tower-TMD gradually decreases, it is still desirable for the tower-

TMD to be installed where the magnitude of the critical mode is the largest. The control 
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effect is further increased as the mass of the TMD increases. Though the heavier TMD is 

better in terms of control performance, there are limitations in using the heavier mass of 

the TMDs for real application. In structural control engineering, the mass ratio 𝜇  is 

defined as the ratio of the TMD mass to the first modal mass of the main structure. 

 

Figure 5.1: An example of fore-aft and side-to-side mode shapes of a turbine tower 

Previous research conducted by Adam and Furtmüller pointed out that a range of 

mass ratios of 2 - 8% are considered to be effective and the practically applicable range 

for structural control [73]. In addition, He et al. [74] concluded that the suppression rates 

of the vibration response for OWTs vary according to the TMD mass. In this dissertation, 

the TMD mass has been chosen within the range of 0.7 – 8.2 % of the 1
st
 tower modal 

mass. In general, the optimal tuning frequency and the damping coefficient depend on 

the mass ratio, so it is critical to identify the optimal parameters for the tuning frequency 
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and the damping ratio as a function of the mass ratio. The first modal mass of the tower 

can be directly calculated from the equation below: 

 𝑚1𝑠𝑡 = ∫ 𝜌(𝑧)𝐸2(𝑧)𝑑𝑧
𝐿

0

 (5.1) 

where 𝑚1𝑠𝑡 is the first modal mass of the tower, 𝜌(𝑧) is mass density per unit length, and 

𝐸(𝑧) denotes the normalized mode shape of the tower fore-aft direction. The values of 

𝜌(𝑧) and 𝐸(𝑧)  can be determined from the FASTv8 input files. Once the mass ratio 𝜇 is 

determined, the optimal frequency ratio 𝛾 and damping ratio 𝜁 can be specified through a 

parametric study. In a previous paper, Lackner and Rotea determined the optimal 

parameters of a passive tuned mass damper (TMD) for a floating OWT, the ITI barge 

[27]. The control performance of the passive TMD was shown to be superior when tuned 

to the most critical mode (platform pitch motion). This is because the tower’s dynamic 

response might be highly affected by modes other than the tower mode itself for floating 

OWTs. This means that the control device does not necessarily need to be tuned to the 

1st tower mode even if the target of the control device is to improve the dynamic 

response of the tower. In this context, it is essential to identify the critical mode that 

causes the largest loads on the tower for each different turbine configurations before 

conducting a parametric study. The critical mode is identified by checking the frequency 

responses of the system, and then a parametric study is conducted in order to find out the 

optimal parameters of the passive TMD near the critical mode of the system. The 

frequency responses of the tower top motions for fixed-bottom and floating OWTs are 

provided in Appendix C: Frequency response of tower top motion for NREL 5-MW 

OWTs and GE 6-MW OWTs. It can be seen from the frequency response results that the 
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pitch and roll mode is the critical mode of the TLP-OWTs, and the tower 1
st
 eigenmode 

is the critical mode that affects the largest loads on the tower of the monopile-OWTs. 

The frequency of the critical mode (control target frequency) for each OWT is listed in 

Table 5.2.  

As discussed in Section 4.1, the basic statistics of variables of interest for wind 

and wave conditions (𝑈, 𝐻𝑠, 𝑇𝑃 and 𝛽) were derived based on eight years of historical 

metocean data at the south east of Nantucket site. The overall statistics of variables used 

for the simulation conditions are summarized in Table 5.1. With these, TurbSim is used 

to generate a full-field wind in accordance with IEC 61400-3. In addition, the derived 

statistics of the wave conditions are set in the HydroDyn input file to create a JONSWAP 

wave spectrum. The wind turbine is assumed to operate normally for power production. 

The collective pitch control and the variable speed torque control are implemented using 

the Bladed-style DLL controller developed at NREL [4]. The standard deviation of the 

tower top displacement is used to quantify control performance and is considered as the 

cost function to be minimized, which strongly correlates with fatigue loads of the turbine 

tower. In order to evaluate the control performance of the tower-TMDs within the 

feasible range of design variables, non-linear fully-coupled aero-hydro-servo-elastic 

simulations were performed in FASTv8. All possible combinations of the three design 

variables of the mass ratio, tuning frequency, and damping ratio are utilized as input 

parameters for the tower-TMD. This allows both the control performance exerted by 

each combination as well as the influence of the change of the mass ratio on the other 

two parameters to be examined. The values for the main input parameters for the tower-

TMD are summarized in Table 5.2. 
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Parameter Value 

Mean wind speed 9.4 m/s 

Significant wave height 1.7 m 

Peak wave spectral period 8.2 s 

Mean wind/wave misalignment 15.3 deg 

Turbulence intensity 18.8 % (IEC Turbulence category B) 

Turbine situation Power production 

Simulation length 10 minutes 

Table 5.1: Simulation conditions for a parametric study 

Test turbine 
NREL 5-MW 

Monopile 

NREL 5-MW    

TLP 

GE 6-MW 

Monopile 

GE 6-MW         

TLP 

Rotational speed 12.1 rpm 12.1 rpm 11.5 rpm 11.5 rpm 

TMD location 77.6 m 87.6 m 82.9 m 105.2 m 

Tower 1st modal mass 487,805 kg 612,820 kg 521,770 kg 640,540 kg 

TMD mass ratio   0.0082 ~ 0.082  0.0078 ~ 0.078  0.0077 ~ 0.077  0.0074 ~ 0.074 

Target frequency (F-A / StS) 0.269 / 0.261 Hz 0.221 / 0.223 Hz 0.246 / 0.243 Hz 0.237 /0.230 Hz 

Tuning frequency ratio 0.9 ~ 1.1 0.9 ~ 1.1 0.9 ~ 1.1 0.9 ~ 1.1 

Damping ratio 0.01 ~ 0.16 0.01 ~ 0.16 0.01 ~ 0.16 0.01 ~ 0.16 

Table 5.2: Main input parameters for the tower-TMD 

 

Figure 5.2: Optimal tuning ratio as a function of the mass ratio, (a): NREL 5-MW 

monopile, (b): NREL 5-MW TLP, (c): GE 6-MW monopile, (d): GE 6-MW TLP 
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Figure 5.3: Optimal damping ratio as a function of the mass ratio, (a): NREL 5-MW 

monopile, (b): NREL 5-MW TLP, (c): GE 6-MW monopile, (d): GE 6-MW TLP 

The optimal frequency ratio and damping ratio as a function of the mass ratio are 

obtained through a parametric study and they are shown in Figure 5.2 and 5.3. The points 

(blue circle) indicate the optimal values for the frequency ratio and the damping ratio 

corresponding to the mass ratios, which can minimize the standard deviation of the tower 

top displacement (cost function). It can be seen from Figure 5.2 and 5.3 that the change 

in the mass ratio requires different optimum values for the tuning ratio and damping ratio. 

An increase in the mass ratio leads to a decrease in the optimal tuning ratio. In contrast, 

the optimal damping ratio increases with the larger mass of the TMD. Such phenomena 

can also be seen in contour plots as shown in Figure 5.4. It can be seen from the contour 

plots that the de-tuning of the frequency and the damping ratio becomes less sensitive as 

the mass ratio increases, because the increase in the mass ratio broadens the interval of 

each contour line. The resulting optimal values are used in a non-linear curve-fitting 
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scheme in order to derive design formulas of the optimal frequency and damping ratios 

of the tower-TMD for a given mass ratio 𝜇. In 1982, Warburton et al. [75] established the 

optimal design formulas for these two parameters. As shown in Figure 5.2 and 5.3, 

Warburton’s formulas cannot precisely predict the optimums for fully-coupled 

complicated physical systems, like offshore wind turbines as they utilized a single degree 

of freedom model for the main structure and the control system. New design formulas are 

needed that can be applied to offshore wind turbines. In order to establish the optimal 

design formulas, Warburton’s formulas are adopted as basic forms and they are further 

modified in this dissertation. The basic forms are as follows: 

 𝛾𝑜𝑝𝑡 =
𝑎𝑓

𝑏𝑓 + 𝑥𝑐𝑓
 (5.2) 

 
𝜁𝑜𝑝𝑡 = (

𝑎𝑧𝜇

𝑏𝑧 + 𝑐𝑧𝜇
)
𝑑𝑧

 
(5.3) 

 

Eqs. (5.2) and (5.3) are modified forms of Warburton’s formulas to fit the non-

linear curves in Figure 5.2 and 5.3. The coefficients 𝑎𝑓 , 𝑏𝑓 , 𝑐𝑓 , 𝑎𝑧 , 𝑏𝑧 , 𝑐𝑧  and 𝑑𝑧  are 

determined through a non-linear curve fitting method as given in Table 5.3. The optimal 

design formulas using the identified coefficients are plotted in Figure 5.2 and 5.3.  

The tower-TMD is originally designed to have a mass of 20 tons by ESM 

GmBH. With the TMD mass of 20 tons, the mass ratio varies depending on the types of 

OWTs. So, the design formulas are used to find the stiffness and damping coefficient of 

the TMD with mass of 20 tons in this dissertation. The surface response plot to represent 

the optimal stiffness and damping ratio for each OWT are shown in Figure 5.5, and the 
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optimal values are listed in Table 5.4. In Chapter 6, the optimal parameters corresponding 

to the mass of 20 tons are used to investigate the impact of the TMD on reducing extreme 

and fatigue loads of OWTs. 

Model Optimal frequency ratio 𝛾𝑜𝑝𝑡 Optimal damping ratio 𝜁𝑜𝑝𝑡 

NREL 5-MW Monopile 
0.1381

0.1407 + 𝜇1.997
 (

0.421𝜇

0.0648 + 1.194𝜇
)
1.176

 

NREL 5-MW TLP 
0.1767

0.1797 + 𝜇1.925
 (

0.577𝜇

0.0478 + 1.319𝜇
)
1.535

 

GE 6-MW Monopile 
0.1583

0.1608 + 𝜇1.989
 (

0.474𝜇

0.0516 + 1.105𝜇
)
1.407

 

GE 6-MW TLP 
0.2479

0.2514 + 𝜇1.768
 (

0.389𝜇

0.0640 + 1.029𝜇
)
1.194

 

Table 5.3: Design formulas for the optimal frequency and damping ratio 

 
Figure 5.4 Contour plot of the standard deviation of the tower top displacement for 

optimization of 𝛾 and 𝜁, (a): 𝜇 = 0.017, (b): 𝜇 = 0.033, (c): 𝜇 = 0.049, (d): 𝜇 = 0.066 
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Figure 5.5: Optimal stiffness and damping ratio for the TMD with mass of 20 tons 

OWT model TMD mass ktmd (Fore-aft) ktmd (StS) 𝜁 

NREL Monopile 20,000 kg 53,730 N/m 50,590 N/m 10.9 % 

NREL TLP 20,000 kg 36,720 N/m 37,390 N/m 8.9 % 

GE Monopile 20,000 kg 45,440 N/m 44,340 N/m 9.9 % 

GE TLP (100 m) 20,000 kg 42,800 N/m 42,230 N/m 10.0 % 

Table 5.4: Optimal stiffness and damping ratio for the TMD with mass of 20 tons for the 

different OWTs 

5.2 Parameter Optimization for a Blade-TMD 

For OWTs, it is highly desirable to control the dynamic responses of the tower or 

support structure in order to withstand harsher environmental conditions than their land 

based counterparts. In this regard, numerous research regarding structural control 
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approaches for OWTs have focused on reducing dynamic loads on wind turbine towers 

and support structure. In the current trend toward the use of larger rotors for modern 

multi-megawatt wind turbines, it is also of interest to apply structural control techniques 

to the blades themselves, rather than confining them to towers or support structures. As 

the diameter of the blades increases, they become more flexible, making them relatively 

vulnerable to external loads [55]. In general, the vibrational energy of the blades in the 

flap-wise direction is damped out by aerodynamic damping caused by the rotor during 

normal operation [56]. In contrast, the blade vibrations in the edgewise direction are 

lightly damped due to the lack of aerodynamic damping from the rotor. The insignificant 

aerodynamic damping acting on the edgewise direction causes larger dynamic responses 

and shortens the reliability of the blade. For this reason, reducing the edgewise vibration 

can be a solution to increase the fatigue life and stability of the blade. In this dissertation, 

the objective of the blade-TMD is to mitigate the edgewise fatigue and ultimate loadings 

in rotating wind turbine blades. 

In general, it is most desirable in terms of the control performance that the blade-

TMDs are placed toward the blade tip where the vibrational energy is the largest. Also, 

the motion of the blade-TMD is mostly dominated by the centrifugal acceleration of the 

blade, which is proportional to the distance from the center of the rotation. Thus, it is 

expected that the blade-TMD has a better control performance by mounting it close to the 

blade tip. However, the added mass of the blade-TMD located near the tip may 

counteract the control effects of the blade-TMD, and can lead to additional deflections by 

the weight of the blade-TMD. The correlation between the deflection due to the effect of 

gravity and the blade rotation can be seen in Figure 5.6. The blade is deflected in the 
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edgewise direction (or in-plane direction) as it rotates. In Figure 5.6 (a), the first blade 

(number 1) does not experience the deflection by the effect of gravity in the edgewise 

direction, as the azimuth angle is zero. As the blade starts to rotate, the deflection by the 

effect of gravity occurs as shown in Figure 5.6 (b). In reality, deflection in the edgewise 

direction occurs inevitably even if the azimuth angle is zero, since the blade is usually 

twisted. Figure 5.7 shows an example of the time response of the edgewise tip deflection 

when the blade rotates at 12.1 rpm (0.2 Hz). It can be seen that the frequency of the 

deflection corresponds to the rotational speed of the blade. Figure 5.8 shows an example 

of the control effects of the blade-TMD and additional deflections of the blade caused by 

the blade-TMD. While the control target frequency-component (1st edgewise natural 

frequency of 1.09 Hz) can be relieved by both lighter (𝜇=0.05), and heavier TMDs 

(𝜇=0.25), the heavier TMD results in larger deflection related to the rotational frequency-

component (0.2 Hz =12.1 rpm).  

In addition, the added mass by the blade-TMD affects the 1
st
 edgewise natural 

frequency. BModes is utilized to calculate the 1
st
 edgewise natural frequency of the blade 

equipped with the blade-TMD. In order to evaluate the impacts of the mass and the 

location of the blade-TMD on the natural frequency, iterative simulations using BModes 

are performed by changing the mass distribution (lighter to heavier) at each blade 

element (blade bottom to tip) to compensate for the blade-TMD mass located in the blade 

along the z-direction. Figure 5.9 shows the results of the BModes simulations, which 

illustrates the 1
st
 natural frequency as functions of the TMD mass and the locations. The 

x-axis represents the mass ratio of the TMD mass to the 1
st
 modal mass of the blade and 

the y-axis represents the TMD position along the blade length. The information about the 
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first modal mass and the maximum blade length is shown in Table 5.4. The color bar 

indicates the 1
st
 edgewise natural frequency. The 1

st
 natural frequency of the NREL-

5MW blade and DTU 10-MW blade without a TMD are 1.09 Hz and 0.97 Hz, 

respectively. It can be seen from Figure 5.9 that the natural frequency drops considerably 

as the TMD is closer to the tip of the blade. This phenomenon becomes worse with larger 

mass. In beam theory, it is well known that the mass ratio of the attached tip mass to the 

whole mass of the beam is a significant factor affecting the natural frequencies of the 

system [76]. The effect of added mass by the TMD on the natural frequency is negligible 

when the mass ratio 𝜇 is less than 0.08 and the TMD is positioned approximately 2/3 of 

the total blade length. Conversely, when the mass ratio is larger than 0.08 and the TMD 

is positioned beyond 2/3 of the total blade length, the potential of the blade-TMD is no 

longer meaningful, since it results in a significant decrease in the 1
st
 natural frequency of 

the blade. The 1
st
 natural frequency determined by BModes analysis is used to tune the 

blade-TMD for a parametric study to determine the optimal position of the blade-TMD.  

 

Figure 5.6: Deflections of the blades as the blades rotate 
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Figure 5.7: Time response of the blade deflection  

 

Figure 5.8: Time response and frequency response of edgewise tip displacement for 

baseline, and the lighter TMD and the heavier TMD cases 
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Figure 5.9: BMode results showing the 1
st
 edgewise natural frequencies (Hz) 

In addition, the available space inside the blade can also be a factor to determine 

the position of the TMD, since the space for the blade-TMD operation dramatically 

decreases towards the blade tip. While it is important to mount the blade-TMD as close 

to the blade tip as possible in order to achieve better control performance, it is more 

noteworthy to avoid such negative effects and reserve enough space by locating the TMD 

at a lower position. For this reason, the blade-TMD mass and the positon along the blade 

length are critical parameters that should be determined first. The optimization scheme 

mainly consists of the following two steps:  

1) Conduct a parametric study for the mass and the location of the blade-TMD. For 

this parametric study, the TMD mass and the location are variable within the ranges. 

The tuning frequency is fixed to a certain value that corresponds to the value of 

intersection between the mass ratio and the TMD location obtained from BModes 

analysis as shown in Figure 5.9. The damping coefficient of the TMD is adjusted to 

maintain the damping ratio of 8 %.  
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2) Once the optimal TMD location as a function of the mass ratio is determined, then 

a second parametric study to determine the optimal tuning frequency and damping 

ratio of the blade TMD is performed. In contrast to the first parametric study, this 

time, the simulation is performed by varying the tuning frequency and damping ratio 

within a certain range while keeping the fixed mass and location of the TMD 

obtained from the first parametric study. 

The first parametric study routine considers every possible combination of the 

mass and the location of the blade TMD for each the NREL-5MW and the DTU 10-

MW blade. To find the optimal mass ratio and location, successive simulations with a 

range of the evenly spaced TMD mass and location are conducted using FASTv8 the 

structural control module. The main simulation conditions are the same as those 

performed in the tower parametric study. The turbines operate normally, and the same 

blade pitch and torque controls are applied. The cost function to be minimized is the 

standard deviation of the blade edgewise vibration. The values for the main input 

parameters are summarized in Table 5.5. The blade rotates at the rated speed of each 

turbine model. Like the tower-TMD, the mass ratio 𝜇 is defined as the ratio of the 

TMD mass to the first modal mass of the blade. The mass ratios 𝜇 evaluated in this 

analysis range from 0.01 to 0.2, and the TMD is positioned from the root to the tip. 

Test blade NREL 5-MW Blade DTU 10-MW Blade 

Rotation speed 12.1 rpm 9.6 rpm 

Initial perturbation at the blade tip 0.5 m 0.5 m 

Blade length 61.5 m 86.4 m 

Blade 1
st
 modal mass 1300 kg 1950 kg 

TMD mass 𝜇 = 0.01 ~ 0.2 𝜇 = 0.01 ~ 0.2 

TMD location (z-direction) 0 ~ 61 m 0 ~ 86 m 

Table 5.5: Main input parameters for the blade-TMD 
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Figure 5.10 shows the contour plot obtained by the first parametric study. The 

color bar indicates the standard deviation of the blade edgewise vibration. As expected, 

the control performance deteriorates as the TMD approaches the blade tip with larger 

mass. Also, it can be seen that the optimal position of the blade TMD becomes lower as 

the TMD mass increases. The black circle represents the location of the minimum 

standard deviation according to the TMD mass ratio. The points show the optimal 

position of the blade-TMD corresponding to the mass ratio, and are nonlinearly 

distributed. The curves formed by the points are used to derive optimal design formulas 

for the TMD location by conducting a nonlinear curve fitting method. The formulas are 

expressed as 4
th

 order polynomials as shown in Table 5.6. 

Model Design formula (4
th
 order polynomial)  

NREL 5-MW Blade 51300𝜇4 − 31240𝜇3 + 7324𝜇2 − 847𝜇 + 73 

DTU 10-MW Blade 72400𝜇4 − 42800𝜇3 + 9705𝜇2 − 1106𝜇 + 103 

Table 5.6: Design formulas for the optimal blade-TMD position 

Once the optimal positions for the given range of the mass ratios are determined, 

the remaining parameters such as the tuning frequency ratio and the damping ratio of the 

blade-TMD are further optimized. As mentioned earlier, the TMD tuning frequency and 

the damping coefficient were set to constant values in the first parametric study to 

determine the optimal position of the TMD. In fact, these constant values are not exact 

optimal values, so the second parametric study is performed. Through the second 

parametric study, the optimum tuning frequency and damping coefficient are obtained at 

each intersection on the curve from the design formula for the TMD location. Figure 5.11 

(a) and (b) show the 3-dimensional scatter plots that represent the optimal frequency ratio 
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(𝛾) and the optimal damping ratio (𝜁) as functions of the mass ratios and the locations. 

Figure 5.11 (c) and (d) show the 2-dimensional view (x-z plane). It is clear from Figure 

5.11 (c) that the frequency ratio decreases as the mass ratio increases. In contrast, an 

increase in the mass ratio leads to a larger damping ratio. Such phenomena have been 

demonstrated and validated in previous structural control research [75]. Like the tower-

TMD, Warburton’s formulas are adopted as basic forms and are further modified to 

establish design formulas for the optimal frequency and the damping ratio: 

 𝑓𝑜𝑝𝑡 =
√1 + 𝛼𝜇

1 + 𝛽𝜇
 (5.4) 

 
𝜁𝑜𝑝𝑡 = (

𝜅𝜇

𝜙 + 𝜒𝜇
)

𝜆

 
(5.5) 

Eqs. (5.4) and (5.5) are modified forms of Warburton’s formulas to fit the curves 

in Figure 5.11 (c) and (d). The coefficients 𝛼, 𝛽, 𝜅, 𝜙, 𝜒 and 𝜆 are determined through a 

non-linear curve fitting scheme as given in Table 5.7. The design formulas regarding the 

optimal TMD location, frequency ratio and damping ratio are utilized in order to evaluate 

the impact of the optimal blade-TMD on reducing fatigue and extreme loads of OWTs in 

Chapter 6. 

Model Optimal frequency ratio 𝛾𝑜𝑝𝑡 Optimal damping ratio 𝜁𝑜𝑝𝑡 

NREL 5-MW Blade 
√1 − 1.176𝜇

1 + 0.04315𝜇
 (

3.216𝜇

8.648 + 7.966𝜇
)
0.5147

 

DTU 10-MW Blade 
√1 − 1.210𝜇

1 + 0.2242𝜇
 (

2.561𝜇

6.309 + 8.254𝜇
)
0.5588

 

Table 5.7: Design formulas for the optimal frequency ratio and damping ratio for the 

blade-TMD 
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Figure 5.10: Contour plot of the standard deviation of the blade edgewise displacement 

(m) 

 

Figure 5.11: Scatter plots showing optimal 𝛾 and 𝜁, (a) and (b): 3-D view, (c) and (d): 2-

D view 
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5.3 Parameter Optimization for Nacelle-TLCDs 

For parameter optimization of the nacelle-TLCDs, two optimization schemes are 

performed sequentially. First, a preliminary design using a reduced order exhaustive 

search method is performed to identify the appropriate ranges of design variables for a 

multi-objective optimization problem (MOO). Once the boundaries of variables are 

derived by the preliminary design, a MOO process is conducted in order to optimize the 

orthogonal nacelle-TLCDs. 

5.3.1 Reduced Order Exhaustive Search Study 

A reliable way of determining the optimal parameters with certainty is to test all 

possible cases of the design variables. An exhaustive search (ES) approach can be used 

to evaluate all possible combinations of the design variables for the TLCD. However, 

this method requires at least tens of thousands of calls from a simulator to test all 

combinations of each design variable within the specified bounds and geometric design 

constraints. The number of simulations to conduct a general ES approach for the TLCD 

outweighs that of the TMD because the number of design variables to be optimized is 

much larger. As FASTv8 is used as a main simulator in the parameter optimization, it 

might be infeasible to evaluate every combination of the design variables (possibly more 

than tens of simulations), since FASTv8 is computationally expensive. In this context, 

the number of design variables needs to be reasonably limited. 

In this section, the ES method with a reduced order of design variables is 

conducted for the preliminary design of the TLCDs, in order to evaluate the overall 

impacts of key design variables and to provide insights needed to select the appropriate 
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ranges of each design variable, which is applicable to other optimization approaches. The 

insights derived from the preliminary design are used to solve a full-scale multi objective 

optimization (MOO) problem based on a genetic algorithm detailed in Section 5.3.2. 

Setting a proper range for the design variables allows for appropriate diversity of this 

population, which is a critical factor in making the genetic algorithm more efficient. 

The main procedure of the reduced ES approach is: (i) to determine which design 

variable has the greatest influence on control performance, and set it to a certain value; (ii) 

to eliminate the design variables that violate the design constraints; (iii) to run 

simulations with feasible combinations of the design variables determined in procedure 

(ii); (iv) finally to exclude the combinations that violate the liquid stroke constraint that 

cannot be considered in the selection of possible combinations of design variables in 

procedure (ii) as the liquid stroke is unknown before simulation. 

As with most structural control devices, tuning the device to the critical mode of 

the main structure is the most important in terms of control performance. Thus, the 

tuning frequency (𝑓𝑇𝐿𝐶𝐷) is fixed to a constant value corresponding to the optimal tuning 

frequency from the optimal design formulas as shown in Table 5.3. Like the tower-TMD, 

the orthogonal TLCDs are assumed to be tuned to the pitch and roll mode for the NREL 

5-MW TLP OWT. This is because the bending response of the tower is highly affected 

by the pitch and roll mode as also discussed in Section 5.1. The frequencies of the pitch 

and roll mode of the turbine model are 0.221 and 0.223 Hz, respectively, as shown in 

Table 5.2. With the design formulas, the optimal tuning frequencies for the FA-TLCD 

and the SS-TLCD can be calculated as 0.216 and 0.218 Hz, respectively, with a mass 

ratio of 𝜅  as 0.0165 for each TLCD (meaning, the total mass ratio is 3.3% or 
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approximately 20 tons). For the NREL 5-MW monopile OWT, the tower critical mode 

frequencies are 0.269 (Fore-aft) and 0.261 Hz (Side-to-side). So, the optimal tuning 

frequencies for the FA-TLCD and the SS-TLCD can be calculated as 0.262 and 0.254 Hz 

by applying the design formulas. These optimal tuning frequencies are used for the 

reduced ES approach, and are fixed. Setting the tuning frequencies to a constant value 

significantly reduces the number of combinations of design variables. From Eqs. (3.42) 

and (3.43), the tuning frequency 𝑓𝑇𝐿𝐶𝐷 can be expressed as: 

 𝑓𝑇𝐿𝐶𝐷 = √
2𝜌𝐴�̇�2(𝐿 − 𝐵) + 2𝜌𝐴�̇�2(𝐿 − 𝐵) + 2𝜌𝐴(𝑔𝑧 + �̈�𝑃𝐺 )

𝜌𝐴(𝐿 − 𝐵 + 𝛼𝐵)

1

2𝜋
≅ √

2𝑔𝑧

𝐿𝑒𝑒

1

2𝜋
 (5.5) 

where 𝐿𝑒𝑒(= 𝐿 − 𝐵 + 𝛼𝐵) is the total length of an equivalent uniform liquid column 

with a constant cross-sectional area 𝐴, meaning that it has the same kinetic energy as a 

TLCD with variable cross-sectional areas in the vertical and the horizontal columns. The 

two rotational terms ( 2𝜌𝐴�̇�2(𝐿 − 𝐵)  and 2𝜌𝐴�̇�2(𝐿 − 𝐵) ) and the translational 

acceleration term in the direction of z (2𝜌𝐴 �̈�𝑃𝐺 ) are very small, and can thus be 

neglected. Therefore, 𝑓𝑇𝐿𝐶𝐷  can be expressed as a function of the gravitational 

acceleration and the equivalent length 𝐿𝑒𝑒 . Once the optimal tuning frequencies are 

determined, then the equivalent length 𝐿𝑒𝑒  can also be determined. The equivalent 

lengths 𝐿𝑒𝑒 for the FA-TLCD and the SS-TLCD are 10.7 m and 10.5 m respectively for 

the NREL TLP OWT. For the NREL monopile OWT, the equivalent lengths are 7.3 m 

(FA-TLCD) and 7.7 m (SS-TLCD). With 𝐿𝑒𝑒  determined, the area ratio α  can be 

identified as the function of 𝐿 and 𝐵 as seen in the equation below:  
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 𝛼 =
𝐿𝑒𝑒 − 𝐿 + 𝐵

𝐵
> 0 (5.6) 

The area ratio 𝛼 cannot be negative physically. The equivalent length 𝐿𝑒𝑚 gives 

the same total mass as the TLCD with the variable cross-sectional areas of the vertical 

and the horizontal column. Like the area ratio parameter, the equivalent length 𝐿𝑒𝑚 also 

depends on 𝐿 and 𝐵. 

 𝐿𝑒𝑚 =
𝐵

𝛼
+ (𝐿 − 𝐵)  (5.7) 

The vertical cross-sectional area 𝐴𝑉 is calculated as: 

 𝐴𝑉 =
𝑚𝑡𝑜𝑡

𝜌𝐿𝑒𝑚
 (5.8) 

According to Eqs. (5.6) - (5.8), the only independent variables are 𝐿 and 𝐵. The 

remaining variables (𝛼, 𝐿𝑒𝑚, 𝐴𝑉) depend on 𝐿 and 𝐵. These independent variables should 

be bounded due to the limited space available inside the nacelle. Also, they should be 

constrained to avoid geometric conflicts. Even if the combinations of the design variables 

are within the lower and upper bounds, some of them often present geometrically 

impossible dimensions. The feasible space for the TLCDs is assumed to be the maximum 

size of the nacelle. These dimensioning requirements are estimated based on the nacelle 

side and front area data from a 6-MW DOWEC turbine [77]. The dimensions from the 6-

MW DOWEC turbine can be a good basis for making the assumption as the NREL 

offshore 5-MW turbine is developed by mainly utilizing the data from the DOWEC study. 

In practice, the fact that the nacelle holds electrical and mechanical equipment including 

the main shaft, gearbox and generator, etc., complicates use of the space for the TLCDs. 
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Rather than considering the design of the TLCD in the presence of such equipment, this 

dissertation focuses on investigating the impact of the orthogonal TLCDs in terms of the 

load reductions as well as the effects of the design variables on dynamic responses of the 

turbine system. As such, this dissertation does not consider the layout of the equipment 

and the TLCDs, though this could be a topic for future work. 

The head loss coefficients can also be regarded as design variables and their 

optimum value can be derived through simulations. However, considering all these 

combinations in addition to the other two variables (𝐿 and 𝐵) substantially increases the 

number of simulations. Consequently, the head loss coefficients are assumed to be an 

arbitrary value in this preliminary design process. The terms ( 1/2𝜌𝐴𝑉𝜉𝛼2|�̇�|�̇� ), 

representing the damping of the TLCDs in Eqs. (3.42) and (3.43) are non-linear in terms 

of water velocity (�̇�). Because of the non-linearity, it is difficult to directly determine the 

head loss coefficient 𝜉 . In order to determine the optimal head loss coefficient, a 

statistical linearization method has been proposed by Yalla et al. [78]. They derived an 

expression for the optimal head loss coefficient of a TLCD subject to white noise input 

by introducing a direct search method. The expression is utilized for the preliminary 

design process, and the values used for the preliminary design are 3.5 and 2.5 for the FA-

TLCD and the SS-TLCD, respectively. Assuming the head loss coefficient as a constant 

value not only significantly reduces the amount of simulation, but also focuses on the 

effect of the other two design variables (𝐿 and 𝐵) on control performance.   

Table 5.8 lists the design variables for each TLCD and their minimum and 

maximum values. The lower and upper bounds are applied to both the monopile and TLP 

OWTs. Table 5.9 shows the design constraints for the FA-TLCD and SS-TLCD with a 
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circular cross-sectional area and a rectangular cross-sectional area. The constraint 

functions vary depending on the shape of the cross-sectional area. 

Variables Description (units) Min Max 

𝐿𝐹𝐵 Total length of liquid for FA-TLCD (m) 1.0 21.0 

𝐵𝐹𝐵 Horizontal length of liquid for FA-TLCD (m) 1.0 14.0 

𝐿𝐿𝑅 Total length of liquid for SS-TLCD (m) 1.0 9.3 

𝐵𝐿𝑅 Horizontal length of liquid for SS-TLCD (m) 1.0 2.3 

Table 5.8: Design variables and their lower and upper bounds for the reduced ES 

approach 

 
Constraints (i=FA, SS) Description 

C
ir

cl
e
 

1 𝐵𝑖 − 𝐿𝑖 < 0 The total length is longer than the horizontal length 

2 (𝐿𝑖 − 𝐵𝑖)/2 < 3.5 The height of vertical column is less than the nacelle height 

3 𝑟𝐻𝑖
< (𝐿𝑖 − 𝐵𝑖)/2 The radius of horizontal column is less than the height of liquid 

4 𝑟𝑉𝑖
< 𝐵𝑖/2 The radius of vertical column is less than the half of horizontal length 

5 max(|𝑤𝑖|) < (𝐿𝑖 − 𝐵𝑖)/2 Maximum liquid displacement is less than the height of liquid 

R
ec

ta
n

g
le

 

1 𝐵𝑖 − 𝐿𝑖 < 0 The total length is longer than the horizontal length 

2 (𝐿𝑖 − 𝐵𝑖)/2 < 3.5 The height of vertical column is less than the nacelle height 

3 𝐴𝐻𝑖
/2𝑏𝑖 < (𝐿𝑖 − 𝐵𝑖)/2 The half of height of the horizontal column is less than the height of 

liquid 

4 𝐴𝑉𝑖
/2𝑏𝑖 < 𝐵𝑖/2 The half of height of the vertical column is less than the half of horizontal 

length 

5 max(|𝑤𝑖|) < (𝐿𝑖 − 𝐵𝑖)/2 Maximum liquid displacement is less than the height of liquid 

Table 5.9: Inequality design constraints and their descriptions 

Figure 5.12 shows the range of the design variables 𝐿 and 𝐵, which satisfy the 

four design constraints for the orthogonal TLCDs with a circular cross-section and a 

rectangular cross-section for the NREL 5-MW TLP OWT. The color bar indicates the 

area ratio corresponding to the intersection between 𝐿 and 𝐵. It can be seen from the 
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figure that the feasible region is restricted by the four constraints. The fourth constraint 

regarding the relationship between the horizontal length and the radius of the vertical 

column of the SS-TLCD especially limits the feasibility of the design variables. Since the 

available width of the nacelle (2.5 m) is much smaller than the longitudinal length of the 

nacelle, the radius of the vertical column (𝑟𝑉𝑆𝑆
) must be strongly restricted, which results 

in a narrow feasible area for the design variables. However, the rectangular configuration 

has a much wider feasible area, made possibly by adjusting the width (𝑏𝑆𝑆 = 7 m, in this 

dissertation) of the cross-section of the vertical column.  

 

Figure 5.12: Feasible region of design variables for NREL TLP OWT, the color bar 

represents the area ratio.       : Constraint 1, 1111: Constraint 2 1111: Constraint 3, 1111: 

Constraint 4, (a): FA-TLCD (Circular area), (b): SS-TLCD (Circular area), (c): FA-

TLCD (Rectangular area), (d): SS-TLCD (Rectangular area) 
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For the monopile, the effects of the fourth constraint are not significant in 

comparison with the TLP OWT, due to higher tuning frequency resulting in shorter 

effective length 𝐿𝑒𝑒 as shown in Figure 5.13. A decrease in the effective length leads to a 

smaller 𝛼  (See Eq. 5.6), which leads to a decrease in the cross-sectional area of the 

vertical column (as 𝐴𝑉 = 𝛼𝐴𝐻). So, the effect of the types of the cross-sectional area on 

the feasibility of the design variables is relieved with the higher tuning frequency. 

 

Figure 5.13: Feasible region of design variables for NREL monopile OWT, the color bar 

represents the area ratio.       : Constraint 1, 1111: Constraint 2 1111: Constraint 3, 1111: 

Constraint 4, (a): FA-TLCD (Circular area), (b): SS-TLCD (Circular area), (c): FA-

TLCD (Rectangular area), (d): SS-TLCD (Rectangular area) 
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Figure 5.14 shows the ratio of the feasible area to the total region according to the 

mass ratio 𝜅 for the NREL TLP OWT. For the SS-TLCD with a circular cross-section, 

the feasible area ratio converges to zero beyond the mass ratio of 0.05. This means that 

there are no longer feasible values for design variables 𝐿 and 𝐵 that allow the TLCD to 

be tuned to the tuning frequency of 0.218 Hz, while there are still around 50% possible 

combinations for the SS-TLCD with the rectangular cross-sectional area. 

In order to investigate the control performance of the orthogonal TLCDs within 

the feasible range of design variables, non-linear fully-coupled aero-hydro-servo-elastic 

simulations are performed in FASTv8. All possible combinations of the two design 

variables 𝐿  and 𝐵  are utilized as input parameters for the TLCD. Once again, the 

remaining parameters are determined once 𝐿 and 𝐵 are set and the head loss coefficients 

are constant. This allows both the control performance exerted by each combination as 

well as the influence of the change of the parameters on the control performance to be 

examined. Again, the main simulation conditions are the same as those performed in the 

tower parametric study as shown in Table 5.1. The standard deviation of the tower top 

displacements in the fore-aft and side-to-side direction are used to evaluate the control 

performance and is considered as the cost function to be minimized as well. Figure 5.15 

shows the surface response (2-D view) of the standard deviations of the tower top 

displacement of the NREL TLP OWT and the area ratios as a function of every possible 

combination of 𝐿 and 𝐵. The last constraint in terms of the liquid stroke in Table 5.9 is 

applied post-simulation in order to exclude the combinations that violate the stroke 

constraint. The color bars in Figure 5.15 (a) and (c) indicate the standard deviation of the 

tower top displacement (Fore-aft and Side-to-side), and the color bars in (b) and (d) 
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indicate the corresponding area ratios. The control performance for the SS-TLCD with 

the circular cross-section is contained in the region bounded by the gray dotted line. For 

the FA-TLCD, the TLCDs with both the circular and the rectangular cross section have 

almost the same feasible region, so there is no indicator to distinguish between the two, 

unlike the SS-TLCD. For the monopile OWT, the surface response of the standard 

deviations of the tower top displacement and the area ratios corresponding to the 

intersection between L and B are shown in Figure 5.16. The boundaries of 𝐿 and 𝐵 for a 

multi-objective optimization problem are selected near a combination of 𝐿 and 𝐵 that 

provides the minimum cost function (standard deviation). Then, the range of the area 

ratio corresponding to the boundary of 𝐿 and 𝐵 is derived.  

Based on the results of the reduced ES approach as seen in Figure 7, several 

important facts can be observed: (i) For the SS-TLCD applied to the floating OWT, the 

feasible combinations of the SS-TLCD with the circular cross sectional area are strongly 

limited by the constraint functions, especially the fourth constraint. Therefore, the 

combinations that provide optimal design variables (in the black dotted box) are 

infeasible. The SS-TLCD with the rectangular cross-section is able to cope with the 

geometric constraints better with the longitudinal length of 7 m (𝑏𝑆𝑆) of the cross-section 

(resulting in the shorter length (ℎ𝑉𝑆𝑆
)). For the SS-TLCD applied to the fixed-bottom 

OWT, the feasible combinations of the SS-TLCD with the circular cross-section are 

almost the same as the SS-TLCD with the rectangular cross-section. This is mainly due 

to the higher tuning frequency of the fixed-bottom OWT as discussed earlier. (ii) The 

longer the length ratio of horizontal length (𝐵) to total length (𝐿), the better the control 

performance even though all the intersections of the design variables have the same 
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tuning frequency. (iii) The TLCDs with large or small values for the area ratio have the 

lowest control performance. In addition, for the floating OWT, it can be deduced that the 

TLCDs with the area ratio larger than 1 have superior control performance. It is obvious 

that there is an optimum area ratio (see the black dotted box) in the range of 1 to 2 for the 

FA-TLCD and in the range of 3.8 to 5.5 for the SS-TLCD. Both ranges are moderate and 

are over 1. (iv) The FA-TLCD with uniform the cross-section ( 𝛼 = 1 ) inevitably 

increases the size of the device to be tuned to the critical mode, while the TLCD with 

non-uniform area can be much smaller while keeping the tuning frequency by adjusting 

𝛼. So, using non-uniform cross-sections for the liquid columns is advantageous not only 

in terms of control performance, but also in sizing of the TLCD: (v) Based on 

observations (ii) and (iii), the ranges of the design variables (𝐿 and 𝐵) can be further 

narrowed as seen in the black dotted box in Figure 5.15 and 5.16. One of the objectives 

of the preliminary design is to narrow the boundaries to where there may be a global 

minimum, which serves as a good guide for the MOO problem using an evolutionary 

algorithm, which may be solved more efficiently and accurately. The area occupied by 

the black dotted box is set as the boundary of the design variables for the MOO problem.  

 

Figure 5.14: The percentage of the feasible area as a function of the mass ratio, 𝜅 
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Figure 5.15: Surface response plot as functions of 𝐿 and 𝐵 for the NREL 5-MW TLP (a): 

Standard deviations of tower top displacement (Fore-aft), (b): Area ratios (FA-TLCD), 

(c) Standard deviations of tower top displacement (Side-to-side), (d), Area ratios (SS-

TLCD) 

 

Figure 5.16: Surface response plot as functions of 𝐿  and 𝐵  for the NREL 5-MW 

monopile (a): Standard deviations of tower top displacement (Fore-aft), (b): Area ratios 

(FA-TLCD), (c) Standard deviations of tower top displacement (Side-to-side), (d), Area 

ratios (SS-TLCD) 
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5.3.2 Multi-Objective Optimization 

The aim of the optimization of the orthogonal TLCD is to identify the optimal 

design variables that minimize the dynamic responses of the wind turbine tower. MOO 

problems with more than one objective function are capable of finding a set of Pareto-

optimal solutions among conflicting objectives rather than accepting a single optimal 

solution.  

The general purpose of the MOO process in this dissertation is to derive a Pareto-

optimal front which provides insight for a decision maker considering a trade-off 

between the two objective functions. Evolutionary algorithms (EA) have been widely 

adopted for solving numerous MOO problems in a broad spectrum of applications [79, 

80, 81], due to its practical advantages over traditional optimization techniques [82]: 

- As EAs are global direct searching algorithms, they can be applied to a variety of pr

oblems including ones in which the objective function is discontinuous, non-differen

tiable and/or highly non-linear. 

- Also, the process of evolutionary calculation may be done in parallel at the best indi

vidual selection stage. This feature allows the utilization of parallel computing in or

der to speed up the processing time by taking advantage of multi-core processing. 

The genetic algorithm (GA) is a class of EA, and has been most frequently 

utilized in MOO problems. With the potential to hybridize with local search methods, 

GAs have been upgraded in terms of computational efficiency in the last few years [83, 

84, 85]. Hedar et al. [83] proposed a simplex coding genetic algorithm (SCGA), which is 
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achieved by combining a genetic algorithm with a simplex-based local search technique 

using the Nelder-Mead method. The strength of the local search method in improving 

initial populations and their children is able to accelerate the GA process. Srinivas et al. 

[84] proposed a non-dominated sorting genetic algorithm (NSGA), which is mainly 

characterized by the ability to sort sub-populations into hierarchies based on a Pareto 

dominance. A fast elitist non-dominated sorting genetic algorithm (NSGA-II), which is 

an improved version of the classical NSGA, has been proposed by Deb et al in 2002 [85]. 

They addressed the major issues of NSGA, i.e. high computational complexity of non-

dominated sorting and lack of elitism. Three unique features that enable the NSGA-II to 

be a faster and more efficient algorithm are: (i) the utilization of an elite conserving 

approach (elitism) with a unique selection operator in order to preserve the excellence of 

previous generations; (ii) the application of a fast non-dominated sorting approach that 

significantly reduces computational effort; (iii) the application of a crowding distance 

operator to maintain population diversity instead of using a sharing parameter.  

In this study, NSGA-II is adopted to optimize the parameters of the orthogonal 

TLCDs. In addition, a parallel computing approach is implemented allowing for faster 

simulation, since the fully-coupled time marching simulation using FASTv8 is 

computationally time consuming. The optimization procedure is illustrated in Figure 5.17 

and consists of the following steps: 1) Initialize the population randomly in the pre-

defined range; 2) Distribute the calls (running FASTv8) to 12 workers and evaluate the 

objective functions; 3) A non-dominant sorting method ranks the individuals in the 

population; 4) Create an offspring population using a crowded tournament selection and 

typical GA operators (crossover and mutation) and evaluate the objective functions: 5) 
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Replace individuals with the best ones through elitist sorting method for the next 

generation. The process repeats steps 3 to 5 until the stopping criteria are met, and 

outputs a non-dominant Pareto front at the end. Important parameters used for running 

the MOO problem are listed in Table 5.10. The NSGA-II program used in this study is 

coded by Lin in MATLAB, and is published on MATLAB Central’s File Exchange [86]. 

The program has been further modified in this research so that the program and FASTv8 

are coupled and all data exchanges are automatic, and also to take advantage of the 

parallel computing procedure in the coupled program (NSGA-II with FASTv8). The 

MATLAB spmd statement is used to assign tasks for each processor. 

 

Figure 5.17: Procedure of NSGA-II with parallel computing 

Parameter Value 

Maximum generation 150 

Population size 50 

Crossover operator Intermediate, ratio = 1.2 

Mutation operator Gaussian, scale = 0.1, shrink = 0.5 

Number of workers (parallel computing) 12 

Simulator FASTv8 with structural control module 

Table 5.10: Parameter for NSGA-II with parallel computing 
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In this dissertation, the tower base moment damage equivalent loads (DELs) for 

both the fore-aft and side-to-side direction are considered as objective functions for the 

orthogonal TLCD optimization problem.  

 𝐹𝑖𝑛𝑑 �⃗⃗⃗� = [𝑥1, … 𝑥𝑘] 𝑡ℎ𝑎𝑡 𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒𝑠 {
𝑓1(�⃗⃗⃗�)

𝑓2(�⃗⃗⃗�)
 𝑤𝑖𝑡ℎ �⃗⃗⃗�𝑚𝑖𝑛 ≤ �⃗⃗⃗� ≤ �⃗⃗⃗�𝑚𝑎𝑥 (5.9) 

where 𝑓1(�⃗�)  and 𝑓2(�⃗�)  are objective functions, and �⃗�  is an k-dimensional vector for 

design variables with a minimum and a maximum bound. In addition to the lower and 

upper bounds, the design variables are also restricted by linear and non-linear inequality 

constraints in this problem: 

 𝑔𝑖(�⃗⃗⃗�) ≥ 0 (5.10) 

As discussed in Section 4.1, the simulation conditions are defined in Figure 4.1. 

The objective functions (tower base moments DELs) are calculated for a turbulent wind 

field with a rated wind speed of 11.4 m/s. The metocean data corresponding to the bin for 

the wind speed of 11 to 13 m/s is broken up into 9 bins (bin width of 45 degrees). The 

expected values of the significant wave heights and the peak spectral periods for each bin 

of wind/wave misalignment are utilized to create a JONSWAP wave spectrum. A total of 

9 simulations for one chromosome are conducted, and then the tower base moments 

calculated by 9 simulations are weighted by the probabilities for each wind/wave 

misalignment bin in order to calculate DELs. 

The presence of two objective functions yields a set of Pareto-optimal solutions. 

The solutions that make a set of Pareto-optimal solutions can be retained or even 

discarded based on the non-dominated sorting concept of the algorithm. The end result of 
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the continuous sorting process is a global Pareto-optimal front, which is a global non-

dominated solution. 

There are 9 design variables to be optimized: the total lengths (𝐿𝐹𝐴 and 𝐿𝑆𝑆), the 

horizontal lengths (𝐵𝐹𝐴 and 𝐵𝑆𝑆), the area ratios (𝛼𝐹𝐴 and 𝛼𝑆𝑆), the head loss coefficients 

(𝜉𝐹𝐴 and 𝜉𝑆𝑆), and the mass ratio (𝜇) of the SS-TLCD to the FA-TLCD. Table 5.11 and 

5.12 list the design variables of each TLCD, and their minimum and maximum values. 

The dimensions for the variables are bounded as pre-determined values from the 

preliminary design. The values of the randomly initialized design variables (𝐿, 𝐵, and 𝛼) 

will naturally evolve to be tuned near the critical mode of the wind turbine over a number 

of generations. Additionally, the remaining design variable ( 𝜉 ) will be adjusted to 

minimize the objective functions. The last important parameter (𝐴𝑉 ), which is not a 

design variable, can be determined as a function of the other design variables: 

 𝐴𝑉 =
𝑚𝑡𝑜𝑡

𝜌(𝐵/𝛼 + (𝐿 − 𝐵))
=

𝑚𝑡𝑜𝑡

𝜌𝐿𝑒𝑚
 (5.11) 

where 𝑚𝑡𝑜𝑡 can be either 𝑚𝐹𝐴−𝑇𝐿𝐶𝐷 or 𝑚𝑆𝑆−𝑇𝐿𝐶𝐷. The change of the mass ratio within the 

specific boundary determines the mass of each TLCD by following the relations: 

 𝑚𝐹𝐴−𝑇𝐿𝐶𝐷 + 𝑚𝑆𝑆−𝑇𝐿𝐶𝐷 = 𝑀𝑡𝑜𝑡 (5.12) 

 𝜇 =
𝑚𝐹𝐴−𝑇𝐿𝐶𝐷

𝑀𝑡𝑜𝑡
,         𝑚𝐹𝐴−𝑇𝐿𝐶𝐷 = 𝑀𝑡𝑜𝑡𝜇, 𝑚𝑆𝑆−𝑇𝐿𝐶𝐷 = 𝑀𝑡𝑜𝑡(1 − 𝜇) (5.13) 

For the constraint function, only the constraint regarding the liquid stroke 

(constraint 5 in Table 5.9) is applied, as the other constraints have been fulfilled by 

setting the boundaries that never violate such constraints.  
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Variables Description (units) Min Max 

𝐿𝐹𝐴 Total length of liquid for the FA-TLCD (m) 5.0 11.0 

𝐵𝐹𝐴 Horizontal length of liquid for the FA-TLCD (m) 5.0 10.0 

𝛼𝐹𝐴 Area ratio of vertical area to horizontal area for the FA-TLCD (-) 1.0 2.0 

𝜉𝐹𝐴 Coefficient of head loss for the FA-TLCD (-) 0.1 100.0 

𝐿𝑆𝑆 Total length of liquid for the SS-TLCD (m) 2.2 3.8 

𝐵𝑆𝑆 Horizontal length of liquid for the SS-TLCD (m) 1.8 2.2 

αSS Area ratio of vertical area to horizontal area for the SS-TLCD (-) 3.8 5.5 

ξSS Coefficient of head loss for the SS-TLCD (-) 0.1 100.0 

𝜇 Mass ratio of the SS-TLCD to the FA-RLCD (-) 0.1 0.9 

Table 5.11: Design variables for MOO problem and their boundaries (NREL TLP OWT) 

Variables Description (units) Min Max 

𝐿𝐹𝐴 Total length of liquid for the FA-TLCD (m) 6.0 10.0 

𝐵𝐹𝐴 Horizontal length of liquid for the FA-TLCD (m) 5.0 9.0 

𝛼𝐹𝐴 Area ratio of vertical area to horizontal area for the FA-TLCD (-) 0.5 1.2 

𝜉𝐹𝐴 Coefficient of head loss for the FA-TLCD (-) 0.1 100.0 

𝐿𝑆𝑆 Total length of liquid for the SS-TLCD (m) 2.0 3.5 

𝐵𝑆𝑆  Horizontal length of liquid for the SS-TLCD (m) 1.9 2.3 

𝛼𝑆𝑆 Area ratio of vertical area to horizontal area for the SS-TLCD (-) 3.0 3.9 

𝜉𝑆𝑆 Coefficient of head loss for the SS-TLCD (-) 0.1 100.0 

𝜇 Mass ratio of the SS-TLCD to the FA-RLCD (-) 0.1 0.9 

Table 5.12: Design variables for MOO problem and their boundaries (NREL monopile 

OWT) 

5.3.3 Analysis of MOO Results 

It is meaningless to focus on improving one of two objectives that are in conflict 

in MOO problems. So, a trade-off between two objectives is inevitable in most MOO 

problems. The trade-off plays a critical role in the formation of Pareto optimal fronts. In 
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this section, two objectives calculated by FASTv8 are presented and a Pareto optimal 

front is derived. When there is a trade-off between two objectives, it is also important to 

determine the main factors that cause a trade-off.  

When it comes to the influence of the design variables on the control performance 

(or objective functions), the design variables, 𝐿, 𝐵, 𝛼, and 𝜉 for one of the orthogonal 

TLCDs, have little effect on the other TLCD’s performance. For example, changes of 

these variables for the FA-TLCD have little impact on the control performance of the SS-

TLCD, although the FA-TLCD generates inertial forces in the y-direction, i.e. 𝐹𝑦
𝑊𝐹𝑣 −

𝐹𝑦
𝑊𝐵𝑣 . In contrast, the design variable 𝜇  has a significant impact on the control 

performance of both TLCDs. In general, the mass of a structural control device has a 

significant influence on the control performance. It has been confirmed that a larger mass 

has the better control performance within the practical range [87, 88]. Therefore, it can 

be a major factor influencing conflicting objective functions, i.e. while one objective 

function decreases, the other one increases according to the mass ratio. It is clear from 

Figure 5.18 (a) and Figure 5.19 (a) that the Pareto curve mainly depends on the mass 

ratio rather than on the other design variables, given the fact that final individuals for the 

mass ratio have a fairly broad distribution while the other variables converge to a certain 

value (to be tuned to the critical mode). An increase in the mass ratio 𝜇 decreases in 

objective 1, whereas objective 2 decreases as  𝜇 decreases as 𝑚𝑆𝑆−𝑇𝐿𝐶𝐷 = 𝑀𝑡𝑜𝑡(1 − 𝜇). 

There are two more meaningful observations to be made: (i) A randomly 

distributed population at the first generation eventually evolves to form the Pareto 

optimal front over a number of generations. It can be seen from the result that the design 

variables 𝐿, 𝐵 and 𝛼 converge to certain ranges so that the TLCDs can be tuned to a 
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certain range of the critical mode (platform pitch and roll mode) for the best performance. 

It is proven that the tower vibrations are mainly governed by the platform pitch and roll 

mode, given the fact that the TLCDs are eventually tuned to such modes through the 

evolutionary process: (ii) The optimal tuning frequency increases as the mass of the 

TLCD increases as seen in Figure 5.20 (a). In addition, increasing the mass ratio shows a 

tendency to increase the head loss coefficient as seen in Figure 5.20 (b). This strongly 

agrees with the theoretical formulation used in the preliminary design, as the head loss 

coefficient is proportional to the mass ratio. Through the Pareto optimal front, one can 

make a decision depending on given conditions or specific needs. Among variable 

designs on the Pareto optimal front, three designs are selected and are displayed as green 

solid circles in Figure 9 (a). Table 5.13 shows the properties of the TLCD parameters for 

the three selected designs. In Chapter 6, the designs will be utilized to investigate the 

impact of the orthogonal TLCDs in terms of fatigue and extreme loads reduction. 

NREL TLP μ LFA BFA AVFA
 αFA ξFA fopt

FA  LSS BSS AVSS
 αSS ξSS fopt

SS  

Case 1 0.41 6.91 5.98 1.77 1.61 1.5 0.981 3.29 2.39 7.65 3.72 1.6 0.975 

Case 2 0.60 6.83 5.89 2.67 1.66 1.9 0.974 3.23 2.31 5.23 3.79 1.1 0.981 

Case 3 0.74 6.80 5.97 3.38 1.68 2.3 0.968 3.16 2.29 3.53 3.81 0.8 0.985 

NREL 

monopile 
μ 𝐿𝐹𝐴 𝐵𝐹𝐴 𝐴𝑉𝐹𝐴

 𝛼𝐹𝐴 𝜉𝐹𝐴 𝑓𝑜𝑝𝑡
𝐹𝐴  𝐿𝑆𝑆 𝐵𝑆𝑆 𝐴𝑉𝑆𝑆

 𝛼𝑆𝑆 𝜉𝑆𝑆 𝑓𝑜𝑝𝑡
𝑆𝑆  

Case 1 0.55 7.94 6.57 1.28 0.91 1.1 0.967 3.37 1.97 4.47 3.21 1.1 0.972 

Case 2 0.75 7.93 6.57 1.76 0.92 1.3 0.960 3.39 1.98 2.47 3.24 0.9 0.966 

Case 3 0.87 7.93 6.59 2.05 0.93 1.6 0.956 3.40 2.01 1.29 3.25 0.8 0.959 

Table 5.13: Parameters of selected designs 
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Figure 5.18: Multi-objective optimization result for the NREL TLP OWT, (a): optimal 

Pareto front, (b): total length 𝐿, (c): horizontal length 𝐵, (d): mass ratio 𝜇 

 

Figure 5.19: Multi-objective optimization result for the NREL monopile OWT, (a): 

optimal Pareto front, (b): total length 𝐿, (c): horizontal length 𝐵, (d): mass ratio 𝜇 
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Figure 5.20: Frequency ratio and head loss coefficient of the TLCDs as a function of the 

mass ratio (NREL TLP OWT) 

5.4 Semi-Active Control for a Tower TMD 

A semi-active TMD is an attractive compromise to overcome drawbacks of a 

passive TMD and an active TMD, because it has the potential to change the stiffness 

and/or damping characteristics of a TMD during an operation. In this dissertation, the 

main semi-active control strategy is to control damping characteristics through ground 

hook (GH) control policies. In order to realize the damping control, magnetorheological 

(MR) dampers are utilized as a damping component of the TMD. This section disccuses 

the modeling of magnetorheological dampers and introduces three different ground hook 

control algorithms and their inherent dynamic characteristics. The contents of this 

chapter have been published in Wind Energy [66]. 

5.4.1 Modeling of Magnetorheological Damper 

In S-A structural controls, damping coefficients of a semi-active TMD can be 

changed dynamically to improve control performance relative to a passive system. In this 
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dissertation, an “on-off” state damping control approach is used, in which the damping 

can take on either a large (on-state) or small (off-state) value in real time. More details of 

the on-off damping control based on the ground hook control algorithm are presented in 

Section 5.4.2. Ideally, a controllable linear damper could be used for simulations, in 

which the damping constant 𝐶 can be controlled and the damping force at any instant is 

proportional to a relative velocity between a TMD and a main structure, as shown in Eq. 

(5.14). 

𝑓𝑑𝑎𝑚𝑝𝑖𝑛𝑔,𝑙𝑖𝑛𝑒𝑎𝑟 = 𝐶𝑣 (5.14) 

 In practice, however, no such device exists that has both a controllable damping 

constant and a linear behavior. Instead, a magnetorheological (MR) damper can be used. 

The MR damper is a device filled with magnetorheological particles that can transform 

the fluid state by rearranging the particles through exposure to a magnetic field with low 

power consumption. This controllable fluid state enables the damping force to be 

controlled [89]. Thus, it may be utilized to implement S-A control in practice. The main 

purpose of analyzing the ideal linear damper is to quantify the damping forces (for the 

on-off state) required for specific offshore wind turbines used in this dissertation. The 

required damping forces are determined based on the parametric study results (Section 

4.1) and by considering practical limitations of the MR damper. With the damping force 

capacity, the parameters of the MR damper can be specified so that the MR damper 

device has an equivalent force capacity of the ideal linear damper. 

The phenomenological MR damper model (Figure 5.21 (b)) represents the non-

linear dynamic behavior of the MR damper. This phenomenological model was modified 
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by Spencer et al. [90], based on the Bouc-Wen model to address the nonlinear hysteretic 

characteristic of an MR damper, such as a roll-off phenomenon. The equations of motion 

of this model can be expressed as follows: 

𝑐1�̇� = 𝛼𝑧 + 𝑘0(𝑥𝑟 − 𝑦) + 𝑐0(�̇�𝑟 − �̇�) (5.15) 

�̇� = −𝛾|(�̇�𝑟 − �̇�)| ∙ |𝑧|𝑛−1 ∙ 𝑧 − 𝛽(�̇�𝑟 − �̇�) ∙ |𝑧|𝑛 + 𝐴(�̇�𝑟 − �̇�) (5.16) 

𝐹𝑀𝑅𝐷 = 𝑐1�̇� + 𝑘1(𝑥𝑟 − 𝑥0) (5.17) 

Table 5.14 shows the parameters of the modified Bouc-Wen model and 

descriptions. These parameters define the capacity of the MR damper, and affect the non-

linearity and the hysteretic characteristic of the MR damper.  

Parameters Description 

xr Relative damper displacement (X – xtmd) 

y Damper internal pseudodisplacement 

z Damper hysteretic displacement 

k1 Accumulator stiffness 

c0 Damping constant 

c1 Damping constant for roll-off effect 

k0 Damper Stiffness 

a Evolutionary coefficient 

β Shaping parameter for hysteresis curve 

γ Shaping parameter for hysteresis curve 

n Shaping parameter for hysteresis curve 

A Shaping parameter for hysteresis curve 

Table 5.14: Parameters of the modified Bouc-Wen model 

To calculate the damping force (𝐹𝑀𝑅𝐷), the TMD motion (𝑥𝑟) is used as an input 

for the simultaneous first order differential equations (Eqs. (5.15) to (5.17)). A fourth 

order Runge-Kutta numerical method is utilized to solve them in the structural control 

module. There are ten parameters (x0, k0, k1, c0, c1, α, n, β, A, γ) to be identified in order 

to characterize the dynamic behavior of the MR damper. Previous research conducted by 

Kwok et al. [91] has shown that these MR damper parameters can be identified by the 
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Particle Swarm Optimization (PSO) method. Furthermore, Jiang and Christenson [92] 

identified the Bouc-Wen model’s parameters for a 200 kN MR damper (manufactured by 

the Load Corporation) as 4
th

 order polynomials as a function of the input current through 

a curve fitting approach. Based on the Bouc-Wen model parameters derived by Jiang and 

Christenson [92], the 4
th

 order polynomials are further modified in this dissertation so 

that the MR damper has an equivalent maximum force capacity as the ideal linear 

damper and the desired stroke of ± 0.8 m. The five parameters, including k0, k1, c0, c1 

and α that affect the maximum force capacity and the damper stroke are modified in 

order to fit the force capacity and the stroke. The other five parameters, including x0, n, β, 

A and γ were retained to preserve the hysteretic characteristic. The identified polynomials 

are expressed as a function of the input current (i), and the corresponding values 

according to the on/off state are given in Table 5.15. The last two columns in Table 5.15 

present an example showing the values of each parameter when a specific current is 

applied (on-state: 2.5 A, off-state: 0 A). 

Polynomials Unit 
on-state         

(i =2.5) 

off-state           

(i =0) 

𝑥0 = −0.00002𝑖4 + 0.00042𝑖3 − 0.00303𝑖2 + 0.0001𝑖 + 0.16546 m 0.15 0.17 

𝑘0 = −0.17750𝑖4 + 5.62900𝑖3 − 58.386𝑖2 + 212.8725𝑖 + 5.00000 N/m 253.3 5.0 

𝑘1 = −0.00600𝑖4 + 0.02000𝑖3 − 4.6232𝑖2 − 37.8995𝑖 + 151.974 N/m 75.4 152.0 

𝑐0 = −2.1115𝑖4 + 71. .4415𝑖3 − 853.662𝑖2 + 3683.724𝑖 + 5721.69 Ns/m 10816.9 5721.7 

𝑐1 = 406.5𝑖4 − 31431.3𝑖3 + 149354.6𝑖2 − 628354.4𝑖 + 1461147.9 Ns/m 629745.2 1461147.9 

𝛼 = −2.7855 + 98.206𝑖3 − 1202.969𝑖2 + 5924.812𝑖 + 380.089 N/m 9099.2 380.1 

𝛽 = 0.003050𝑖4 − 0.06645𝑖3 + 0.11760𝑖2 + 4.40618𝑖 + 10.0259 m
2
 20.9 10.0 

𝛾 = 0.103060𝑖4 − 3.11188𝑖3 + 29.16298𝑖2 − 78.4398𝑖 + 1016.2 m
2
 957.8 1016.2 

𝑛 = −0.00171𝑖4 + 0.05751𝑖3 − 0.65493𝑖2 + 2.84594𝑖 + 2.18467 - 6.0 2.2 

𝐴 = −0.14775𝑖4 + 4.43947𝑖3 − 41.6389𝑖2 + 116.949𝑖 + 551.210 - 646.9 551.2 

Table 5.15: MR damper parameters as a function of input current 𝑖 
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A single degree of freedom (SDOF) structural model with an attached TMD, 

subjected to a sinusoidal excitation, is considered in order to compare the force capacity 

between the linear damper, and the MR damper using the identified parameters. The 

magnitude and the frequency of the sinusoidal excitation are chosen so that the TMD 

oscillates within the maximum displacement range (± 0.8m) and the desired frequency. 

Figure 5.21 (a) and (b) show the diagram of the SDOF-TMD system using the linear 

damper (a), and the MR damper (b). Table 5.16 shows the two damping constants for the 

linear damper, and the corresponding input current for the MR damper that can produce 

an equivalent force of the linear damper. 

 

Figure 5.21: SDOF-TMD model (a) linear damper; (b) MR damper 

OWT models Damper Type Off-state On-state 

NREL monopile 
Linear damper 5720 Ns/m (𝜁𝑚𝑖𝑛  = 10 %) 19670 Ns/m (𝜁𝑚𝑎𝑥 = 30 %) 

MR damper 0 Ampere 4.0 Ampere 

NREL TLP 
Linear damper 5720 Ns/m (𝜁𝑚𝑖𝑛  = 10 %) 14470 Ns/m (𝜁𝑚𝑎𝑥 = 27 %) 

MR damper 0 Ampere 1.4 Ampere 

GE monopile 
Linear damper 5720 Ns/m (𝜁𝑚𝑖𝑛  = 10 %) 17900 Ns/m (𝜁𝑚𝑎𝑥 = 30 %) 

MR damper 0 Ampere 2.5 Ampere 

GE TLP 
Linear damper 5720 Ns/m (𝜁𝑚𝑖𝑛  = 10 %) 14921 Ns/m (𝜁𝑚𝑎𝑥 = 26 %) 

MR damper 0 Ampere 1.5 Ampere 

Table 5.16: Damping coefficients and equivalent input currents for different OWTs 
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In the first case, the MR damper force using an input current of 0 Ampere can 

match the force-displacement, force-velocity behavior and the maximum force capacity 

(≈ 7 kN) of the linear damper. This force capacity (using 0 Ampere) of the MR damper is 

used for the passive control (damping ratio of 𝜁 =10%), and the off-state damping force 

for the S-A control. In the second case, the on-state MR damper has an equivalent 

maximum force capacity to the linear damper with the damping ratio of three times larger 

than the optimal damping ratio. Kang et al. [93] evaluated the impact of the on-off S-A 

control by applying two different on-state damping ratios. The transmissibility of the S-A 

TMD with a larger on-state damping ratio showed significant decreases in two peaks 

(outside the resonance region) while maintaining a comparable performance to the S-A 

TMD using a lower on-state damping ratio in the resonance region. However, there are 

practical limitations to the value of the on-state damping [93, 94].
 
As such, the on-state 

damping force (𝜁=30%) is limited to three times the optimal damping force in this 

dissertation. Although the force-velocity behaviors between the two dampers are slightly 

different due to the inherent nonlinear hysteretic characteristic of the MR damper in the 

lower velocity region (as shown in Figure 5.22), the maximum force capacity of the MR 

damper using the identified parameters has shown satisfactory agreement with that of the 

linear damper. Thus, applying 0 and 4.0 Ampere for the off and on states, respectively, 

allows the MR damper to achieve the desired damping ratio (10% and 30%) of the TMD 

for passive and S-A control for the different OWTs. Figure 5.23 shows the damping 

forces of the MR damper for the different OWTs. The identified input currents to 

produce a minimum and a maximum damping force are utilized to implement several 

semi-active ground hook control algorithms for a load analysis of OWTs in Chapter 6. 
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Figure 5.22: Comparison of force capacity between the linear damper and MR damper 

 

Figure 5.23: Damping forces versus time, damper displacement and velocity for the 

different OWTs 
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5.4.2 Ground Hook Control Algorithms 

A variety of control algorithms based on a ground hook (GH) strategy for a semi-

active TMD are explored in this dissertation. The majority of research in this area has 

utilized reduced order state space models with limited degree of freedoms for a wind 

turbine and control systems, such as the translational shear mode, TMD motion, two 

lowest tower modes, and platform pitch mode (for OWT application) [95, 96]. Lin et al. 

[97] and Ji et al. [98] utilized S-A TMDs using an optimal clipped control law based on 

the active control forces that are derived from the basis of optimal Linear Quadratic 

Regulator (LQR) control algorithms. They have shown that the S-A TMD can have 

comparable performance to active control even at lower power consumption. Kim and 

Kang have proposed an optimal fuzzy control law using a multi-objective generic 

algorithm, and compared the performance with a ground hook (GH) control algorithm 

[99]. As demonstrated, they have established a set of Pareto optimal solutions according 

to a trade-off between the TMD stroke and the dynamic response. This scheme, although 

using a reduced order model, requires a large computational time to determine the 

optimal solutions of the fuzzy controller, but it has the advantage of satisfying both the 

desired performance requirements and the TMD stroke constraints. Without considering 

TMD stroke constraints, however, the results demonstrated that the GH control can be 

the most promising approach compared to the optimal fuzzy control solutions. 

GH control, which is a kind of sub-optimal control, has the advantage that it can 

be easily implemented based on feedback from the structure; therefore, it has been 

widely used for real-time structural control without the need to determine the state space 

model of the system. This research focuses on GH control, instead of optimal control, as 
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it provides superior performance in terms of reducing the dynamic response, and 

considers the tradeoff between the TMD stroke and the dynamic response. The rationale 

is that the TMD stroke can be properly regulated by the combination of the regulation 

spring and the elastomeric stop-spring as shown in Figure 3.1. 

The command input current of the MR damper can be switched between a 

minimum and a maximum level, which are determined by following control policies 

based on the absolute motion of the primary structure and the relative velocity or 

displacement between the TMD and the tower motion. The formulation of the 

displacement based ground-hook (DB-GH) control policy is as follows. 

𝑥𝑇𝑇𝐷�̇�𝑇𝑀𝐷  ≤  0    𝑇ℎ𝑒𝑛   𝐹𝑀𝑅𝐷 = 𝐹𝑀𝑅𝐷(𝑖𝑜𝑛) (𝑂𝑁 𝑠𝑡𝑎𝑡𝑒 𝑑𝑎𝑚𝑝𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒) (5.18) 

𝑥𝑇𝑇𝐷�̇�𝑇𝑀𝐷  >  0    𝑇ℎ𝑒𝑛   𝐹𝑀𝑅𝐷 = 𝐹𝑀𝑅𝐷(𝑖𝑜𝑓𝑓) (𝑂𝐹𝐹 𝑠𝑡𝑎𝑡𝑒 𝑑𝑎𝑚𝑝𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒) (5.19) 

𝑥𝑇𝑇𝐷 is the tower top displacement, and �̇�𝑇𝑀𝐷 is the relative velocity between the 

TMD and the tower top. In civil engineering, the translational displacements of wind-

induced high-rise buildings can be derived by laser displacement sensors and 

accelerometers. Park et al. [100] presented an approach using Global Positioning System 

(GPS) to monitor the horizontal and torsional displacements of the structure. The results 

from GPS based monitoring showed that the measurements are very consistent with 

actual displacements measured by laser displacement sensors. Thus, the tower top 

displacement can also be measured by installing high-precision GPS on the tower top 

where the TMD systems operate for real applications. The velocity based ground-hook 

(VB-GH), and the inverse velocity based ground-hook (IVB-GH) control policies depend 

on the absolute velocity of the tower. The VB-GH policy is formulated as follows: 
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�̇�𝑇𝑇𝐷�̇�𝑇𝑀𝐷  ≤  0    𝑇ℎ𝑒𝑛    𝐹𝑀𝑅𝐷 = 𝐹𝑀𝑅𝐷(𝑖𝑜𝑛) (𝑂𝑁 𝑠𝑡𝑎𝑡𝑒 𝑑𝑎𝑚𝑝𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒) (5.20) 

�̇�𝑇𝑇𝐷�̇�𝑇𝑀𝐷  >  0    𝑇ℎ𝑒𝑛  𝐹𝑀𝑅𝐷 = 𝐹𝑀𝑅𝐷(𝑖𝑜𝑓𝑓) (𝑂𝐹𝐹 𝑠𝑡𝑎𝑡𝑒 𝑑𝑎𝑚𝑝𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒) (5.21) 

The IVB-GH control can be achieved with the opposite logic of the VB-GH 

control, so the opposite command input current would be generated as shown in Figure 7. 

The tower motion (green line in Figure 5.24) can be represented by two states: moving 

toward its equilibrium (M.T.E in Figure 5.24), or moving away from its equilibrium 

(M.A.E in Figure 5.24). The damper can be in one of two possible states, compression 

(�̇�𝑇𝑀𝐷 > 0) or tension (�̇�𝑇𝑀𝐷 < 0). Referring to Figure 5.24, the IVB-GH logic leads to 

on-state damping forces when the tower is in the "M.A.E" state. When the tower is 

moving away from equilibrium (M.A.E), and the damper is in the compression state, the 

maximum input current (on-state) is required to stabilize the tower. After that, when the 

tower is moving back toward the equilibrium (M.T.E), the minimum damping force (off-

state) is applied, because the damper is still in the state of compression, which generates 

a destabilizing force on the tower. Unlike the IVB-GH logic, the VB-GH logic leads to 

on-state damping forces when the tower is in the "M.T.E" state. When the tower is 

moving back toward the equilibrium (M.T.E) and the damper is in the tension state, the 

maximum damping force (on-state) stabilizes the tower, while the off-state damping is 

applied when the tower is moving away from its equilibrium (M.A.E). Taken together, 

the main differences between the two methods are: 1) The IVB-GH inhibits the "M.A.E" 

motion by applying the maximum opposite force generated by the MR damper. 2) The 

VB-GH facilitates the "M.T.E" motion by using the maximum force in the same 

direction of the tower motion. Such differences cause distinct frequency responses. 
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Figure 5.24: Ground hook control strategy 

A preliminary investigation on the impact of the passive tower-TMD and the S-A 

tower-TMD, which follow the GH control algorithms, is conducted by simulating an 

initial perturbation analysis in FASTv8. The turbine models used to investigate the 

effects of the S-A tower-TMD are GE Haliade 6-MW PelaStar TLP. For the S-A tower-

TMD, the stiffness and mass of the tower-TMD are identical to the passive tower-TMD 

determined in Section 4.1, and the input current to operate the MR damper is listed in 

Table 5.16. Figure 5.25 indicates the frequency response of the tower top motion for the 

baseline with no tower-TMD, passive, and S-A tower-TMDs. The range of effectiveness 

for each method varies depending on the frequency. The VB-GH control policy has the 

largest impact compared to the other approaches in the higher frequency region (0.24 ~ 

0.28 Hz). In contrast to the VB-GH approach, the power density of the tower top motion 

can be reduced significantly through the IVB-GH approach in the low frequency region 
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(0.2 ~ 0.24 Hz) [101]. Because the dominant loading caused by waves is mostly 

distributed in the low frequency range, the IVB-GH control algorithm is expected to be 

the most promising method compared to other GH approaches when wave loading is the 

major contributor to the tower response, such as an extreme sea state. 

In the case of the DB-GH (yellow line in Figure 5.25), the power in the frequency 

range of 0.18-0.28 Hz gradually decreases without any evident peaks. This characteristic 

is likely to make the DB-GH approach more effective during normal operation where the 

wave input with the lower frequency component is relatively weak. Because the various 

TMDs are tuned for the 1
st
 tower eigenmode or the critical mode of the entire system, 

implementation of a high-pass filter to filter out wave excitation at low frequencies is a 

possibility. While this study did not implement any filtering of the control input signals, 

it is a topic for future work. 

 

Figure 5.25: Power spectral density of the tower top motion for each control scheme 
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CHAPTER 6 

LOAD ANALYSIS AND SIMULATION RESULTS 

This chapter describes the impacts of various structural control techniques on 

reducing fatigue and extreme loads of OWTs. Rigorous loads analysis is performed using 

FASTv8 with a structural control module by running a series of DLCs. For fatigue 

analysis, a number of simulations with DLC 1.2 are conducted in the case of turbines 

with and without the structural control devices. Fatigue behavior can in most cases be a 

design driver of wind turbines. DLC 1.2 is one of the key DLCs which can evaluate 

lifetime fatigue loads of wind turbines under normal operation. DLC 6.2 (parked rotor) is 

utilized to determine extreme loads of the turbines. The combination of extreme wind 

and waves in DLC 6.2 induces significant structural responses that may cause failure of 

the system. The other DLCs including abnormal events such as fault of grid, failure of 

control system and emergency stop have not been considered in this dissertation. Further 

details are provided in the following section. The contents of this chapter regarding the 

tower-TMD for GE Haliade 6-MW OWTs have been published in Wind Energy [66]. 

The results for the nacelle-TLCDs is now prepared for publication [67] 

6.1 Tower Response Control 

This section presents the simulation results regarding the impacts of the passive 

tower-TMD and nacelle-TLCDs as well as the S-A tower-TMD in terms of load 

reductions under extreme and normal operation conditions. The tower-TMD is mounted 

on top of the tower to improve the system responses of the turbine tower. The tower-
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TMDs operate both passively and semi-actively, and the optimal parameters for the 

passive control determined in Chapter 5 are utilized. Note that only the DB-GH and IVB-

GH approaches are emphasized for the fatigue and extreme analysis, respectively. The 

other approaches were found to be less effective, which was expected based on the 

preliminary investigation discussed in Chapter 5. The nacelle-TLCDs are mounted inside 

the nacelle and operate passively. The three optimal designs of the nacelle-TLCDs 

determined in Chapter 5 are utilized for this analysis. The control performance of each 

control device is compared with the baseline system. It should also be noted that in all 

cases the inclusion of the TMDs and TLCDs has negligible impacts on the behavior of 

the baseline variable speed and the collective pitch control system. 

6.1.1 Fatigue Load Analysis for NREL 5-MW OWTs 

A fatigue load analysis is performed in order to quantify the improvements of 

wind turbine structural reliability by employing the tower-TMDs (passive and semi-

active ways) and the nacelle-TLCDs (passive only). The turbine models used in this 

analysis are the NREL 5-MW monopile OWT and TLP OWT. The conditions of the 

original DLC 1.2 recommend by IEC 61400-3 are further modified to consider the full 

range of wind/wave misalignments ( 𝛽 ). Taking into account the full range of 

misalignments allows for more rigorous fatigue load analysis, as the frequency of 

occurrence of substantial wind/wave misalignments (more than 90 degrees) is not 

negligible, especially below rated wind speed (See Figure 4.2). For horizontal axis wind 

turbines (HAWTs), the aerodynamic damping from the rotating rotor affects the tower 

fore-aft motion and provides substantial damping effects on the tower fore-aft motion 
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during power production. While the fore-aft motion has substantial aerodynamic 

damping, the side-to-side motion is poorly damped. The lack of aerodynamic damping in 

the side-to-side direction may result in larger loads in this direction, which are 

exacerbated when wind and waves are misaligned. Thus, reducing the side-to-side 

motion is expected to play a critical role in reducing fatigue loads. The main purpose of 

using the expanded DLC 1.2 is to examine the overall effects of 𝛽 on fatigue loads. The 

simulation conditions determined in Chapter 4 are utilized to create a set of conditions 

for the expanded DLC 1.2, and are listed in Table B.1 in Appendix B. With the tower top 

forces and the tower base moments calculated by FASTv8, the lifetime damage 

equivalent loads (DELs) expected over the lifetime (25 years) of the turbine are 

estimated based on a rain flow counting algorithm with Whöler exponents (m = 2, 3 and 

4) for welded steel plates [102]. The relationship between cycles to failure and load range 

can be expressed as [64]: 

 𝑁 = (
𝐿𝑢𝑙𝑡 − |𝐿𝑀𝐹|

0.5𝐿𝑅𝐹
)

𝑚

 (6.1) 

where 𝑁(∙) is the number of cycles to failure, 𝐿𝑢𝑙𝑡 is the ultimate load of the component, 

𝐿𝑀𝐹  is the fixed load-mean 𝐿𝑅𝐹 is the cycle’s load range, and 𝑚 is Whöler exponent. 

The joint probability distribution (See Figure 4.2 and Table B.2) is applied to 

adjust weights for the loads according to the frequency of occurrence. The total number 

of simulations for all cases is listed in Table 6.1. The simulation length is 10 minutes. 

The performance indicators are the lifetime damage equivalent moments and forces at the 

tower base and top in the fore-aft (TwrBsMyt and TwrTopFxt) and the side-to-side 

directions (TwrBsMxt and TwrTopFyt). These indicators are compared to the baseline 
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with no structural control devices to present the reduction rates of the damage equivalent 

loads. 

OWTs Case Number of simulatons 

N
R

E
L

/T
L

P
 

Baseline 11 wind bins × 24 wind/wave misalignments × 3 random seeds =792 

Passive Tower-TMD 792 

S-A Tower-TMD 792 

Nacelle-TLCD case 1 792 

Nacelle-TLCD case 2 792 

Nacelle-TLCD case 3 792 
  

N
R

E
L

/M
o

n
o

p
il

e Baseline 11 wind bins × 24 wind/wave misalignments × 3 random seeds =792 

Passive Tower-TMD 792 

S-A Tower-TMD 792 

Nacelle-TLCD case 1 792 

Nacelle-TLCD case 2 792 

Nacelle-TLCD case 3 792 

Table 6.1: The number of simulations for each case 

6.1.1.1 Monopile OWTs 

Table 6.2 shows the results of the fatigue load analysis for the fixed-bottom OWT. 

Although structural control can effectively reduce the tower fore-aft and side-to-side 

motion, the control effect on the fore-aft direction is lower than on the side-to-side 

direction. Since there is a considerable aerodynamic damping acting on the fore-aft 

motion, the load reduction effect by structural control is inevitably reduced. In contrast, 

the lack of aerodynamic damping in the side-to-side direction offers a significant 

potential to reduce side-to-side motion. Since the conditions of DLC 1.2 include the 

wind/wave misalignments, the turbine motion in the side-to-side direction would 

significantly increase when wind and waves are misaligned, even if the turbine is exactly 

aligned with the inflow wind direction. Figure 6.1 shows the normalized standard 

deviation of the tower top motions for the baseline case according to 𝛽. 
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Figure 6.1: Standard deviation of tower top displacement as a function of wind/wave 

misalignment 

It is clear from Figure 6.1 that the tower fore-aft motion reaches a maximum 

when the wind and wave are aligned, because the hydrodynamic loading caused by 

waves coincide with the fore-aft direction, which further increases the excitation in the 

fore-aft direction. However, the difference between the maximum and the minimum 

value is very small (less than 1.2%). In other words, the effect of 𝛽 on the tower fore-aft 

motion is negligible. This is because, as explained above, the excitation by waves in the 

fore-aft direction can be sufficiently damped out by the substantial aerodynamic damping 

acting on the fore-aft tower motion. In contrast, the side-to-side motion is maximized 

when 𝛽 is 90 degrees because the hydrodynamic loadings are aligned with the tower 

side-to-side direction. In addition, the difference between the maximum and the 

minimum value is significant (about 30%). The change in system response according to 

the external conditions can also be seen from the time response plot as shown in Figure 

6.2. Again, the effect of 𝛽 on the fore-aft direction is negligible, but the effect on the 

side-to-side direction is significant. 

 



107 

Case Evaluation index m = 2 m = 3 m = 4 

P
as

si
v

e 

T
o

w
er

-T
M

D
 

Lifetime DELs TwrBsMyt 19.9 % 15.7 % 14.0 % 

Lifetime DELs TwrBsMxt 77.2 % 76.1 % 75.0 % 

Lifetime DELs TwrTopFxt 18.6 % 14.8 % 13.2 % 

Lifetime DELs TwrTopFyt 72.6 % 73.5 % 72.9 % 

     

S
-A

 

T
o

w
er

-T
M

D
 

(D
B

-G
H

) 

Lifetime DELs TwrBsMyt 23.1 % 18.5 % 16.5 % 

Lifetime DELs TwrBsMxt 80.3 % 79.3 % 78.4 % 

Lifetime DELs TwrTopFxt 22.1 % 17.6 % 15.6 % 

Lifetime DELs TwrTopFyt 75.9 % 76.9 % 76.4 % 

     

N
ac

el
le

 T
L

C
D

s 

C
as

e 
1

 (
μ

=
0

.5
5

) 

Lifetime DELs TwrBsMyt 12.1 % 10.5 % 10.0 % 

Lifetime DELs TwrBsMxt 53.6 % 50.4 % 47.8 % 

Lifetime DELs TwrTopFxt 11.8 % 9.9 % 9.2 % 

Lifetime DELs TwrTopFyt 52.2 % 50.1 % 47.1 % 

     

N
ac

el
le

 T
L

C
D

s 

C
as

e 
2

 (
μ

=
0

.7
5

) 

Lifetime DELs TwrBsMyt 13.5 % 11.6 % 10.9 % 

Lifetime DELs TwrBsMxt 48.6 % 45.9 % 43.3 % 

Lifetime DELs TwrTopFxt 13.0 % 10.9 % 9.9 % 

Lifetime DELs TwrTopFyt 47.7 % 45.3 % 42.1 % 

     

N
ac

el
le

 T
L

C
D

s 

C
as

e 
3

 (
μ

=
0

.8
7

) 

Lifetime DELs TwrBsMyt 14.7 % 12.5 % 11.7 % 

Lifetime DELs TwrBsMxt 43.3 % 41.0 % 40.1 % 

Lifetime DELs TwrTopFxt 14.3 % 11.8 % 10.9 % 

Lifetime DELs TwrTopFyt 42.9 % 40.1 % 38.6 % 

Table 6.2: Simulation results for the fatigue loads analysis for the fixed-bottom OWT 

In addition to the potential of load reduction in the side-to-side direction due to 

insufficient aerodynamic damping, this result also clearly demonstrates that the potential 

to reduce the side-to-side motion using structural control is much greater than that for the 
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fore-aft motion. This has been confirmed by the fatigue load analysis that shows the 

significant ability of structural control to improve the side-to-side loads of the OWTs. It 

is also interesting to see that the trade-off between the control performance for each 

direction (fore-aft and side-to-side) clearly depends on the mass ratio 𝜇 between the FA-

TLCD and the SS-TLCD. The fact that the mass ratio is the most important parameter to 

form the Pareto front curve is confirmed again through this analysis. Even though the 

total mass of TMD and TLCD is the same 20000 kg, the total mass of TLCD is shared by 

FA-TLCD and SS-TLCD. For example, the FA-TLCD controlling the tower fore-aft 

motion has a mass of 11,000 kg, which is approximately half of the TMD mass. That is, a 

reduction in performance is inevitable due to a low mass ratio. Figure 6.3 shows the 

TMD excursions for the fixed-bottom OWT. It can be seen that the TMD vibrates within 

the stroke limits in most cases. 

 

Figure 6.2: Time response of the tower top motion as a function of 𝛽, (a): tower top 

displacement in the fore-aft direction, (b): tower top displacement in the side-to-side 

direction 
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Figure 6.3: TMD excursion in all directions for the fixed-bottom OWT, (a) mean wind 

speed of 6 m/s, (b) mean win speed of 10 m/s, (c) mean wind speed of 14 m/s, (d) mean 

win speed of 18 m/s 

Figure 6.4 shows the surface plot (2-D view) of the liquid strokes as functions of 

𝑈 and 𝛽. The color bar indicates the ratio of the maximum liquid stroke to the height of 

the vertical column ((𝐿 − 𝐵)/2). The liquid strokes are smaller than the height of the 

vertical column in all regions, and range from 0.18 to 0.55. For the FA-TLCD, the 

magnitude of the peak motion of liquid increases with the increased wind speed 
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regardless of the wind/wave misalignment. For the SS-TLCD, the liquid motion reaches 

the maximum with the highest wind speed and when the wind and waves are misaligned 

by 90 degrees. 

 

Figure 6.4: Surface plot of the liquid displacement for the NREL monopile OWT, (a): 

FA-TLCD for case 3, (b): SS-TLCD for case 3, (c): FA-TLCD for case 1, (d): SS-TLCD 

for case 1 

6.1.1.2 TLP OWTs 

Table 6.3 shows the simulation results of the fatigue load analysis for the floating 

OWT. 
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Case Evaluation index m = 2 m = 3 m = 4 

P
as

si
v

e 

T
o

w
er

-T
M

D
 

Lifetime DELs TwrBsMyt 4.2 % 2.0 % 0.8 % 

Lifetime DELs TwrBsMxt 35.6 % 32.1 % 30.1 % 

Lifetime DELs TwrTopFxt 6.9 % 4.9 % 3.7 % 

Lifetime DELs TwrTopFyt 38.5 % 35.5 % 33.6 % 

     

S
-A

 

T
o

w
er

-T
M

D
 

(D
B

-G
H

) 

Lifetime DELs TwrBsMyt 6.9 % 4.4 % 3.0 % 

Lifetime DELs TwrBsMxt 37.5 % 34.1 % 31.9 % 

Lifetime DELs TwrTopFxt 8.5 % 6.3 % 4.8 % 

Lifetime DELs TwrTopFyt 39.2 % 36.5 % 34.5 % 

     

N
ac

el
le

 T
L

C
D

s 

C
as

e 
1

 (
μ

=
0

.4
1

) 

Lifetime DELs TwrBsMyt 12.2 % 11.0 % 10.3 % 

Lifetime DELs TwrBsMxt 32.1 % 30.3 % 29.0 % 

Lifetime DELs TwrTopFxt 11.1 % 9.7 % 8.7 % 

Lifetime DELs TwrTopFyt 31.9 % 30.3 % 29.1 % 

     

N
ac

el
le

 T
L

C
D

s 

C
as

e 
2

 (
μ

=
0

.6
0

) 

Lifetime DELs TwrBsMyt 13.1 % 12.3 % 11.3 % 

Lifetime DELs TwrBsMxt 22.6 % 22.0 % 21.6 % 

Lifetime DELs TwrTopFxt 12.7 % 10.9 % 9.9 % 

Lifetime DELs TwrTopFyt 22.7 % 22.3 % 22.1 % 

     

N
ac

el
le

 T
L

C
D

s 

C
as

e 
3

 (
μ

=
0

.7
4

) 

Lifetime DELs TwrBsMyt 13.8 % 13.2 % 12.7 % 

Lifetime DELs TwrBsMxt 17.6 % 16.6 % 15.3 % 

Lifetime DELs TwrTopFxt 13.5 % 12.1 % 10.7 % 

Lifetime DELs TwrTopFyt 18.7 % 18.4 % 17.9 % 

Table 6.3: Simulation results for the fatigue loads analysis for the floating OWT 

Again, the numbers in Table 6.3 represent the reduction rates of the lifetime 

DELs compared to the baseline system. The results differ distinctly from the simulation 

results of the fatigue load analysis for the fixed-bottom OWT. The control effect of 
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reducing the lifetime DELs of the floating OWT are still present. However, the overall 

control performances of each device are significantly reduced. In particular, the tower-

TMDs are much less effective in reducing the DELs in the fore-aft direction in 

comparison with the fixed-bottom OWT. This can be explained as follows: the floating 

substructure pitches and rolls more severely by the waves than the fixed-bottom OWT 

which is firmly embedded in the sea-bed. Unlike the case where there is a distinct peak 

near the tower critical mode in the frequency response for the fixed-bottom OWT, the 

frequency response for the floating OWT not only shows a peak near the tower critical 

mode, but also shows a large energy distribution in the lower frequency region due to the 

waves, as shown in Figure 6.5.  

 

Figure 6.5: Frequency response of the tower motion for the fixed-bottom and the floating 

OWTs 

This means that the tower response is combined with the critical mode and the 

lower frequency components with the strong intensity. This not only causes issue of de-
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tuning the TMD, but also significantly increases the TMD stroke, which results in more 

stop-spring actions (See Figure 3.1). This physical system can be realized by using a 

non-linear spring force curve from a user-input table in the input file (See Appendix D). 

As a result, a strong spring force caused by the stop-spring affects the TMD tuning 

frequency and also is transferred to the tower system, which deteriorates the control 

performance of the TMD, as shown in Figure 6.6 and 6.7. The black dotted lines indicate 

the position where the stop-spring starts to operate. From the time response plots, one 

can see that the action of the stop-spring is able to maintain the TMD stroke, but it has a 

negative effect on the tower response in both the fore-aft and the side-to-side directions. 

This negative effect can also be seen in the frequency response plot as shown in Figure 

6.8. The operation of the stop-spring drastically increases the tuning frequency of the 

TMD, which causes a larger amplitude of the first peak in the frequency response. 

 

Figure 6.6: Time series, (a): tower top displacement (fore-aft) (b): TMD displacement 

(fore-aft) 
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Figure 6.7: Time series, (a): tower top displacement (StS) (b): TMD displacement (StS) 

 

 

Figure 6.8: Frequency response of the tower base moment in the fore-aft direction 

In general, the increase in the tuning frequency response results in a sharp 

increase in the height of the first peak among the two peaks of the system equipped with 
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the TMD in the frequency response. Figure 6.9 shows the probability that the stop-spring 

acts during the entire duration and Figure 6.10 shows the TMD excursions for the 

floating OWT. It can be seen that more stop-spring action is required to maintain the 

stroke limit of the TMD for the floating OWT in comparison with the fixed-bottom OWT. 

 

Figure 6.9: Probability of the stop spring operation during the entire simulations 

The TLCDs still face the de-tuning issue due to the wave excitation with the low 

frequency components, but unlike the TMD, there is no need for an additional element, 

like the stop-spring of the TMD, to limit the stroke of the liquid that causes a negative 

effect. Also, the stroke of the liquid inside the column of the TLCD never exceeds the 

stroke limits, as shown in Figure 6.10. The surface plot shows the liquid strokes of the 

TLCDs as functions of the mean wind speed and the wind/wave misalignment. The color 

bar indicates the ratio of the maximum liquid stroke to the height of the vertical column. 

For the FA-TLCD, the liquid oscillates more when wind and waves are aligned, and it is 

amplified as the wind speed increases. The opposite trends for the SS-TLCD can be seen. 

The overall liquid strokes are smaller than the height of the vertical column in all regions, 
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and range from 0.1 to 0.6. As the constraint function regarding the liquid stroke is 

considered during the optimization process, the liquid stroke does not exceed the stroke 

limits. Consequently, well-designed TLCDs that deal with both the control performance 

and the stroke during the optimization process are more promising than the optimal TMD 

for the floating OWT. 

 

Figure 6.10: TMD excursion in all directions for the floating OWT, (a) mean wind speed 

of 6 m/s, (b) mean win speed of 10 m/s, (c) mean wind speed of 14 m/s, (d) mean win 

speed of 18 m/s 
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Figure 6.11: Surface plot of the liquid displacement (a): FA-TLCD for case 3, (b): SS-

TLCD for case 3, (c): FA-TLCD for case 1, (d): SS-TLCD for case 1 

6.1.2 Extreme Load Analysis for NREL 5-MW OWTs 

An analysis is performed in order to evaluate the impacts of the tower-TMDs 

(passive and semi-active ways) and the nacelle-TLCDs (passive only) on reducing the 

extreme loads of OWTs. The turbine models used in this section are the NREL 5-MW 

monopile OWT and TLP OWT. The external conditions used to determine the extreme 

loads are defined by DLC 6.2. Together with the extreme wind and wave conditions (50-

year return periods), the IEC standard also recommends analyzing the situation where 

abnormally large yaw error occurs due to the inability of the nacelle-yaw controller. The 

wind/wave misalignments are also applied to DLC 6.2 in this analysis. The 50-year 
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return period wind and wave conditions at SE of Nantucket are defined in Table 4.3. 

According to Table 4.3, the extreme 50-year return period wind speed at SE of Nantucket 

is 43 m/s, and the significant wave height and wave spectral period at SE of Nantucket 

are 12.6 m and 15.1 s. The turbine rotor, including the pitch and torque controller, is shut 

down to prevent failure of the structure, and the blades are all fully feathered to the 

maximum pitch angle of 90 degrees to minimize aerodynamic loading. The total number 

of simulations for all cases is listed in Table 6.4. 

OWTs Case Number of simulatons 

N
R

E
L

/T
L

P
 

Baseline 13 yaw errors × 3 wind/wave misalignments × 3 random seeds =117 

Passive Tower-TMD 117 

S-A Tower-TMD 117 

Nacelle-TLCD case 1 117 

Nacelle-TLCD case 2 117 

Nacelle-TLCD case 3 117 
  

N
R

E
L

/M
o

n
o

p
il

e Baseline 13 yaw errors × 3 wind/wave misalignments × 3 random seeds =117 

Passive Tower-TMD 117 

S-A Tower-TMD 117 

Nacelle-TLCD case 1 117 

Nacelle-TLCD case 2 117 

Nacelle-TLCD case 3 117 

Table 6.4: The number of simulations for each case 

The simulation length for the DLC 6.2 is 1 hour. 13 yaw error bins from -180 to 

180 degrees and 3 wind/wave misalignments (-30, 0 and 30 degrees) and 3 random seeds 

are applied for the simulations. The performance indicators to evaluate the effects of 

structural control techniques are the maximum moments at the tower base (TwrBsMyt 

(fore-aft) and TwrBsMxt (side-to-side)), the maximum nacelle acceleration (NacAccFA 

and NacAccSS) and the maximum tower top displacement (TTDspFA and TTDspSS). 

The performance indicators are compared to the baseline system with no structural 

control approaches. 
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6.1.2.1 Monopile OWTs 

Figure 6.12 shows the ultimate loadings in the fore-aft and side-to-side directions 

for the baseline case according to the yaw errors and wind/wave misalignments. It can be 

seen that the tower loading and the tower top motion in the fore-aft direction reach 

maxima at a yaw error of 90 degrees regardless of the wind/wave misalignment. For the 

side-to-side direction, they reach maxima at a yaw error of 30 degrees. The maxima for 

each performance indicators are marked as green solid circles. Table 6.5 lists the 

reduction rates of the ultimate loadings (green solid circles) for each performance index 

by employing the tower-TMD (passive and semi-active) and the nacelle-TLCDs (case 1, 

2 and 3). Like the fatigue analysis result for the fixed-bottom OWT (Table 6.2), one can 

see that the tower-TMD has a better control performance in all directions than the 

nacelle-TLCDs, and the semi-active TMD using the IVB-GH algorithm is the best in 

terms of the loads reduction. The strength of the IVB-GH, which can reduce the height of 

the first peak in the frequency response, plays a significant role in reducing the extreme 

loads of the OWTs excited by the extreme waves with low frequency. The tower base 

moments in the fore-aft and side-to-side direction can be reduced by 17.6% and 30.8%, 

respectively. Figure 6.13 and 6.14 show the time response and frequency response for the 

tower base moment in the fore-aft and the side-to-side directions. The time response 

graphs are zoomed in near the point at which the maximum loading occurs. The ultimate 

loadings occur at 297 seconds and these can be significantly reduced by the S-A TMD. 

The superiority of the TMD can also be explained through the investigation of the 

probability of the stop-spring action as discussed in Section 6.1.1.2. More detailed 
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discussion regarding the stop-spring action will be made by comparing with the floating 

OWT case in the next section. 

 

Figure 6.12: Ultimate loadings as functions of the yaw errors and 𝛽, (a): tower base 

moment (fore-aft), (b): tower base moment (StS), (c): nacelle acceleration (fore-aft), (d): 

nacelle acceleration (StS), (e): tower top displacement (fore-aft), (f): tower top 

displacement (StS) 

Case TwrBsMyt TwrBsMxt NacAccFA NacAccSS TTDspFA TTDspSS 

       

Passive 

Tower-TMD 
15.6 % 28.5 % 36.2 % 18.1 % 16.0 % 26.8 % 

       

S-A 

Tower-TMD 
17.6 % 30.8 % 39.0 % 19.6 % 17.9 % 29.6 % 

       

    Nacelle 

    TLCDs 

case 1 9.5 % 24.7 % 27.8 % 16.3 % 9.7 % 25.7 % 

case 2 13.3 % 22.6 % 29.6 % 14.7 % 14.3 % 24.3 % 

case 3 15.3 % 20.3 % 32.7 % 12.3 % 16.7 % 21.6 % 

Table 6.5: Simulation results for the extreme loads analysis for the fixed-bottom OWT 
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Figure 6.13: Time response of the tower base moment in the fore-aft and side-to-side 

direction 

 

Figure 6.14: Frequency response of the tower base moment in the fore-aft and side-to-

side 

Investigating the effect of load reduction at a point where the ultimate loading 

occurs is a priority in extreme load analysis (Table 6.5), but it is somewhat unreasonable 

to define the overall effect of structural control by one sample. So, the ultimate loadings 
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from each case are averaged over the 117 simulations in order to demonstrate the overall 

impacts of the tower-TMDs and nacelle-TLCDs. The averaged values are compared to 

the baseline case and can be seen in Table 6.6. 

Case Evaluation index Value Reduction rate 

P
as

si
v

e 

T
o

w
er

-T
M

D
 TwrBsMyt 64,572 kNm 22.8 % 

TwrBsMxt 43,112 kNm 29.9 % 

NacAccFA 1.09 m/s
2
 34.5 % 

NacAccSS 1.05 m/s
2
 31.3 % 

TTDspFA 0.41 m 22.9 % 

TTDspSS 0.28 m 29.7 % 

    

S
-A

 

T
o

w
er

-T
M

D
 

(I
V

B
-G

H
) 

TwrBsMyt 62,481 kNm 25.3 % 

TwrBsMxt 41,698 kNm 32.2 % 

NacAccFA 1.06 m/s
2
 36.6 % 

NacAccSS 1.03 m/s
2
 32.7 % 

TTDspFA 0.40 m 25.3 % 

TTDspSS 0.27 m 33.6 % 

    

N
ac

el
le

 T
L

C
D

s 

C
as

e 
3

 (
μ

=
0

.5
5

) 

TwrBsMyt 70,929 kNm 15.2 % 

TwrBsMxt 49,631 kNm 19.3 % 

NacAccFA 1.32 m/s
2
 21.0 % 

NacAccSS 1.28 m/s
2
 16.9 % 

TTDspFA 0.45 m 16.1 % 

TTDspSS 0.33 m 18.8 % 

    

N
ac

el
le

 T
L

C
D

s 

C
as

e 
2

 (
μ

=
0

.7
5

) 

TwrBsMyt 69,591 kNm 16.8 % 

TwrBsMxt 50,246 kNm 18.3 % 

NacAccFA 1.29 m/s
2
 22.3 % 

NacAccSS 1.29 m/s
2
 16.1 % 

TTDspFA 0.44 m 17.2 % 

TTDspSS 0.33 m 18.0 % 

    

N
ac

el
le
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L

C
D
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C
as

e 
3

 (
μ

=
0

.8
7

) 

TwrBsMyt 68,921 kNm 17.6 % 

TwrBsMxt 50,492 kNm 17.9 % 

NacAccFA 1.28 m/s
2
 22.9 % 

NacAccSS 1.30 m/s
2
 15.5 % 

TTDspFA 0.44 m 17.9 % 

TTDspSS 0.33 m 17.5 % 

Table 6.6: The reduction rate of the averaged ultimate loadings 
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From the Table 6.6, the semi-active TMD still has the best control performance 

compared to the others. The averaged maximum tower base moments in the fore-aft and 

side-to-side directions can be decreased by 25.3% and 32.2%, respectively. As found 

from the fatigue analysis result, the larger the mass, the better the control performance. 

6.1.2.2 TLP OWTs 

Figure 6.15 shows the ultimate loadings in the fore-aft and the side-to-side 

directions for the baseline case according to the yaw errors and β. 

 

Figure 6.15: Ultimate loadings as functions of the yaw errors and 𝛽  (a): tower base 

moment (fore-aft), (b): tower base moment (StS), (c): nacelle acceleration (fore-aft), (d): 

nacelle acceleration (StS), (e): tower top displacement (fore-aft), (f): tower top 

displacement (StS) 
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It can be seen from Figure 6.15 that the tower loading and the tower top motion in 

the fore-aft direction reach maxima at a yaw error of -120 degrees when the wind and 

waves are aligned. For the side-to-side direction, they reach maxima at a yaw error of 30 

degrees and β  of 30 degrees. From these results, one can expect that the maximum 

aerodynamic forces as the winds pass through the rotor occur at the yaw errors of -120 

and 30 degrees for the fore-aft and side-to-side directions, respectively. Table 6.7 lists the 

reduction rates of the ultimate loadings (green solid circles) for each performance index 

by employing the tower-TMD (passive and semi-active) and the nacelle-TLCDs (case 1, 

2 and 3). Like the fatigue analysis for the floating OWT (Table 6.3), the nacelle-TLCDs 

have the best control performance compared to the others. This can be clearly explained 

by investigating the frequency response and the stop-spring action as already discussed 

in section 6.1.1.2. Similar to Figure 6.5, the tower motion also includes the lower 

frequency components with strong intensity under extreme wind and wave conditions as 

shown in Figure 6.16. This results in a significant increase in the TMD stroke, causing an 

increase in the amount of the stop-spring operation.  

Case TwrBsMyt TwrBsMxt NacAccFA NacAccSS TTDspFA TTDspSS 

       

Passive 

Tower-TMD 
14.2 % 15.0 % 20.9 % 18.7 % 13.0 % 14.8 % 

       

S-A 

Tower-TMD 

(IVB-GH) 

16.2 % 18.8 % 22.6 % 20.9 % 14.6 % 17.0 % 

       

    Nacelle 

    TLCDs 

case 1 19.9 % 35.5 % 21.6 % 34.1 % 19.3 % 30.8 % 

case 2 19.5 % 33.9 % 22.3 % 35.6 % 19.1 % 33.0 % 

case 3 19.6 % 31.8 % 24.2 % 36.0 % 19.3 % 34.8 % 

Table 6.7: Simulation results for the extreme loads analysis for the floating OWT 
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Figure 6.16: Frequency response of the tower motion for the fixed-bottom and the 

floating OWTs 

Figure 6.17 shows the probability that the stop-spring operates during the entire 

simulations. Like the normal operation (Figure 6.9), more stop-spring action is required 

to maintain the stroke of the TMD for the floating OWT in comparison with the fixed-

bottom OWT.  

 

Figure 6.17: Probability of the stop spring operation during the entire simulations 
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Additionally, the ultimate loadings from each case are averaged over the 117 

simulations in order to demonstrate the overall impact of the tower-TMDs and the 

nacelle-TLCDs. The averaged values are compared to the baseline case and can be seen 

in Table 6.8.  

Case Evaluation index Value Reduction rate 

P
as

si
v

e 

T
o

w
er

-T
M

D
 TwrBsMyt 154,726 kNm 4.7 % 

TwrBsMxt 79,360 kNm 11.8 % 

NacAccFA 3.02 m/s
2
 10.3 % 

NacAccSS 1.66 m/s
2
 14.9 % 

TTDspFA 0.93 m 3.8 % 

TTDspSS 0.45 m 10.8 % 
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M

D
 

(I
V

B
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H
) 

TwrBsMyt 149,206 kNm 8.1 % 

TwrBsMxt 74,771 kNm 16.9 % 

NacAccFA 2.89 m/s
2
 14.1 % 

NacAccSS 1.55 m/s
2
 20.3 % 

TTDspFA 0.89 m 7.2 % 

TTDspSS 0.42 m 16.6 % 
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μ

=
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1
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TwrBsMyt 131,185 kNm 19.2 % 

TwrBsMxt 72,342 kNm 19.6 % 

NacAccFA 2.71 m/s
2
 19.5 % 

NacAccSS 1.58 m/s
2
 19.0 % 

TTDspFA 0.78 m 19.1 % 

TTDspSS 0.41 m 19.2 % 
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L
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D

s 

C
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e 
2
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μ

=
0

.6
0

) 

TwrBsMyt 129,415 kNm 20.3 % 

TwrBsMxt 72,900 kNm 18.9 % 

NacAccFA 2.68 m/s
2
 20.4 % 

NacAccSS 1.59 m/s
2
 21.1 % 

TTDspFA 0.77 m 19.0 % 

TTDspSS 0.42 m 18.3 % 
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e 
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μ

=
0

.7
4

) 

TwrBsMyt 127,943 kNm 21.2 % 

TwrBsMxt 73,906 kNm 17.8 % 

NacAccFA 2.66 m/s
2
 21.1 % 

NacAccSS 1.61 m/s
2
 17.2 % 

TTDspFA 0.76 m 21.1 % 

TTDspSS 0.42 m 17.3 % 

Table 6.8: The reduction rate of the averaged ultimate loadings 
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From Table 6.8, the nacelle-TLCD still has the best control performance 

compared to the others. The averaged maximum tower base moments in the fore-aft and 

the side-to-side directions can be decreased by around 20%. The fact that the control 

performance in each direction is proportional to the mass ratio is also demonstrated in 

this analysis. Time response plots to show the control effect of the structural control 

devices are shown in Figure 6.18. The time response graphs are zoomed in near the point 

at which the maximum loading occurs. 

 

Figure 6.18: Time response of the tower base moment in the fore-aft and side-to-side 

direction 

Tension leg mooring systems have vertical mooring lines under moderate tension 

to provide large restoring moments in pitch motion of the platform. Sometimes, slack-

line incidents occur under extreme wave conditions [103, 104]; when the mooring line is 

slackened, the platform pitch motion increases significantly due to the lack of restoring 

moments. In addition, the snap-back loads may follow immediately after the mooring 
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line is slackened. The snap loads are a kind of shock load which causes a fatal damage 

and an impulse on the structure. Figure 6.19 presents the minimum mooring line tensions 

as a function of the yaw errors and β. The minimum tensions are evaluated for each 

mooring line. Since the two lines are paired, only four lines that are evenly distributed by 

90 degrees are evaluated (Line #1: 0°, Line #2: 90°, Line #3: 180°, Line #4: 270°). It can 

be seen from Figure 6.19 (b) that Line #3 is slackened at the entire range of yaw errors 

where the direction of wind and waves are aligned. This loosened mooring line can be 

tightened by employing the TLCDs as seen in Figure 6.19 (d). Figure 6.20 shows one 

case where the slack line incident occurs. For the baseline case, the larger pitch motion 

causes slackening in the mooring line at 313 seconds. Otherwise, the mooring line 

remains tight due to the reduced pitch motion of the platform by the TLCDs. 

 

Figure 6.19: Minimum mooring line tension for line #1 to #4, (a) 𝛽 of -30 deg, (b): 𝛽 of 0 

deg, (c): 𝛽 of 30 deg, (d): zoomed-in view of (b) focusing on line #3 for the baseline and 

TLCD cases 
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Figure 6.20: Time response plot of the platform pitch motion and the minimum line 

tension  

6.1.3 Fatigue Load Analysis for GE 6-MW OWTs 

In this section, fatigue load analysis is performed for the GE 6-MW OWTs. The 

analysis procedure is nearly identical to the fatigue load analysis for the NREL 5-MW 

OWTs. The differences are that other external conditions are applied and only the tower-

TMDs are considered in this analysis. The conditions for DLC 1.2 recommend by IEC 

standard are established based on the metocean conditions of the Wave Hub site 

determined in Section 4.2.2. As discussed in Section 4.2.2, four wind/wave 

misalignments are considered in DLC 1.2 and their probabilities (Figure 4.6) are applied 

in the post-processing. Like the fatigue analysis for the NREL 5-MW turbine, the 

lifetime DELs at the tower base and top in the fore-aft and the side-to-side directions 

expected over the lifetime (25 years) of the turbine are estimated. The total number of 

simulations for all cases is listed in Table 6.9. The simulation length is 10 minutes. 
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OWTs Case Number of simulatons 

G
E

/T
L

P
 

Baseline 
11 wind bins × 4 wind/wave misalignments × 6 random seeds = 

264 

Passive Tower-TMD 264 

S-A Tower-TMD (DB-GH) 264 

S-A Tower-TMD (IVB-

GH) 
264 

  

G
E

 

M
o

n
o

p
il

e 

Baseline 
11 wind bins × 4 wind/wave misalignments × 6 random seeds = 

264 

Passive Tower-TMD 264 

S-A Tower-TMD (DB-GH) 264 

S-A Tower-TMD (IVB-

GH) 
264 

Table 6.9: The number of simulations for each case 

6.1.3.1 Monopile OWTs 

Table 6.10 shows the results for the fixed-bottom OWT. 

Case Evaluation index m = 3 m = 4 m = 5 

P
as

si
v

e 

T
o
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M

D
 

Lifetime DELs TwrBsMyt 10.1 % 8.9 % 7.9 % 

Lifetime DELs TwrBsMxt 60.4 % 61.6 % 60.4 % 

Lifetime DELs TwrTopFxt 6.6 % 7.0 % 6.8 % 

Lifetime DELs TwrTopFyt 60.5 % 61.0 % 60.1 % 

     

S
-A

 

T
o

w
er

-T
M

D
 

(D
B

-G
H

) 

Lifetime DELs TwrBsMyt 13.0 % 11.8 % 10.9 % 

Lifetime DELs TwrBsMxt 64.4 % 64.5 % 63.7 % 

Lifetime DELs TwrTopFxt 9.6 % 9.9 % 9.7 % 

Lifetime DELs TwrTopFyt 64.5 % 65.2 % 64.6 % 

     

S
-A

 

T
o

w
er

-T
M

D
 

(I
V

B
-G

H
) 

Lifetime DELs TwrBsMyt 8.9 % 7.8 % 7.0 % 

Lifetime DELs TwrBsMxt 60.1 % 61.8 % 63.0 % 

Lifetime DELs TwrTopFxt 5.8 % 6.1 % 5.9 % 

Lifetime DELs TwrTopFyt 59.8 % 61.9 % 61.0 % 

Table 6.10: Simulation results for the fatigue loads analysis for the fixed-bottom OWT 
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The DB-GH control approach has the best performance. In the side-to-side 

motion, only the motion of the tower critical mode (0.24 Hz) is dominant due to the lack 

of aerodynamic damping compared to the fore-aft motion as shown in Figure 6.21 (upper 

right). The impacts of a well-tuned TMD can be maximized when a peak near the critical 

mode is distinct in the frequency response. In addition, the control performance can also 

be enhanced with the DB-GH approach by its inherent dynamic nature. In contrast to the 

side-to-side motion, the frequency components of the tower fore-aft motion are 

distributed in a wider frequency band due to the influence of the operation of the RNA 

controller (pitch control) and considerable aerodynamic damping, which may reduce the 

impact of the TMD tuned to the tower 1st natural frequency. Nevertheless, the peak of 

the 1st tower mode in the fore-aft direction in the frequency response can also be reduced 

by employing the passive and S-A TMD. 

 

Figure 6.21: Frequency response plots (upper) and time response plots (lower) of the 

fixed-bottom OWT under DLC 1.2 
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It can be seen from Figure 6.21 (lower left and right) that the use of the passive 

and the S-A TMD does improve the structural response of the tower motions, and the 

impact of the load reduction in the side-to-side motion is much greater than the fore-aft 

motion. 

6.1.3.2 TLP OWTs 

Table 6.11 shows the amount of reduction in DELs for the passive TMD and the 

SA-TMDs (DB-GH and IVB-GH), for water depths of 55 m and 100 m. The numbers in 

parentheses refers to the load reduction rates when the turbine is installed at a depth of 55 

m, and negative values indicate that the load is increased. 

Case Evaluation index m = 3 m = 4 m = 5 

P
as

si
v

e 

T
o

w
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M

D
 

Lifetime DELs TwrBsMyt -4.0 % (1.0 %) -4.9 % (0.7 %) -5.5 % (0.4 %) 

Lifetime DELs TwrBsMxt 19.9 % (62.6 %) 15.4 % (61.9 %) 12.6 % (60.8 %) 

Lifetime DELs TwrTopFxt -1.1 % (0.2 %) -1.8 % (0.2 %) -2.0 % (0.2 %) 

Lifetime DELs TwrTopFyt 9.3 % (29.0 %) 8.9 % (28.8 %) 7.4 % (29.1 %) 

     

S
-A

 

T
o

w
er

-T
M

D
 

(D
B

-G
H

) 

Lifetime DELs TwrBsMyt -4.0 % (3.0 %) -4.0 % (2.3 %) -4.6 % (1.6 %) 

Lifetime DELs TwrBsMxt 29.3 % (64.5 %) 25.9 % (64.0 %) 23.5 % (62.7 %) 

Lifetime DELs TwrTopFxt -0.4 % (2.2 %) -0.9 % (2.0 %) -1.2 % (1.8 %) 

Lifetime DELs TwrTopFyt 11.8 % (28.7 %) 13.3 % (29.3 %) 13.6 % (30.5 %) 

     

S
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T
o
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M

D
 

(I
V

B
-G

H
) 

Lifetime DELs TwrBsMyt 
-2.7 % (0.1 %) -3.6 % (-0.2 %) -4.0 % (-0.4 %) 

Lifetime DELs TwrBsMxt 
24.7 % (61.7 %) 20.8 % (61.2 %) 18.2 % (60.4 %) 

Lifetime DELs TwrTopFxt 
-0.6 % (-1.7 %) -1.1 % (-2.3 %) -1.3 % (-2.7 %) 

Lifetime DELs TwrTopFyt 
10.9 % (25.4 %) 11.4 % (28.7 %) 10.7 % (29.5 %) 

Table 6.11: Simulation results for the fatigue loads analysis for the floating OWT 
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Similar to the fatigue behavior of the fixed-bottom OWT, the DB-GH control 

approach has the best performance in reducing DELs. Specifically, the tower base 

moment (side-to-side) can be significantly reduced by 64% (Wöhler exponent of 4 for 

steel) in shallow water depth (55 m). The DB-GH controller can reduce DELs in the fore-

aft direction as well, unlike the IVB-GH approach. In deeper water (100 m), the TMDs 

are still effective in reducing DELs, especially side-to-side motion, but the performance 

is relatively low. Figure 6.22 and 6.23 show selected frequency and time responses for 

the various cases. It can be seen that the critical mode of the tower can be significantly 

reduced by the passive and the S-A control in the side-to-side direction. The time 

response also shows a significant reduction of the tower base moment in the side-to-side 

direction by the passive and the S-A TMD. However, in the fore-aft direction, the TMD 

has little effect on reducing the tower base moment (fore-aft direction) as the TMD is not 

able to cope with a much broader frequency distribution near the tower critical mode. 

 

Figure 6.22: Frequency response of the tower-top motion (upper) and time response 

(lower) of the tower base moments for the floating OWT (depth of 55 m) under DLC 1.2 
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Figure 6.23: Frequency response of the tower-top motion (upper) and time response 

(lower) of the tower base moments for the floating OWT (depth of 100 m) under DLC 

1.2 

6.1.4 Extreme Load Analysis for GE 6-MW OWTs 

An extreme load analysis is performed for the GE 6-MW OWTs. The analysis 

procedure is nearly identical to the extreme load analysis for the NREL 5-MW OWTs. 

Like the fatigue analysis, the metocean conditions at the Wave Hub site are applied and 

only the tower-TMDs are considered for the analysis. As discussed in Chapter 4, the 

conditions such as wind, wave and sea-current statistics are derived from site 

measurements, and estimated through a hind cast approach conducted by HR 

Wallingford hydraulics laboratory in UK. The extreme wind and wave conditions are 

defined in Table 4.5 and additional conditions regarding the platform orientations and 

water depths are added in order to set the conditions for DLC 6.1. Water depths of 55 m 

and 100 m at mean sea level are considered. The water depth of 55 m is regarded as 

extremely shallow. The cases at wind/wave headings of 0 and 36 degrees to the platform 
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are analyzed to ensure the worst conditions. The total number of simulations for all cases 

is listed in Table 6.12. A 1 hour simulation time is used to include sufficient phase 

differences between the wind and wave to capture the extreme load combinations. 

OWTs Case Number of simulatons 

G
E

/T
L

P
 

Baseline 2 TLP orientations × 2 water depths × 10 random seeds = 40 

Passive Tower-TMD 40 

S-A Tower-TMD (DB-GH) 40 

S-A Tower-TMD (IVB-

GH) 
40 

  

G
E

 

M
o

n
o

p
il

e 

Baseline 3 wind/wave misalignments × 6 random seeds = 18 

Passive Tower-TMD 90 

S-A Tower-TMD (DB-GH) 90 

S-A Tower-TMD (IVB-

GH) 
90 

Table 6.12: The number of simulations for each case 

The performance indicators to evaluate the control effects of structural control 

approaches are the maximum moments at the tower base and the mud-line, and the 

maximum translational forces at the tower top and the mud-line, as well as the maximum 

nacelle acceleration. The performance indicators are compared to the baseline system 

with no structural control approaches. 

6.1.4.1 Monopile OWTs 

The ultimate loads are defined as the absolute maximum loads of each simulation 

averaged over the 18 simulations (six different random seeds and the three-different 

wind/wave misalignments). Table 6.13 lists the reduction rate of maximum forces and 

moments for the passive and the S-A TMD with respect to the baseline loads. In the fore-

aft direction, the passive TMD results in a 30% decrease in the maximum force at the 
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tower top while the S-A TMD results in an even larger decrease of 44.7%. In addition, 

the S-A TMD results in noticeable moment reductions of 31.7% at the tower base, 

compared to 25% for the passive TMD. 

Evaluation index 

Linear Damper 
 

MR Damper 

Passive TMD S-A TMD (IVB-GH)  Passive TMD S-A TMD (IVB-GH) 

Tower Base Moment 25.8 % 32.7 % 

 

25.0 % 31.7 % 

Tower Top fore-aft force 30.7 % 44.8 %  30.0 % 44.7 % 

Tower Top side-to-side force 7.9 % 10.3 %  7.5 % 9.5 % 

Nacelle acceleration 32.4 % 41.1 %  31.7 % 40.5 % 

Mud-line Moment 37.3 % 41.0 %  36.8 % 40.1 % 

Mud-line fore-aft force 15.0 % 16.3 %  14.7 % 15.2 % 

Mud-line side-to-side force 6.0 % 7.8 %  5.7 % 7.2 % 

90th Percentile TMD stroke 0.58 m 0.4 m  0.57 m 0.37 m 

RMS Damper Force 3380 N 5210 N  3310 N 5960 N 

Damper Power Consumption - -  - 25.3 W 

Table 6.13: Simulation results for the extreme loads analysis for the fixed-bottom OWT 

(GE 6MW) 

Simulations using the ideal linear damper for S-A control were also performed, 

assuming that the damping coefficient can be changed between the on/off states without 

any dynamics. While such an ideal device is not realizable in practice, it is useful in 

evaluating the performance to the MR damper model, which takes into account the non-

linear dynamics associated with the device. Despite the hysteretic characteristics of the 

MR damper, the performance in terms of load reduction for the TMDs using the ideal 

linear damper and the MR damper shows little difference (less than 1%). It can be also 

seen from Figure 6.24 that the damper force generated by the MR damper can mimic the 
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force of the linear damper at all areas in the passive control case. In the on-state of S-A 

control, the force-velocity behavior between the MR damper and the linear damper is 

quite different in the low velocity region. The difference can be seen through the time 

response plot as shown in Figure 6.24, however, it does not have a significant effect on 

the results. The power consumption to operate the MR damper semi-actively is about 

25.3 Watts on average, which could be supplied from commercial batteries. More 

comparison figures and tables between the linear damper and MR damper are provided in 

Appendix E: Comparison of Linear and MR Damper. 

 

Figure 6.24: Comparison of force capacity between the linear and MR damper under 

DLC 6.1 

It has also been confirmed that the TMD oscillates within the maximum 

allowable limit of ±0.8 m. In addition, it is interesting to note that the 90
th

 percentile 

stroke of the S-A TMD can be significantly reduced by 35% compared to the passive 
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case while maintaining better performance. This may be a major advantage of the S-A 

TMD if there is limited installation space. 

6.1.4.2 TLP OWTs 

The responses used to evaluate the performances of the TMDs are the tower loads, 

nacelle acceleration, and mooring line tension. The relevant tower loads are the 

maximum tower bending moments at the tower base and the upper part of the transition 

piece. The upper part of the piece acts as the interface between the tower and the 

platform substructure, and is, therefore, important for the tower's safety. In addition, the 

90
th

 percentile strokes are evaluated. The simulation results summarizing the reduction 

rates for each control approach in comparison to the baseline case are shown in Table 

6.14. 

Evaluation index 

55 m Depth 100 m Depth 

Passive TMD S-A TMD (IVB-GH) Passive TMD S-A TMD (IVB-GH) 

Tower Base Moment -4.2 -3.2 4.5 8.9 

Tower Interface Moment -3.5 -2.6 4.9 9.0 

Nacelle acceleration -1.9 -0.2 7.4 11.4 

Minimum Tendon Tension 14.8 12.6 -8.3 -19.3 

Maximum Tendon Tension -1.4 -1.1 1.0 2.1 

90th percentile TMD stroke 0.98 m 0.88 m 0.87 m 0.76 m 

95th percentile TMD stroke 1.01 m 0.91 m 0.89 m 0.78 m 

RMS Damper Force 3980 N 11710 N 3565 N 10247 N 

Power consumption - 31.8 W - 30.3 W 

Table 6.14: Simulation results for the extreme loads analysis for the floating OWT (GE 

6MW) 
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Numerous meaningful conclusions can be drawn from the results. In shallow 

water depth (55 m), almost all results show that structural control has negative impacts 

on loads. The impact of the TMD is negative due to the dominant loading frequency on 

the platform that is lower than the TMD tuning frequency as shown in Figure 6.25 (b). 

The TMD reduces loads uniformly in deeper water (100 m). These positive 

impacts of the TMD can be explained using a similar logic to the 55-m case. In 100-m of 

depth, the power density near the 1st tower modal frequency, in contrast to the 55-m case, 

is greater than its lower frequency region (0.05~0.15 Hz). This dominant power density 

near the 1st tower modal frequency makes the TMD much more effective because the 

TMD is tuned to the 1st tower modal frequency. Figure 6.25 (c) shows the time series of 

the tower bending moment at the base for the 100-m depth. The passive and S-A TMDs 

are clearly more effective in mitigating loads on the tower compared to the 55-m case 

(Figure 6.25 (d)). S-A control using IVB-GH has better performance than the passive 

approach. Maximum loads at the base can be decreased by approximately 9% with the 

IVB-GH control. In addition, the minimum mooring line tension can be increased by 

more than 19% with the IVB-GH configuration. This increased minimum tension of the 

mooring lines reduces the probability of slack mooring line events. Figure 6.26 (a) and (c) 

show a time series of mooring line tension loads and tower base moment for the 100-m 

case. In contrast to the 55-m case, the maximum loads can be decreased with increased 

minimum tension of the mooring lines as shown in Figure 6.26 (b) and (d). The nacelle 

acceleration is also reduced by 11% in the 100-m case. The reduction of the nacelle 

acceleration is a key metric that can reduce the risks of failure of electromechanical 

components and blades. It is also significant to see that for the IVB-GH control, the 90th 
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percentile TMD stroke doesn’t exceed the TMD stroke limitation of ±0.8 m while 

maintaining better performance. 

 

Figure 6.25: Frequency response of the tower top motion (upper) and time response 

(lower) of the tower base moment for the floating OWT under DLC 6.1 

 
Figure 6.26: Time response for the tower base moment (upper) and the tendon tension 

(lower) 
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6.1.4.3 Impacts of Stroke Limitation of a Tower-TMD 

In order to examine the impacts of the stroke limitation of the TMDs, a sensitivity 

analysis is conducted by applying 5 different non-linear spring force curves to the TMDs. 

In Figure 6.27, the black dotted line, which is used for an unlimited TMD stroke 

simulation, shows a linear spring force curve. To restrict the TMD stroke, higher non-

linear spring forces are applied to stop the TMDs after a certain displacement, as 

depicted in other colored lines. Although the operation of the stop spring with a higher 

non-linear spring force can restrict the TMD motions at specific positions, they also act 

as reaction forces in the opposite direction, which may deteriorate the structural response 

of a main structure. In addition to causing a reaction force by the highly non-linear spring 

forces, there can be other negative effects of the TMDs, such as de-tuning issues due to 

the higher stiffness by the stop-spring. 

  

Figure 6.27: Non-linear spring force curves according to the stroke limitations 
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Figure 6.28 shows an example of a frequency response of a structure under 

excitation according to various stiffness values of the TMD, where γ is the ratio of the 

TMD natural frequency to the main structure natural frequency. This demonstrates the 

negative effect of the de-tuned TMD on the frequency response. The first peak in the 

frequency response increases as the TMD is tuned to the higher frequency. 

 

Figure 6.28: Effect of tuning frequency on a structural response 

It can be seen that the first peak of the red line increases when the TMD is tuned 

to the higher frequency. The operation of the stop-spring increases the tuning frequency 

of the TMD, so the first peak is inevitably increased sharply. Since the influence of the 

stop-spring on the control performance is significant, investigating the impact of the 

stroke limitation is an important factor in the design of TMDs. A sensitivity analysis for 

the TMD strokes is performed under DLC 6.1, which is used for the extreme load 

analysis in Section 6.1.4.2. The same external conditions are applied for this analysis 

with the five different TMD stroke limitations. 
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As speculated in previous research by Lackner and Rotea [27], these results 

affirm that load reduction can be increased with larger strokes of the TMDs. According 

to Figure 6.29, the maximum tower base moments and the nacelle acceleration can be 

reduced by 15% and 20%, respectively. Also, the reduction with a ± 1.4m stroke 

limitation eventually converges to the TMD case without stroke limitations. In Figure 

6.30 (time series of tower the base moment), the TMD with ±0.8m stroke limitation has 

a negative effect on loads at a certain time (3340~3350sec). Otherwise, the negative 

effect does not occur when the TMD stroke limitation is large enough. Figure 6.31 shows 

the frequency response of the tower base moment for the baseline and the semi-active 

TMD cases with the different stroke limitations. It can be seen that the first peak can be 

reduced significantly with the larger stroke limitation of the TMD. Although the 

operation of the stop-spring has an adverse effect on the control performance, it is an 

essential element to limit the TMD stroke. Thus, the trade-off must be considered in the 

process of designs. 

 

Figure 6.29: Effect of TMD stroke on reducing maximum loads 
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Figure 6.30: Time response of the tower base moment to show the negative effect of the 

stop-spring 

 

Figure 6.31: Frequency response of the tower base moment to show the negative effect of 

the stop-spring 
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6.1.4.4 Mooring Line Sensitivity Analysis 

This section explores the impact of the mooring line stiffness on the dynamic 

responses of the floating OWT. The extreme wind and wave conditions and the GE 6-

MW Haliade TLP OWT for a depth of 55m and 100m are used for this analysis. The 

simulations are repeated for mooring line stiffness values that are 9%, 18%, 27% and 36% 

larger than the baseline. The critical mode, which is the main target frequency for 

structural control, increases as the stiffness of the mooring line increases as shown in 

Table 6.15. Also, the power density of the tower bending moments near the critical mode 

can be reduced by the high stiffness of the mooring lines as shown in Figure 6.32.  

When the critical mode is further away from the low frequency region, the 

structural response and the TMD for structural control can be enhanced. In 55 m water 

depth, the power density at the low frequency range is dominant across the whole 

frequency region. This causes the TMD, when tuned to the critical mode of the tower, to 

be ineffective. The low power density in the low frequency region and the increased 1
st
 

modal frequency are positive features for a structure when applying structural control. 

This is largely because higher tuning frequencies for the TMD result in lower TMD 

excursions. This in turn raises the possibility of avoiding some negative effects, such as a 

significant reaction force to the tower and a de-tuning of the TMD when the non-linear 

high spring force for the TMD stops are applied.  

Figure 6.33 and 6.34 show the load reductions on the tower, nacelle acceleration 

and TMD stroke with various values of mooring line stiffness. The baseline with the 

original mooring line stiffness acts as a basis of comparison, and is used to calculate 

reductions rates in load and nacelle acceleration. Maximum tower base moments and 
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nacelle acceleration can be reduced, compared to the original stiffness case. In the two 

baseline cases with original and higher mooring line stiffness, respectively, there are little 

differences in maximum loads, while the TMD has noticeable effects in terms of the load 

and acceleration reduction as the mooring line stiffness increases. 

-  

Figure 6.32: Frequency response of the tower base moment according to the mooring line 

stiffness 
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Figure 6.33: Reduction in maximum tower base moment and nacelle acceleration, as a 

function of mooring line stiffness 

 

Figure 6.34: Reduction in 90
th

 percentile TMD stroke according to the mooring line 

stiffness 
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6.2 Blade Response Control 

This section presents the simulation results regarding the impact of the passive 

blade-TMD in terms of fatigue and extreme load reductions. Promising parameters for 

the blade-TMD are selected from the optimal design formulas determined in Chapter 5. 

The control performance of each design case is compared with the baseline system. It 

should also be noted that in all cases the inclusion of the blade-TMDs has negligible 

impacts on the behavior of the baseline variable speed and collective pitch control system. 

6.2.1 Fatigue Load Analysis 

Simulations with DLC 1.2 are performed to assess how much the fatigue behavior 

of the turbine blades can be improved by applying structural control technique. The main 

simulation conditions are shown in Figure 4.4 in Section 4.1. The total number of 

simulations for all cases (Baseline, case 1 to 8) is 1782 (each 109: 11 wind bins, 3 yaw 

errors (-8, 0 8 degrees) and 6 random seeds) and the simulation length is 10 minutes. The 

blade models used in this analysis are the NREL 5-MW blade and the DTU 10-MW 

blade. From the design formulas determined in Section 5.2, eight design cases for the 

NREL and DTU blades have been selected as shown in Table 6.16 and 6.17. The 

performance indicators are the lifetime damage equivalent moments and forces at the 

blade roots. In Table 6.18, RootFx and RootFy are the blade root out-of-plane and in-

plane shear force at a blade root, respectively. RootMy and RootMx are the blade root out-

of-plane and in-plane moment at a blade root, respectively. In order to calculate the 

lifetime damage equivalent loads, the probabilities corresponding to operational wind 

speeds (4 to 24 m/s) determined in Section 5.2 (at Southeast of Nantucket) are applied. 
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With the forces and moments at the blade root calculated by FASTv8, the lifetime 

damage equivalent loads expected over the lifetime (25 years) of the turbine blade are 

estimated based on a rain flow counting algorithm with S/N curve slopes of 9, 10 and 11 

for the typical blade materials.  

Case Mass ratio 𝜇 TMD Location Frequency ratio Damping ratio Chord length 

1 0.017 60.4 m 0.989 0.074 1.73 m 

2 0.026 55.4 m 0.984 0.091 2.39 m 

3 0.032 52.4 m 0.980 0.100 2.62 m 

4 0.038 49.8 m 0.977 0.109 2.76 m 

5 0.043 47.7 m 0.974 0.117 2.86 m 

6 0.069 40.3 m 0.957 0.147 3.22 m 

7 0.095 36.0 m 0.941 0.172 3.49 m 

8 0.121 33.4 m 0.924 0.192 3.66 m 

Table 6.16: The optimal location, frequency ratio and damping ratio as a function of 𝜇 

(NREL) 

Case Mass ratio 𝜇 TMD Location Frequency ratio Damping ratio Chord length 

1 0.017 86.8 m 0.989 0.062 1.31 m 

2 0.026 80.1 m 0.984 0.078 1.87 m 

3 0.032 76.2 m 0.980 0.087 2.05 m 

4 0.038 72.8 m 0.976 0.096 2.35 m 

5 0.043 70.2 m 0.973 0.102 2.55 m 

6 0.069 60.5 m 0.957 0.131 3.26 m 

7 0.095 54.7 m 0.939 0.153 3.73 m 

8 0.121 51.2 m 0.923 0.173 4.05 m 

Table 6.17: The optimal location, frequency ratio and damping ratio as a function of 𝜇 

(DTU) 
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The performance indicators are compared to the baseline in order to present the 

reduction rates as seen in Table 6.18 and Figure 6.35 and 6.36. Based on Table 6.18, it 

can be seen that the control performance drops as the location of the TMD is moved 

towards the root. This is because the vibrational energy is mostly concentrated on the 

blade tip and the TMD is more active at the blade tip where the centrifugal force is the 

largest. The in-plane blade root force and moment can be decreased by almost 10%. It 

can be seen that the heavier TMD is used at the lower position, but complete 

compensation of the control performance cannot be achieved. Despite this, the TMD 

located near the blade tip is not regarded as the best design selection as the available 

space at the blade tip becomes significantly narrow. So, it is necessary to check whether 

the space inside the blade is sufficient to drive the TMD.  

Blade Case RootFx 
(Out of plane) 

RootFy 
(In-plane) 

RootMy 
(Out of plane) 

RootMx 
(In-plane) 

N
R

E
L

 5
-M

W
 B

la
d
e 1 3.5 % 7.7 % 3.6 % 11.1 % 

2 3.4 % 7.3 % 3.4 % 10.8 % 

3 3.2 % 7.1 % 3.4 % 10.3% 

4 3.1 % 6.9 % 3.3 % 9.9 % 

5 3.1 % 6.7 % 3.3 % 9.5 % 

6 3.0 % 6.4 % 3.1 % 9.1 % 

7 2.7 % 5.9 % 2.8 % 8.3 % 

8 2.5 % 5.4 % 2.3 % 7.6 % 
      

D
T

U
 1

0
-M

W
 B

la
d

e 1 2.7 % 8.2 % 2.8 % 12.1 % 

2 2.6 % 7.9 % 2.7 % 11.8 % 

3 2.4 % 7.7 % 2.6 % 11.3% 

4 2.4 % 7.3 % 2.5 % 10.9 % 

5 2.1 % 7.1 % 2.3 % 10.3 % 

6 1.9 % 7.1 % 2.1 % 9.9 % 

7 1.8 % 6.7 % 1.9 % 9.6 % 

8 1.7 % 6.6 % 1.9 % 9.2 % 

Table 6.18: Simulation results for the fatigue loads analysis for the NREL 5-MW and 

DTU 10-MW blades 
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Figure 6.35: Reduction rates of DELs according to different design cases for the NREL 

blade 

 

Figure 6.36: Reduction rates of DELs according to different design cases for the DTU 

blade 
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Figure 6.37 shows the ratio of the peak to peak TMD stroke to the blade chord 

length where the blade-TMD is mounted. Design case 1 for the NREL 5-MW blade that 

has the best control performance is no longer feasible since the stroke ratio is over 1; that 

is, the peak to peak TMD stroke exceeds the available space for the TMD operation. For 

the DTU 10-MW blade, case 2 also has the stroke issue. So, the design cases near the 

blade tip should be excluded from the list of the feasible designs. 

 

Figure 6.37: Ratio of the peak to peak TMD stroke to the chord length where the TMD is 

mounted 
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6.2.2 Extreme Load Analysis 

DLC 1.3 is characterized by the extreme turbulence model and plays a significant 

role in driving the extreme loads on the turbine structures. The radical changes of wind 

speed due to the extreme turbulence intensity significantly affect the dynamic response of 

turbine components and create large deflections and loads on the turbine components. So, 

DLC 1.3 a critical load case in wind turbine design, particularly for the blades. The 

conditions for DLC 1.3 are defined in Figure 4.4 and the turbulence intensity follows the 

IEC category B. The total number of simulations for all cases (Baseline, case 1 to 8) is 

1782 (each 109: 11 wind bins, 3 yaw errors (-8, 0 8 degrees) and 6 random seeds) and the 

simulation length is 30 minutes. The wind speeds used for DLC 1.3 are ranged in the 

entire operational region (4 to 24 m/s) and yaw errors are set to ±8 degrees. The 

performance indicators are the maximum edgewise blade tip displacement and the 

maximum in-plane moments at the blade root. Figure 6.38 and 6.39 shows the blade 

edgewise tip deflection and the ultimate in-plane moments at the blade root. It can be 

seen that the extreme tip deflection reaches a maximum at a yaw error of -8 degree at the 

mean wind speed of 10 m/s. The ultimate in-plane moments occur at a yaw error of -8 

degree together with a mean wind speed of 12 m/s. The performance indicators are 

compared with the baseline case where the extreme values occur in order to present the 

reduction rates as seen in Table 6.19. The extreme loads can also be improved by the 

blade-TMD as in the fatigue case. Similar to the fatigue load analysis results, the TMD 

located closer to the blade tip provides better performance. However, given the TMD 

stroke, design cases 1 and 2 are infeasible as shown in Figure 6.37. Considering both the 

TMD performance and the stroke, design case 3 would be the most promising to improve 
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the edgewise structural response. Figure 6.40 shows time response plot for different wind 

speeds to show the impact of the blade-TMD. 

 

Figure 6.38: Ultimate loadings as functions of the yaw errors and 𝛽 for the NREL blade, 

(a): blade root moment (fore-aft), (b): blade root moment (StS) 

 

Figure 6.39: Ultimate loadings as functions of the yaw errors and 𝛽 for the DTU blade, 

(a): blade root moment (fore-aft), (b): blade root moment (StS) 
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Blade Case 
Maximum Edgewise disp 

(Out of plane) 

Maximum RootMx 

(In-plane) 

N
R

E
L

 5
-M

W
 B

la
d
e 1 7.7 % 8.3 % 

2 7.5 % 8.0 % 

3 7.3 % 7.9 % 

4 7.4 % 7.6 % 

5 7.3 % 7.7 % 

6 7.3 % 7.9 % 

7 6.9 % 7.2 % 

8 6.2 % 6.7 % 
    

D
T

U
 1

0
-M

W
 B

la
d

e 1 9.6 % 9.4 % 

2 9.1 % 9.4 % 

3 8.9 % 9.1 % 

4 8.8 % 8.5 % 

5 8.7 % 8.6 % 

6 8.6 % 8.6 % 

7 8.4 %  8.5 % 

8 7.5 % 7.7 % 

Table 6.19: Simulation results for the extreme loads analysis for the NREL and DTU 

blade 

 

Figure 6.40: Time response of the blade motion in the edge-wise direction (DTU 10-MW) 
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6.2.3 Sensitivity Analysis 

In order to investigate the robustness of the optimal design formulas determined 

in Section 5.2, a sensitivity analysis is performed to measure the performance variance 

according to the change in the TMD parameters such as the mass ratio, location, 

frequency ratio and damping ratio. Among the four parameters, a single parameter for 

evaluating the sensitivity is changed within a specific range, and the remaining 

parameters are set to their original values and fixed. Case 1, 2 and 3 are adopted for the 

sensitivity analysis. Figure 6.41 shows the sensitivity analysis results. The performance 

indicator (y-axis) is the reduction rate of the standard deviation of the blade edgewise tip 

displacement compared to the baseline case. The normal turbulence field with a mean 

wind speed of 10 m/s is applied for the simulation. 

 

Figure 6.41: Sensitivity analysis result as a function of (a): position ratio, (b): mass ratio, 

(c): frequency ratio, (d): damping ratio 
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There are several meaningful observations to be made from the sensitivity 

analysis: 

- As shown in Figure 6.41 (a), the best control performance can be achieved as the 

blade-TMD is positioned closer to the blade tip. This is because the vibrational 

energy is mostly concentrated near the blade tip, and the centrifugal force, which 

plays a critical role in driving the blade TMD, becomes larger toward the blade 

tip. Also, the control performance is negligible below the position ratio of 0.3, 

but it increases rapidly in the position ratio range of 0.3 to 0.8, and then the slope 

is noticeably reduced near the blade tip. Based on the observation, one can expect 

that case 3 can be considered as a better design in comparison with case 1 as case 

3 has comparable control performance with case 1 while the blade-TMD is 

mounted on the lower position. This is a quite reasonable inference considering 

that the space in the vicinity of the blade tip is very narrow. 

- In general structural control theory, it is widely known that the control 

performance improves as the mass ratio increases within a certain range. 

However, in the case of the blade-TMD, quite a different pattern arises compared 

to the general theory. The control performance decreases with the increased mass 

ratio, and the TMD even has a negative effect when the mass ratio is beyond a 

certain level. The blade rotating at a constant speed during normal operation is 

additionally deflected in the in-plane direction (mostly edgewise direction during 

normal operation) by the self-weight of the blade. The deflection grows with the 

additional mass of the blade-TMD. So, control performance is very sensitive to 

the mass ratio and should be carefully selected for the blade-TMD design. 
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- The changes in frequency ratio in the region exceeding the optimum frequency 

ratio have greater influences on the control performance compared to the changes 

in the region lower than the optimum frequency ratio. In contrast, the control 

performance drops rapidly as the damping ratio goes to 0. Beyond the optimal 

damping ratio, increase in the damping ratio does not necessarily improve the 

control performance. Based on the observations, it can be deduced that the 

parameters for the frequency ratio and the optimal ratio have less impact on the 

performance compared to the other two parameters (TMD mass and location). 

- Collectively, the sensitivity analysis results show that the optimal parameters 

derived by the design formulas are close to the true optimum. 
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CHAPTER 7 

CONCLUSIONS 

The research presented in this dissertation provides insight into the potential 

benefits and impacts of passive and semi-active structural control techniques for OWTs. 

The major contributions and concluding remarks of the dissertation are listed below: 

• As discussed in Chapter 1, the majority of previous research regarding the application 

of structural control techniques to OWTs has been limited to reduced order models 

considering some of critical modes of the turbine and control system rather than 

using a high-fidelity wind turbine design code, potentially neglecting the complicated 

non-linear dynamics of OWTs. This is likely to result in a further decrease in 

modeling fidelity in the case of a floating substructure that has more complex 

dynamics. In order to address such issues, Lackner et al. developed a new structural 

control simulator in 2011, named FAST-SC, which was coupled with FASTv7 and 

enabled the fully-coupled aero-hydro-servo-elastic simulations while analyzing the 

impact of TMDs for floating OWTs. La Cava and Lackner updated the structural 

control tool as a module (named TMD) to be compatible with FASTv8. The module 

“TMD” coupled with FASTv8 has been limited to considering two independent 

single degree of freedom TMDs operating only passively for turbine tower control. In 

this dissertation, the control module has been updated to add a variety of functions 

and control devices, i.e. omni-directional pendulum-type mass dampers, tuned liquid 

column dampers, semi-active control algorithms, etc. The newly developed control 

module coupled with FASTv8, allows for aero-hydro-servo-elastic simulations 
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considering the rigorous analysis of the impact of structural control. This provides a 

high-fidelity examination of various structural control techniques by utilizing a 

number of functions and reliable OWTs models already provided in FASTv8.  

• With the developed tool, the structural control devices to improve structural 

responses of the turbine tower can be optimized. Through the results of the 

optimization problem, the influences of design variables on the control performance 

and the dynamic characteristic of the system are thoroughly analyzed, and the design 

guidelines of each device for the turbine tower control are presented by establishing 

the optimal design formulas for important parameters.  

• The developed module can also employ the TMD for blade response control. In the 

current trend towards the use of larger rotors for modern multi-megawatt wind 

turbines, the diameter of turbine blades increases and they become more flexible 

compared to the shorter blades, making them relatively vulnerable to external loads. 

So, it is also highly desirable to apply structural control concepts to the blades 

themselves, rather than confining them to towers. With a comprehensive set of 

optimization problem for the blade-TMDs, we proposed generalized optimal design 

formulas encompassing different blade-TMD locations and mass ratios as well as the 

frequency ratio and the damping ratio. The design formulas are easy to use and can 

be a guideline to apply to other multi-megawatts OWTs.  

•  A reduced order ES approach is conducted for the preliminary design of TLCDs. 

The preliminary design presented the appropriate ranges of the design variables of 

interest for the full-scale multi-objective optimization problem. Through the multi-

objective optimization scheme using NSGA-II with parallel computing, the non-
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dominant Pareto optimal front was derived, which provides insight for a decision 

maker considering a trade-off between the two objective functions in conflict. In 

addition, the dynamic characteristics of the design variables are investigated based on 

the optimization results. Meanwhile, it was confirmed that the mass ratio is a critical 

factor that causes the trade-off between two objectives in conflict. Also, the 

superiority of using the non-uniform cross-sections was confirmed in terms of the 

control performance and sizing of the TLCDs. 

• With the determined site-specific metocean conditions, fatigue and extreme loads 

analyses were performed by running a series of design load cases in order to 

investigate the impacts of the optimized structural control devices. The results 

showed that the structural control techniques can play a critical role in reducing the 

fatigue and extreme loads on the tower and blade. Moreover, the control performance 

of each control device was compared to show their effectiveness according to the 

external loading conditions. 

The summary of the control effects of each control device are as follows: 

-     Fatigue load analysis for the tower response control: 

• The TMDs have better control performance than the TLCDs for the NREL 5-MW 

fixed-bottom OWT (monopile). In particular, the S-A TMD can reduce the lifetime 

DELs for the tower base moments in the fore-aft and side-to-side direction by 18.5% 

and 79.3%, respectively. For the NREL 5-MW floating OWT (TLP), the TLCDs are 

much more effective at reducing the fore-aft motion of the floating OWT. Design 

case 3 can reduce the lifetime DELs in the fore-aft direction by 13.2%, whereas the 
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reduction rate of the S-A TMD is only 4.4%. As such, the control effects differ 

significantly depending on the type of the support structure and the control device. As 

discussed in Chapter 6, this is due to the stop-spring operation and the detuning 

issues of the control devices. Therefore, it may be concluded that the TMDs are more 

promising for fixed-bottom OWTs with lower probability of stop-spring operation, 

whereas the TLCDs are more advantageous for floating OWTs with higher 

probability of the stop-spring operation. 

• For the GE 6-MW monopile OWT, the S-A TMD using the DB-GH algorithm has 

the best control performance, and it can reduce the lifetime DELs for the tower base 

moments in the fore-aft and side-to-side direction by 11.8% and 64.5%, respectively. 

The DB-GH algorithm is expected to be more effective during normal operation due 

to its intrinsic frequency response characteristic as discussed in Chapter 5. Similar to 

the fixed-bottom OWT, the DB-GH control approach also has the best performance 

in reducing lifetime DELs for the floating TLP, especially for the side-to-side 

direction. It can reduce the lifetime DELs (StS) by 64% (water depth of 55 m) and 

25.9% (water depth of 100 m). 

-     Extreme load analysis for the tower response control: 

• Unlike the fatigue load analysis, the control effects are not significantly different 

between the fore-aft and side-to-side direction. This is because the blades are 

feathered to 90 degrees, so there is minimal difference in aerodynamic damping 

between the two directions.  
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• The S-A TMD using the IVB-GH algorithm can reduce the average maximum tower 

base moments of the NREL monopile OWT by 25.3% (fore-aft) and 32.2% (side-to-

side). For the NREL TLP OWT, TLCDs have better control performance than the 

TMDs. Design case 1 can reduce the average maximum tower base moments of the 

NREL TLP OWT by 19.2% (fore-aft) and 19.6% (Side-to-side). Similar to the 

fatigue load analysis, this is due to the stop-spring operation that causes negative 

effects on the tower responses for the TMD. Consequently, the TMDs are more 

effective to reduce extreme loads on the fixed-bottom OWT, whereas the TLCDs are 

more promising for the floating OWT. 

• For the GE 6-MW monopile OWT, the S-A TMD has better control performance 

compared to the passive TMD, and it can reduce the magnitude of the maximum 

tower base moment by 31.7%. For the GE 6-MW TLP OWT, the IVB-GH control 

approach is still effective for the water depth of 100 m. It can reduce the magnitude 

of the maximum tower base moment by 9%. In contrast, almost all results show that 

structural control has negative impacts on the extreme loads of the floating OWT 

installed in the shallow water depth. The negative effects are because the dominant 

loading is mostly distributed in the lower frequency region, which causes detuning of 

the TMD.  

-    Blade response control: 

• Eight different design cases were selected from the optimal design formulas 

determined in Chapter 3. The control performance drops as the position of the TMD 

is moved towards the root. The lifetime edgewise blade root damage equivalent 
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moment can be reduced from 7.6% to 11.1% for the NREL blades and 9.2% to 12.1% 

for the DTU blades, depending on the TMD location. Similar to the fatigue load 

reductions, the extreme edgewise root moment can be reduced from 6.7% to 8.3% for 

the NREL blades and 7.7% to 9.4% for the DTU blades. Despite the use of the 

heavier TMD at the lower positions, complete compensation of the control 

performance cannot be achieved. Nevertheless, some of design cases cannot be 

regarded as feasible because the peak to peak TMD stroke exceeds the available 

space (on the scale of chord length) for the TMD operation. Thus, the trade-off 

between the control performance and the TMD stroke should be considered when 

selecting the designs. 
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APPENDIX A 

NOMENCLATURE 

Common nomenclature 

𝑂 Origin point of global inertial reference frame 

𝑃 Origin point of non-inertial reference frame fixed to tower or blade 

𝑇𝑀𝐷 Origin point of a TMD 

𝐺 Axis orientation of global reference frame 

𝑟𝑇𝑀𝐷/𝑂𝐺  Position vector of TMD with respect to 𝑂 with orientation 𝐺 

𝑟𝑃/𝑂𝐺  Position vector of tower with respect to 𝑂𝐺  

𝑟𝑇𝑀𝐷/𝑃𝐺  Position vector of TMD with respect to 𝑃𝐺  

�̇� Element of angular velocity in the direction of x 

�̇� Element of angular velocity in the direction of y 

�̇� Element of angular velocity in the direction of z 

𝑚 TMD mass 

𝑐𝑥 TMD damping coefficient in the direction of x 

𝑐𝑦 TMD damping coefficient in the direction of y 

𝑘𝑥 TMD spring stiffness in the direction of x 

𝑘𝑦 TMD spring stiffness in the direction of y 

Tower-TMD 

𝑇 Axis orientation of tower reference frame with unit vectors 

𝑅𝑇/𝐺  3 × 3 rotation matrix transforming orientation 𝐺 to 𝑇 

𝑅𝐺/𝑇 3 × 3 rotation matrix transforming orientation 𝑇 to 𝐺 

𝑟𝑇𝑀𝐷/𝑂𝑇  =𝑅𝑇/𝐺𝑟𝑇𝑀𝐷/𝑂𝐺
 Position of tower-TMD with respect to 𝑂𝑇  

𝑟𝑃/𝑂𝑇  =𝑅𝑇/𝐺𝑟𝑃/𝑂𝐺
 Position of tower with respect to 𝑂𝑇  

𝑟𝑇𝑀𝐷/𝑃𝑇  =𝑅𝑇/𝐺𝑟𝑇𝑀𝐷/𝑃𝐺
 Position of tower-TMD with respect to 𝑃𝑇  

�⃗⃗⃗�𝑇/𝑂𝑇
 Angular velocity vector of tower in orientation T 

�⃗�𝑇/𝑂𝑇
 Translational acceleration vector of tower in orientation T 

�⃗�𝐺/𝑂𝑇
 Gravity vector with respect to 𝑂𝑇  

𝐹𝑧,𝑇𝑀𝐷/𝑂𝑇
 Reaction force by tower-TMD acting on tower in the direction of z 

Blade-TMD 

𝐵 Axis orientation of blade reference frame with unit vectors 

𝑅𝐵/𝐺  3 × 3 rotation matrix transforming orientation 𝐺 to 𝐵 

𝑅𝐺/𝐵 3 × 3 rotation matrix transforming orientation 𝐵 to 𝐺 

𝑟𝑇𝑀𝐷/𝑂𝐵  =𝑅𝐵/𝐺𝑟𝑇𝑀𝐷/𝑂𝐺
 Position of blade-TMD with respect to 𝑂𝐵 

𝑟𝑃/𝑂𝐵  =𝑅𝐵/𝐺𝑟𝑃/𝑂𝐺
 Position of blade with respect to 𝑂𝐵 

𝑟𝑇𝑀𝐷/𝑃𝐵  =𝑅𝐵/𝐺𝑟𝑇𝑀𝐷/𝑃𝐺
 Position of blade-TMD with respect to 𝑃𝐵 

�⃗⃗⃗�𝐵/𝑂𝐵
 Angular velocity vector of tower in orientation B 

�⃗�𝐵/𝑂𝐵
 Translational acceleration vector of tower in orientation B 

�⃗�𝐺/𝑂𝐵
 Gravity vector with respect to 𝑂𝐵 

𝐹𝑥,𝑇𝑀𝐷/𝑂𝐵
 Reaction force by blade-TMD acting on blade in the direction of x 

𝐹𝑧,𝑇𝑀𝐷/𝑂𝐵
 Reaction force by blade-TMD acting on blade in the direction of z 

Table A.1: Nomenclature for the tower-TMD and blade-TMD 
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Nacelle-TLCDs 

𝑁 Axis orientation of nacelle reference frame with unit vectors 

𝑅𝑁/𝐺  3 × 3 rotation matrix transforming orientation 𝐺 to 𝑁 

𝑅𝐺/𝑁 3 × 3 rotation matrix transforming orientation 𝑁 to 𝐺 

𝑟𝑂𝑊𝐺
 Position vector of center of liquid mass with respect to 𝑂 with orientation 𝐺 

𝑟𝑂𝑃𝐺  Position vector from point O to point P in global coordinate 

𝑟𝑃𝑊𝑁  Position vector from point P to point W in nacelle coordinate 

[𝑥 𝑦 𝑧]𝐺
𝑂𝑊 𝑇 Components of position vector 𝑟𝑂𝑊𝐺  

[𝑥 𝑦 𝑧]𝑁
𝑃𝑊 𝑇 Components of position vector 𝑟𝑃𝑊𝑁  

𝑊 Origin point of center of liquid mass 

�⃗⃗⃗�𝑁𝐺  Angular velocity vector of nacelle in orientation G 

�⃗�𝑁𝐺  Translational acceleration vector of nacelle in orientation G 

𝐹𝑥
𝑊𝐹𝑉 Reaction force by water in front vertical column acting on nacelle in the direction of x 

𝐹𝑥
𝑊𝐵𝑉 Reaction force by water in back vertical column acting on nacelle in the direction of x 

𝐹𝑦
𝑊𝐹𝑉  Reaction force by water in front vertical column acting on nacelle in the direction of y 

𝐹𝑦
𝑊𝐵𝑉  Reaction force by water in back vertical column acting on nacelle in the direction of y 

𝐹𝑥
𝑊𝐿𝑉  Reaction force by water in left vertical column acting on nacelle in the direction of x 

𝐹𝑥
𝑊𝑅𝑉  Reaction force by water in right vertical column acting on nacelle in the direction of x 

𝐹𝑦
𝑊𝐿𝑉  Reaction force by water in left vertical column acting on nacelle in the direction of y 

𝐹𝑦
𝑊𝑅𝑉  Reaction force by water in right vertical column acting on nacelle in the direction of y 

𝐹𝑥
𝑊𝐻𝑆𝑆  Reaction force by water in horizontal column acting on nacelle in the direction of x 

𝐹𝑦
𝑊𝐻𝐹𝐴  Reaction force by water in horizontal column acting on nacelle in the direction of y 

𝐹𝑧
𝑊𝐻𝑆𝑆  Reaction force by water in horizontal column acting on nacelle in the direction of z 

𝐹𝑧
𝑊𝐻𝐹𝐴  Reaction force by water in horizontal column acting on nacelle in the direction of z 

𝐴𝑉  Vertical cross-sectional area (m
2
) 

𝐴𝐻 Horizontal cross-sectional area (m
2
) 

𝛼 Area ratio of 𝐴𝑉 to A𝐻 

𝐵 Horizontal length (m) 

𝐿 Total length (m) 

𝐿𝑒𝑒  Equivalent length with the same energy (m) 

𝐿𝑒𝑚  Equivalent length with the same mass (m) 

𝑓𝑇𝐿𝐶𝐷  Tuning frequency of a TLCD (Hz) 

𝜇 Mass ratio between SS and FA-TLCD 

𝜌 Liquid density (kg/m
3
) 

𝜉 Head loss coefficient 

Table A.2: Nomenclature for the nacelle-TLCD 
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APPENDIX B 

EXPECTED VALUES AND CORRESPONDING PROBABILITIES 

 

Table B.1: Expected values of 𝐻𝑠 and 𝑇𝑝 corresponding the intersection between 𝑈 and 𝛽 

 

Table B.2: Probabilities corresponding the intersection between 𝑈 and 𝛽 
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[m]

Tp

[s]

γ

[-]

Hs

[m]

Tp

[s]

γ

[-]

Hs

[m]

Tp

[s]

γ

[-]

-180 ~ -165 1.9 7.8 1.0 2.1 7.9 1.0 2.3 7.8 1.0 2.6 7.8 1.0 2.9 8.1 1.0 2.7 8.4 1.0 2.3 7.9 1.0 1.6 7.4 1.0 2.8 7.9 1.0 2.8 8.7 1.0 1.7 7.3 1.0

-165 ~ -150 1.6 7.8 1.0 2.0 7.7 1.0 2.1 8.2 1.0 2.6 8.1 1.0 3.1 9.1 1.0 2.3 7.9 1.0 1.9 7.9 1.0 2.8 8.2 1.0 2.7 8.1 1.0 1.8 7.0 1.0 2.3 8.2 1.0

-150 ~ -135 2.1 8.3 1.0 1.9 7.9 1.0 2.1 8.1 1.0 2.0 8.2 1.0 1.9 8.0 1.0 2.4 7.9 1.0 2.9 8.9 1.0 2.4 8.5 1.0 2.1 7.7 1.0 5.2 8.5 1.0 2.5 8.2 1.0

-135 ~ -120 1.8 8.2 1.0 1.9 8.3 1.0 2.0 8.0 1.0 2.1 8.2 1.0 1.9 7.7 1.0 2.4 8.8 1.0 3.0 9.8 1.0 2.6 8.9 1.0 2.7 9.0 1.0 2.4 7.9 1.0 4.1 9.2 1.0

-120 ~ -105 2.0 8.3 1.0 2.2 8.7 1.0 2.0 8.4 1.0 2.3 8.2 1.0 2.4 8.6 1.0 2.5 9.5 1.0 2.5 8.6 1.0 2.0 8.9 1.0 2.8 9.7 1.0 2.2 8.9 1.0 3.1 9.9 1.0

-105 ~ -90 2.0 8.7 1.0 2.2 8.4 1.0 2.2 8.7 1.0 2.3 8.6 1.0 2.5 9.0 1.0 2.0 8.3 1.0 2.2 8.9 1.0 2.4 8.6 1.0 3.1 9.5 1.0 2.1 8.7 1.0 3.9 9.9 1.0

-90 ~ -75 2.1 8.4 1.0 2.5 8.7 1.0 2.5 8.5 1.0 2.4 8.7 1.0 2.6 9.1 1.0 2.8 9.1 1.0 2.7 9.2 1.0 2.0 8.8 1.0 3.1 9.4 1.0 2.5 9.1 1.0 2.5 9.5 1.0

-75 ~ -60 2.4 8.4 1.0 2.4 8.4 1.0 2.5 8.6 1.0 2.7 8.5 1.0 3.4 9.1 1.0 3.5 9.3 1.0 3.4 9.3 1.0 2.9 8.7 1.0 2.9 9.4 1.0 2.9 9.7 1.2 4.7 9.2 1.2

-60 ~ -45 2.4 8.1 1.0 2.6 8.5 1.0 2.6 8.0 1.0 2.8 8.1 1.0 3.3 8.5 1.0 3.3 8.8 1.0 3.4 8.8 1.0 4.2 9.0 1.1 3.4 8.9 1.4 3.6 9.4 1.5 4.5 8.4 1.7

-45 ~ -30 2.3 7.6 1.0 2.3 7.9 1.0 2.7 7.7 1.0 2.8 7.9 1.0 3.4 7.8 1.0 3.5 7.9 1.0 3.2 8.0 1.1 3.9 8.7 1.4 4.7 9.1 1.5 4.4 8.9 1.6 4.0 8.3 2.0

-30 ~ -15 2.5 7.4 1.0 2.4 7.4 1.0 2.6 7.4 1.0 3.0 7.1 1.0 3.2 7.4 1.0 3.0 7.5 1.1 3.8 7.8 1.4 4.2 8.1 1.7 3.9 7.6 2.0 4.7 8.4 2.1 4.1 7.4 2.4

-15 ~ 0 2.4 7.1 1.0 2.5 7.2 1.0 2.7 7.2 1.0 2.8 7.1 1.0 3.1 7.2 1.0 3.2 7.2 1.2 3.3 7.3 1.6 3.5 7.5 2.0 3.8 7.4 2.4 3.7 7.5 2.4 4.0 7.7 2.6

0 ~ 15 2.4 7.2 1.0 2.6 7.5 1.0 2.6 7.3 1.0 3.0 7.3 1.0 3.2 7.3 1.0 3.1 7.3 1.2 3.0 7.2 1.5 3.4 7.2 1.9 3.9 7.2 2.3 3.7 7.3 2.4 3.4 6.8 2.8

15 ~ 30 2.5 7.6 1.0 2.4 7.5 1.0 2.6 7.5 1.0 3.1 7.7 1.0 3.3 7.6 1.0 3.4 7.7 1.1 3.7 7.7 1.3 3.6 7.4 1.6 3.8 7.7 2.1 4.1 8.1 2.1 3.5 7.3 2.3

30 ~45 2.4 7.8 1.0 2.6 7.9 1.0 2.6 7.9 1.0 3.0 8.0 1.0 3.2 7.9 1.0 3.8 8.2 1.0 4.0 8.2 1.0 3.6 8.1 1.2 3.8 7.8 1.3 3.4 8.2 1.8 4.6 8.6 2.3

45 ~ 60 2.6 8.2 1.0 2.5 8.0 1.0 2.6 8.1 1.0 3.1 8.3 1.0 3.4 8.4 1.0 3.8 8.6 1.0 3.5 8.4 1.0 3.6 8.3 1.0 4.1 8.8 1.3 3.5 8.3 1.4 4.1 8.4 1.6

60 ~ 75 2.3 8.3 1.0 2.4 8.2 1.0 2.7 8.5 1.0 2.7 8.4 1.0 3.0 8.6 1.0 3.8 9.0 1.0 3.6 8.7 1.0 4.5 8.9 1.0 4.6 9.0 1.0 3.7 9.3 1.0 4.7 8.8 1.7

75 ~ 90 2.2 8.4 1.0 2.6 8.5 1.0 2.8 8.6 1.0 2.7 8.5 1.0 3.0 8.9 1.0 3.4 9.0 1.0 3.9 9.1 1.0 3.9 9.1 1.0 4.0 9.3 1.0 3.0 8.8 1.0 4.6 9.1 1.0

90 ~ 105 2.2 8.8 1.0 2.2 8.8 1.0 2.4 8.6 1.0 2.8 8.8 1.0 3.2 9.1 1.0 3.3 9.4 1.0 3.6 9.0 1.0 4.4 9.5 1.0 3.9 9.1 1.0 4.3 8.7 1.0 5.8 10.0 1.0

105 ~ 120 2.2 9.1 1.0 2.0 8.7 1.0 2.5 9.0 1.0 2.8 9.2 1.0 3.0 9.3 1.0 3.0 9.3 1.0 3.6 9.2 1.0 4.2 9.7 1.0 4.6 9.3 1.0 4.7 9.1 1.0 5.1 10.0 1.0

120 ~ 135 1.9 8.9 1.0 2.1 9.0 1.0 2.5 8.9 1.0 2.6 9.5 1.0 3.0 9.2 1.0 2.6 9.2 1.0 2.9 9.3 1.0 4.1 9.6 1.0 4.1 9.3 1.0 4.4 9.9 1.0 3.3 10.0 1.0

135 ~ 150 2.0 9.0 1.0 2.2 9.2 1.0 2.4 9.2 1.0 2.4 9.3 1.0 3.0 9.6 1.0 3.2 9.6 1.0 2.5 9.1 1.0 2.9 9.3 1.0 3.6 10.0 1.0 4.0 10.5 1.0 3.7 9.4 1.0

150 ~ 165 1.8 9.1 1.0 2.1 9.1 1.0 2.3 9.4 1.0 2.6 9.3 1.0 2.7 9.4 1.0 2.8 9.6 1.0 3.2 9.3 1.0 3.6 9.2 1.0 2.8 9.1 1.0 2.5 9.2 1.0 3.4 9.8 1.0

165 ~ 180 1.8 9.3 1.0 2.2 9.5 1.0 2.5 9.5 1.0 2.6 9.4 1.0 2.5 9.8 1.0 2.7 9.5 1.0 3.1 9.6 1.0 4.3 10.2 1.0 3.2 9.8 1.0 3.3 10.0 1.0 2.6 8.7 1.0

13 ~ 15 15 ~ 17 17 ~ 19 19 ~ 21 21 ~ 23 23 ~ 25
Wind Speed Bin

(m/s)(→)

Misalignment

Bin (deg)(↓)

3 ~ 5 5 ~ 7 7 ~ 9 9 ~ 11 11 ~ 13

3 ~ 5 5 ~ 7 7 ~ 9 9 ~ 11 11 ~ 13 13 ~ 15 15 ~ 17 17 ~ 19 19 ~ 21 21 ~ 23 23 ~ 25

-180 ~ -165 0.35 0.35 0.36 0.30 0.20 0.11 0.06 0.03 0.02 0.01 0.00

-165 ~ -150 0.40 0.40 0.39 0.30 0.23 0.11 0.06 0.03 0.02 0.00 0.00

-150 ~ -135 0.46 0.50 0.41 0.29 0.17 0.13 0.08 0.03 0.01 0.01 0.00

-135 ~ -120 0.52 0.52 0.59 0.31 0.26 0.17 0.08 0.03 0.04 0.01 0.02

-120 ~ -105 0.59 0.67 0.61 0.41 0.27 0.20 0.12 0.08 0.06 0.04 0.02

-105 ~ -90 0.76 0.78 0.64 0.45 0.31 0.26 0.16 0.17 0.09 0.03 0.03

-90 ~ -75 0.80 0.86 0.75 0.60 0.47 0.38 0.23 0.14 0.10 0.07 0.04

-75 ~ -60 0.88 0.96 0.87 0.67 0.61 0.35 0.27 0.18 0.12 0.08 0.07

-60 ~ -45 1.00 1.18 1.11 0.81 0.71 0.50 0.36 0.29 0.22 0.15 0.12

-45 ~ -30 0.90 1.25 1.08 0.93 0.78 0.60 0.39 0.32 0.26 0.17 0.14

-30 ~ -15 1.00 1.18 1.23 1.13 0.99 0.79 0.58 0.35 0.34 0.23 0.16

-15 ~ 0 0.90 1.21 1.33 1.37 1.16 1.18 0.90 0.54 0.43 0.30 0.14

0 ~ 15 0.90 1.05 1.24 1.29 1.11 1.09 0.98 0.63 0.44 0.27 0.16

15 ~ 30 0.71 1.00 1.12 1.05 0.97 0.81 0.80 0.48 0.30 0.22 0.21

30 ~45 0.66 0.81 0.92 0.84 0.74 0.54 0.43 0.32 0.29 0.16 0.11

45 ~ 60 0.60 0.65 0.69 0.65 0.54 0.41 0.28 0.20 0.14 0.14 0.11

60 ~ 75 0.46 0.52 0.57 0.54 0.39 0.35 0.23 0.10 0.10 0.06 0.06

75 ~ 90 0.50 0.49 0.50 0.43 0.36 0.21 0.14 0.08 0.05 0.02 0.03

90 ~ 105 0.38 0.44 0.51 0.42 0.30 0.19 0.10 0.08 0.03 0.02 0.02

105 ~ 120 0.37 0.38 0.43 0.37 0.21 0.15 0.09 0.06 0.02 0.01 0.01

120 ~ 135 0.33 0.40 0.43 0.30 0.20 0.14 0.08 0.04 0.01 0.00 0.00

135 ~ 150 0.34 0.36 0.40 0.26 0.16 0.09 0.09 0.05 0.01 0.01 0.00

150 ~ 165 0.33 0.28 0.30 0.24 0.16 0.10 0.06 0.04 0.01 0.00 0.00

165 ~ 180 0.34 0.32 0.36 0.27 0.17 0.10 0.06 0.02 0.03 0.01 0.00

Wind Speed Bin

(m/s)(→)

Misalignment

Bin (deg)(↓)
Probability (%)
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APPENDIX C 

FREQUENCY RESPONSE OF TOWER TOP MOTION FOR NREL 5-MW AND 

GE 6-MW OWTs 

 

Figure C.1: Frequency response of TTDspFA for floating OWTs (NREL TLP and GE 

TLP), Mean wind speed of (a): 4 m/s, (b): 8 m/s, (c): 12 m/s, (d): 16 m/s, (e): 20 m/s, (f): 

24 m/s 
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Figure C.2: Frequency response of TTDspSS for floating OWTs (NREL TLP and GE 

TLP), Mean wind speed of (a): 4 m/s, (b): 8 m/s, (c): 12 m/s, (d): 16 m/s, (e): 20 m/s, (f): 

24 m/s 
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Figure C.3: Frequency response of TTDspFA for fixed-bottom OWTs (NREL monopile 

and GE monopile), Mean wind speed of (a): 4 m/s, (b): 8 m/s, (c): 12 m/s, (d): 16 m/s, (e): 

20 m/s, (f): 24 m/s 
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Figure C.4: Frequency response of TTDspSS for fixed-bottom OWTs (NREL monopile 

and GE monopile), Mean wind speed of (a): 4 m/s, (b): 8 m/s, (c): 12 m/s, (d): 16 m/s, (e): 

20 m/s, (f): 24 m/s 
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APPENDIX D 

EXAMPLE TMD MODULE INPUT FILE 

 

Figure D.1: TMD module input file 
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APPENDIX E 

COMPARISON OF LINEAR AND MR DAMPER 

 

Figure E.1: Power spectral density of the fore-aft tower base moments for the baseline 

and IVB-GH approach using the linear and MR damper 

 

Figure E.2: Time response plot of the tower base moment for the baseline and IVB-GH 

approach using the linear and MR damper 
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Figure E.3: Input damping coefficient and current following the IVB-GH algorithms, and 

damping forces 

 

Figure E.4: Comparison of the damper forces between the linear and MR damper in the 

low and high velocity region 
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Damper 
Type 

Control 
Type 

Rotation 
[Deg] 

ULS 
Case 

TB Moment 
[%] 

TI Moment 
[%] 

Nacelle Acc 
 [%] 

Tendon Tension 

Maximum [%] Minimum [%] 

Id
ea

li
ze

d
 

L
in

ea
r 

D
am

p
er

 

Passive 
0 

1 5.1 4.3 7.2 0.2 -12.7 

2 4.6 4.3 9.0 0.4 14.0 

36 
1 4.2 4.0 8.7 2.9 10.1 

2 3.5 3.3 9.8 1.4 -1.0 

DB-
GH 

0 
1 7.3 6.6 8.8 1.2 -19.7 

2 6.3 6.6 10.6 1.1 -20.8 

36 
1 6.2 6.3 9.9 3.6 2.4 

2 5.3 6.0 11.0 1.9 -9.0 

VB-
GH 

0 
1 7.1 6.5 9.3 0.9 -20.1 

2 6.1 6.4 10.4 0.9 -21.1 

36 
1 5.8 6.1 10.2 3.5 3.4 

2 5.0 5.6 10.3 1.8 -8.4 

IVB-
GH 

0 
1 8.7 8.2 11.5 1.5 -25.7 

2 7.4 7.7 11.8 1.4 -25.6 

36 
1 7.3 7.5 11.9 4.0 1.6 

2 6.5 7.0 12.1 2.3 13.4 

M
R

 D
am

p
er

 

Passive 
0 

1 5.3 4.6 7.5 0.2 -13.7 

2 4.7 4.5 9.1 0.4 -14.8 

36 
1 4.4 4.3 8.8 3.0 9.5 

2 3.7 3.6 9.8 1.5 -1.5 

DB-

GH 

0 
1 6.4 6.2 8.5 1.2 -18.9 

2 5.5 6.0 10.3 1.1 -20.0 

36 
1 5.7 6.0 9.4 3.5 2.7 

2 4.9 5.6 10.4 1.8 -9.0 

VB-

GH 

0 
1 7.4 6.9 9.8 1.1 -21.3 

2 6.3 6.5 10.6 1.1 -21.4 

36 
1 5.9 6.1 9.6 3.5 1.8 

2 5.2 5.5 9.6 1.9 -9.5 

IVB-
GH 

0 
1 8.7 8.6 11.3 1.6 -25.3 

2 7.3 7.7 11.8 1.4 -24.8 

36 
1 7.6 7.9 12.2 4.0 -2.3 

2 6.6 7.0 11.9 2.3 -14.0 

Table E.1: Performance comparison of the linear and MR damper  

Damper 

Type 
Control Type 

Rotation 

[Deg] 

ULS 

Case 

RMS Damper 

Force 

[N] 

RMS Power 

consumption 

 [W] 

95th TMD stroke 

(x-direction) 

 [m] 

95th TMD stroke 

(y-direction) 

 [m] 

Id
ea

li
ze

d
 

L
in

ea
r 

D
am

p
er

 

Passive 
0 

1 3,510 - 0.657  0.590  

2 3,423 - 0.650  0.590  

36 
1 3,507 - 0.656  0.590  

2 3,423 - 0.650  0.589  

DB-GH 
0 

1 6,117 - 0.649  0.553  

2 5,955 - 0.642  0.551  

36 
1 6,113 - 0.648  0.548  

2 5,946 - 0.642  0.547  

VB-GH 
0 

1 5,491 - 0.640  0.547  

2 5,362 - 0.634  0.545  

36 
1 5,475 - 0.639  0.549  

2 5,347 - 0.633  0.547  

IVB-GH 
0 

1 7,284 - 0.633  0.532  

2 7,036 - 0.626  0.530  

36 
1 7,277 - 0.631  0.533  

2 7,028 - 0.625  0.531  

M
R

 D
am

p
er

 

Passive 
0 

1 3,651 - 0.655  0.586  

2 3,565 - 0.648  0.586  

36 
1 3,649 - 0.655  0.586  

2 3,563 - 0.648  0.586  

DB-GH 
0 

1 8,494 25.8 0.642  0.485  

2 8,382 25.9 0.637  0.481  

36 
1 8,477 25.8 0.641  0.484  

2 8,364 25.9 0.635  0.481  

VB-GH 
0 

1 7,267 21.7 0.630  0.528  

2 7,191 21.9 0.632  0.525  

36 
1 7,252 21.8 0.638  0.530  

2 7,183 22.0 0.631  0.527  

IVB-GH 
0 

1 10,247 30.4 0.627 0.449 

2 10,050 30.3 0.620 0.448 

36 
1 10,244 30.4 0.626 0.449 

2 10,046 30.3 0.620 0.449 

Table E.2: Dynamic characteristic comparison of the linear and MR damper  
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