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Abstract 33 

Floating wind turbines (FWTs) are subjected to highly dynamic and complicated 34 

environmental conditions leading to significant platform motions and structural vibrations during 35 

operation and survival conditions. These motions and vibrations alter the induced loading 36 

characteristics and consequently affect the dynamic behaviour of the system. In order to better 37 

understand the influence of such motions and structural vibrations, herein elastic structural 38 

disturbance of tower, on the system behaviour, the spectral and statistical characteristics of a 39 

floating wind turbine dynamic responses under operational and survival conditions are fully 40 

explored using a fully-coupled aero-hydro-servo-multi-rigid-flexible-body model (AHS-MRFB). 41 

The spectral comparison results showed the important role of aerodynamic damping in reducing 42 

the high-frequency resonant responses in operational conditions. These analyses also revealed the 43 

effects of tower elasticity in shifting and amplifying high-frequency resonant responses. The 44 

statistical comparison results showed that the mean values of the responses are dominated by wind 45 

loads and the maximum and standard deviations of the responses are mainly induced by the 46 

combination of support platform motions and wave loads. It was also shown that elastic structural 47 

deformation of tower enlarges the statistical characteristics of the responses especially when the 48 

system is subjected to both wind and wave loadings. 49 

 50 

Keywords: Offshore wind turbine (OWT), Tension leg platform (TLP), Coupled aero-hydro-servo-51 

multi-rigid-flexible-body (AHS-MRFB) analysis, Platform motions, Tower flexibility 52 

 53 

 54 

 55 

 56 

 57 

 58 

 59 

 60 

 61 

 62 

 63 

  64 



1. Introduction 65 

In the last two decades, the offshore wind energy industry has been undergoing a dramatically 66 

rapid development as a result of global efforts to reduce greenhouse gas (GHG) emission as well 67 

as global demand for energy together with rapid development in the field of wind turbines 68 

technology1,2. Therefore, various types of bottom-fixed foundations and floating substructures 69 

have been proposed as the support structure for coastal and offshore wind turbines. Among them, 70 

the bottom-fixed monopile type is the most frequently used foundation form for water regions with 71 

depths up to 20 m, while for the depths larger than 30 m several support structures such as jacket 72 

and tripods inspired from the offshore oil and gas industry are the most likely ones to be used3. 73 

Nevertheless, the exploration of offshore wind energy resources due to preferable generation 74 

conditions available in shallow coastal waters is currently the most interest of the industry, though 75 

using fixed foundations in much larger depths is not technically feasible and economically viable. 76 

On the other hand, the significant amount of wind resources available in water depths greater than 77 

50 m has led the trend of offshore wind power industry development toward deeper waters4,5. 78 

Moreover, the steadier and more energetic winds, as well as less visual intrusion and noise 79 

emissions which lead not only to more electricity generated per square meter of swept rotor area 80 

but also larger wind turbines and hence more overall installed capacity per unit area, are another 81 

advantages of offshore wind turbines6. Consequently, for much deeper regions, exceeding 50 m, 82 

the floating support platforms anchored to the seabed by mooring lines system mostly developed 83 

based on the offshore oil and gas offshore industry were proposed. Despite the developments have 84 

been made regarding the floating offshore wind turbines, various effective technical and numerical 85 

simulations supported by experimental tests solutions as well as numerous technological progress 86 

in the fields of construction, installation, and maintenance of such foundations are still required4,5. 87 

Floating support platforms used in offshore wind energy industry are classified differently from 88 

bottom-fixed foundations based on the main approach that is used to achieve static stability 89 

requirements, i.e., these platforms must provide enough buoyancy and rotational stability to 90 

prevent the system from capsizing. Three basic categories based on the contributions of the second 91 

moment of the waterplane area, “waterplane (buoyancy) stabilized floating platforms”; the relative 92 

position of the center of buoyancy (CoB) and the center of gravity (CoG), “ballast stabilized 93 

floating platforms”; and mooring system, “mooring stabilized floating platforms” on fulfilling the 94 

stability mechanism are proposed4,7. 95 



Tension Leg Platform (TLP), which relies mainly on tension forces in the pre-tensioned stiff 96 

tendons for achieving stability as well as station keeping of system, is one of the concepts which 97 

has shown promising results during initial studies to support wind turbines for intermediate (i.e., 98 

45 to 150 m) or deep (i.e., more than 150 m) waters7-9. The challenges with applying such concept 99 

in offshore wind farms mostly lie in the complexity with regards to mooring line design which in 100 

this case constitute the largest portion of construction cost; installation, maintenance, and 101 

decommissioning procedure; possible resonant vibrational controlling devices requirement (i.e., 102 

like tuned liquid dampers (TLDs) or tuned mass dampers (TMDs)); and restricted design depth 103 

due to the type of mooring system. Such challenges along with advantages of other floating 104 

offshore wind turbine (i.e., semi-submersibles and spar-types) in terms of construction cost (i.e., 105 

mooring system and installation) and simplicity of installation might lead to a substitution in the 106 

planning and design stages10,11. Nevertheless, based on the research studies established on 107 

TLPWTs, the limited platform motions of this type of support structure leads to less structural 108 

loading on the tower and blades compared to other floating concepts (e.g., spar and semi-109 

submersible) and consequently perform better than the other types9,12 without requiring the large 110 

draft of a spar or the spread mooring system and complex construction of a semi-submersible. 111 

Fully coupled dynamic analyses of Tension Leg Platform (TLP) type FOWT concept in the time 112 

and frequency domain have also shown that tension-legged mooring system is stable in both 113 

operational and extreme conditions, but needed more improvement in yaw motion which can be 114 

improved by increasing the length of the spokes. As a result, this type of floater is likely to provide 115 

the most stable and reliable platform compared to other floating concepts, particularly for 116 

intermediate waters where other OWT concepts with catenary mooring system are challenging and 117 

not feasible7-9. 118 

Unlike the bottom-fixed types, the floating-type wind turbines experience a much more 119 

complex and strong interaction between aerodynamic and hydrodynamic loadings and system 120 

components. This is mainly due to floating configuration and deep water with more severe 121 

environmental conditions leading to higher structural loads as well as larger motions/deflections 122 

under the combination of wind and wave loads. Such motions and structural vibrations might have 123 

significant impacts on the performance of the entire system and individual components. Therefore, 124 

the wind turbine system optimum performance highly depends on an accurate modelling of 125 

floating wind turbines and environmental loads to estimate the dynamic responses of the turbine 126 



and support structure correctly13. To this aim, various aero-hydro-servo-elastic numerical models 127 

including NREL-FAST, HAWC2, PHATAS, FLEX5, BLADED toolsets, and many others along 128 

with real-time integrated/hybrid models have been developed to predict the accurate response of 129 

an OWT system dynamic behaviour under different environmental conditions and system 130 

configurations14. 131 

Many studies have been carried out for load and response estimation of offshore wind turbines 132 

with different support structures in the recent years. These studies were mainly concentrated on 133 

dynamic time-domain simulation of different foundations under uncoupled or combined wind and 134 

wave conditions from a given environmental conditions in normal and extreme operating 135 

conditions9,15-17. Withee and Sclavounos (2004)18 and Wayman, et al. (2006)19 developed and 136 

performed a fully coupled time-domain method to evaluate the effects of wind and wave loads in 137 

normal and extreme operating conditions on a 1.5-MW tension leg platform wind turbine. The 138 

numerical simulations results compared to the land-based turbine showed that platform motions 139 

have considerable effects on power production and rotor loads as well as on the nacelle and tower 140 

loads which could lead to less fatigue life. It was also indicated that the effects of loads on turbine 141 

components in operational conditions would be higher than the parked conditions. The same 142 

results were obtained by Zhao, et al. (2016)20 who studied the global performance of a multi-143 

column tension leg type wind turbine (i.e., WindStar TLP system) in comparison with a land-based 144 

system employing a similar turbine under normal and parked conditions using NREL-FAST 145 

toolset. It has been found that the out-of-plane blade deflection and nacelle surge acceleration of 146 

the floating wind turbine are larger than the land-based system. In addition, Matha (2009)9, 147 

Karimirad and Moan (2010)21, Bae et al. (2013)22, Bachynski, et al. (2014)8, and Chen and Hu 148 

(2017)23 also pointed out the importance of interaction between tower flexibility and platform 149 

motion in the analysis of natural frequencies, aerodynamic excitations, and damping of tension leg 150 

platform wind turbines. Moreover, Bae et al. (2013)22 investigated the effects of the rotor-floater 151 

dynamic in addition to the mooring-floater dynamic coupling through a rotor-floater-tether 152 

coupled dynamic analysis on a mini TLP-type offshore floating wind turbine. The comparison 153 

results with the uncoupled case showed that considering the rotor-floater coupling causes more 154 

pronounced loads and responses especially at high frequencies which has implications on 155 

maximum–stress and fatigue life design. 156 



Even though there have been many researches on dynamic analysis of FOWT systems in recent 157 

years, the fully-coupled aero-hydro-servo-multi-rigid-flexible-body (AHS-MRFB) dynamic 158 

behaviour characteristics of a FOWT under different environmental conditions with various 159 

loading scenarios and different control strategies have not been fully explored. Accordingly, in the 160 

present study, the importance and principles of coupling effects between the external loadings, 161 

controlling approaches, motions, and structural flexibility, herein tower flexibility, on the power 162 

performance, structural integrity, and overall dynamic motion and mooring line responses of a 163 

mono-column full-scale three-bladed tension-leg-platform floating wind turbine are 164 

comprehensively evaluated. To this aim, the dynamic performance of the MIT/NREL TLP floating 165 

wind turbine concept under stochastic aerodynamic and hydrodynamic loads is evaluated through 166 

a series of time-domain dynamic coupled simulations using the fully coupled aero-servo-hydro-167 

multi-rigid-flexible-body (AHS-MRFB) model, NREL-FAST toolset. The spectral and statistical 168 

dynamic response characteristics of the TLP model is then carried out for three loading scenarios 169 

(i.e., wind-induced only, wave-induced only as well as combined actions of wind and wave) with 170 

various operational and extreme environmental conditions to evaluate the changes affected by 171 

aforementioned key factors on system dynamic behaviour in all possible loading conditions. The 172 

current work will give an insight into the dynamic performance of a hypothetical 5MW TLPOWT 173 

concept which could result in a comprehensive understanding of such concept and present a better 174 

interpretation for future modifications to the initial design for designers in the field of offshore 175 

wind industry as well as design standards. 176 

2. Configuration of MIT/NREL TLP wind turbine 177 

2.1. Wind turbine properties 178 

The wind turbine model used in this study is the NREL 5-MW offshore baseline wind turbine 179 

supported by a tension leg platform foundation. This model is a three-bladed upwind 5-MW wind 180 

turbine with a variable-blade-pitch-to-feather control system. The control system in this model 181 

uses a conventional control approach in which a generator-torque controller utilized in order to 182 

maximise captured power below the rated wind speed and a blade-pitch controller to minimise the 183 

drivetrain load by regulating rotor speed above the rated wind speed. The detailed specifications 184 

and dimension properties of 5MW turbine based on global coordinate system presented in Figure 185 

1 are described in Table 1. 186 

 187 



Table 1. Main properties of the NREL 5-MW baseline wind turbine9. 188 

Characteristics Value 
Power 5 MW 
Rotor orientation, configuration  Upwind, 3 Blades  
Control strategy Variable speed, collective pitch 
Cut-in, rated, cut-out wind speed  3 m/s, 11.4 m/s, 25 m/s  
Cut-in, rated rotor speed  6.9 rpm, 12.1 rpm  

Rotor Nacelle Assembly (RNA) 

Hub height  90 m  
Rotor, hub diameter  126 m, 3 m  
Rotor mass  110,000 kg  
Nacelle mass  240,000 kg  
C.G. location (-0.414, 0, 89.57) m 

Tower 

Mass  347,460 kg  
Height 87.6 m 
Diameter (top) 3.87 m 
Diameter (base) 6 m 
C.G. location (0, 0, 38.234) m 

Overall (Tower & RNA) 
Mass 697,460 kg 
C.G. location (-0.2, 0, 64) m 

It is to be noted that current edition of the International Electrotechnical Commission (IEC) 189 

design standard as the preeminent design code for offshore wind turbines recommends 1% of 190 

critical for structural damping without making any distinction between the required values for fore-191 

aft or side-to-side directions24,25. The recent experimental and numerical studies on various source 192 

of damping in offshore wind turbines have also shown 0.5-1.5% of critical damping for tower and 193 

0.5% of critical damping for the blades26. Therefore, in the present study, the structural damping 194 

ratios of 1% and 0.5% are applied to all modes of tower and blades in the related analyses, 195 

respectively, which are also consistent with the definition of the NREL 5 MW structure27. 196 

 197 

2.2. Platform and mooring system properties 198 

The MIT/NREL tension-leg-platform is a positively buoyant structure consisting of a main 199 

steel cylindrical platform, ballasted with concrete and water which support the vertical tower with 200 

the nacelle and the rotor. It also has four radiating spokes that extend horizontally from the bottom 201 

of the platform in which the tension-legged mooring cables (four pairs of pretension vertical 202 

tendons) are connected at the end of each spoke and anchored to the seabed (see Figure 1). The 203 

tension legs compensate the force difference between the total structural weight and water 204 

displacement which in this case leads to a ratio of 24% between the total tension in legs and the 205 



total weight. The platform and mooring system characteristics and dimensions are summarised in 206 

Table 2 according to global coordinate system presented Figure 1. 207 

 208 

Table 2. Properties for the floating platform and mooring system9. 209 

Characteristics Value 
Diameter 18 m 
Draft 47.89 m 
Water displacement 12,187,000 kg 
Mass, including ballast 8,600,041 kg 
Concrete mass 8,216,000 kg 
Concrete height 12.6 m 
CoM location below still water level (SWL) 40.612 m 
CoB location below still water level (SWL) 23.945 m 
Roll inertia about CM 571.6×106 kg.m2 
Pitch inertia about CM 571.6×106 kg.m2 
Yaw inertia about CM 361.4×106 kg.m2 
Steel wall thickness 0.015 m 
Average steel density 7850 kg/m3 
Average concrete density 2562.5 kg/m3 
Number of mooring lines 8 
Depth to fairleads, anchors 47.89 m, 200 m 
Radius to fairleads, anchors 27 m, 27 m 
Unstretched line length 151.73 m 
Line diameter 0.127 m 
Average mooring system tension per line 3931 KN 
Line mass density 116.03 kg/m 
Line extensional stiffness 1.5×109 N 

2.3. Wind turbine and platform combined 210 

The combined system of the wind turbine and platform results in a new mass, C.G., and inertia 211 

of the system. Table 3 gives the properties of the assembly of the MIT/NREL TLP and NREL-212 

5WW wind turbine (see Figure 1). It is to be stated that the full system properties for this TLPWT 213 

are very limited and unclear in the existing literature; and therefore, presented values are carefully 214 

derived from detailed C.G. and mass moment of inertia of the various components of the system 215 

using Steiner’s Rule28. 216 

 217 

 218 

 219 

 220 



Table 3. Summary of mass, C.G., C.B., and moment inertia of the system from different resources. 221 

Turbine properties Value 
System mass 9,297,460 kg 
Center of mass (-0.015, 0, -32.7644) m 
Center of buoyancy (0, 0, -23.94) m 
Inertia around x-axis 9.07×109 kg.m2 
Inertia around y-axis 9.05×109 kg.m2 
Inertia around z-axis 6.06×108 kg.m2 

It is to be noted that the presented properties for each component along with overall 222 

characteristics of wind turbine system in this section as well as environmental loading directions 223 

to be utilized in further numerical analysis are based on the global coordinate system shown in 224 

Figure 1. The origin of this coordinate system is taken as the xy-plane at the intersection of the 225 

undisplaced platform centerline and mean sea level (MSL). The z-axis is also chosen to be upward 226 

and perpendicular to the xy-plane. 227 

 228 
Figure 1. MIT/NREL TLPWT system layout and utilized global coordinate system showing the directions 229 
of translational and rotational oscillatory motions as well as environmental loadings. 230 
 231 



3. Coupled aero-hydro-servo-multi-rigid-flexible numerical model 232 

The fully coupled time-domain analysis of the mono-column tension-leg-platform floating 233 

three bladed horizontal-axis wind turbine (i.e., MIT/NREL 5-MW tension-leg-platform) is carried 234 

out using the coupled aero-hydro-servo-multi-rigid-flexible time-domain simulator code, NREL-235 

FAST (Fatigue, Aerodynamics, Structures, and Turbulence). This model integrates several 236 

physical-based modules (i.e., AeroDyn, HydroDyn, ServoDyn and ElastDyn) through a combined 237 

modal and multibody system dynamics with limited degree of freedom (DOF), meaning that the 238 

aerodynamic (aero), hydrodynamic (hydro), control system (servo), and structural-dynamic 239 

(elastic) models incorporate in a fully coupled (integrated) simulation environment to account the 240 

coupling between wind turbine and support platform dynamics29. In the AeroDyn30 module, the 241 

generalized dynamic wake (GDW) model and blade element momentum (BEM) theory modified 242 

by multiple correction factors and models are used to compute aerodynamic loads and rotor wake 243 

effects on the rotor-nacelle-assembly (RNA). In HydroDyn31, the hydrodynamic forces and 244 

moments acting on the support structure considering the hydrostatic restoring loads, effects of 245 

added mass, and nonlinear viscous drag contributions are calculated based on Airy wave theory 246 

using a prescribed wave spectrum. In ServoDyn module, the rotor-nacelle-assembly (RNA) 247 

electrical derived subcomponents such as blade pitch angle, generator torque, nacelle yaw angle, 248 

high-speed shaft and blade tip brakes, are controlled under a schemed stable operational 249 

configuration through a dynamic link library (DLL) or a MATLAB/Simulink interface. In 250 

ElastDyn, the controller reactions and calculated environmental loadings on the system along with 251 

the gravitational forces are incorporated into a multi-rigid-flexible-body (MRFB) structural 252 

dynamic model of the system to solve the governing equation of motion and analyze the dynamic 253 

structural responses of the system components. The resulting dynamics (i.e., displacement, 254 

velocities, accelerations, and reaction loads) at each time step are exchanged as inputs between 255 

different modules of the toolset. Figure 2 presents a detailed overview of the NREL-FAST 256 

structure including the various modules making up the main toolset along with input and output 257 

datasets of analysis process between different modules. Further details regarding models and 258 

dynamic formulations are given in NREL-FAST user manual29. This procedure without any 259 

changes or improvements in the original codes is used in the present study (see Figure 2). 260 

 261 



 262 

Figure 2. Graphical procedure of coupled dynamic time-domain analysis in NREL-FAST toolset. 263 

4. Methodology and numerical model description 264 

4.1. Equation of motion 265 

Floating offshore wind turbines experience complex loading conditions under different 266 

environmental phenomena. Accordingly, a time-domain aero-hydro-servo-elastic analysis which 267 

considers the non-linearities, irregularity and coupling effects, as well as complexity of both the 268 

dynamic external loads and the structure, is required in order to ensure structural safety of all 269 

components under different conditions by determining the most accurate response of the offshore 270 

wind turbine. The fully-coupled nonlinear dynamic aeroelastic time-domain governing equation 271 

of motion for floating offshore wind turbine can be written as follows: 272 

The linear hydrostatic stiffness matrix, linearized radiation 
and diffraction hydrodynamic coefficients matrices, wave 
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   2 2
i,j j iM η,u,t d η d t +F η,dη dt ,u,t =0  (1) 
In equation (1), the first term of the equation represents the coupled system inertia forces 273 

originating from the platform, tower, nacelle, hub, and blades masses in which, i,jM  is the th(i,j)  274 

component of the inertia mass matrix of the system depending on a nonlinear combination of the 275 

system displacement η , wind turbine control input u , and time t ; 2 2
jd η d t  is the second time 276 

derivative of the thj  component of degree of freedoms. The second term of the equation iF  is the 277 

thi  component of the forcing function (i.e., aerodynamic and hydrodynamic forces on floating 278 

platform and mooring cables) depending on a nonlinear combination of system displacement and 279 

velocity η  and dη dt , wind turbine control input u , and time t . The key elements of governing 280 

equation including loading and structural numerical modelling are shortly described in the 281 

following sub-sections for the sake of clarity and brevity. 282 

 283 

4.2. Aerodynamic loads on the wind turbine 284 

Interaction of wind turbine structure with the wind field results in aerodynamic loads on the 285 

entire wind turbine system. During the last few decades, several approaches have been introduced 286 

to estimate aerodynamic loads on wind turbines. The most comprehensive numerical methods are 287 

using computational fluid dynamics (CFD) based on solving the Navier-Stokes (NS) equations. 288 

Nevertheless, since these methods are very time consuming, other models which are less complex 289 

and time-consuming such as the advanced blade element momentum (ABEM) theory (with 290 

correction equations such as Prandtl's tip loss factor, Spera's correction, and the Du-Selig stall 291 

delay model) and the generalized dynamic wake (GDW) model have been widely used to estimate 292 

the resulting aerodynamic forces acting on wind turbine blades. Possible advantages of GDW 293 

model over basic blade element momentum (BBEM) theory include a more efficient performance 294 

and inherent capability to model dynamic inflow effects as a result of changes in the blade angles 295 

of attack or wind speed relative to the rotor, tip losses, and skewed wake aerodynamics. 296 

Nevertheless, this model is not only unstable for low wind speed but also cannot determine the 297 

tangential induction effects on the blades. Therefore, the aerodynamic module of NREL-FAST 298 

toolset, i.e., AeroDyn30, calculates the aerodynamic loads and rotor wake effects on the rotor-299 

nacelle-assembly (RNA) using ABEM theory for low wind speeds (i.e., less than 8 m/s) and a 300 

combination of ABEM theory and GDW model for higher wind speeds to overcome the limitations 301 



in each method. For the sake of clarity and completeness, readers are referred to AeroDyn30 and 302 

NREL-FAST29 user manuals for more details related to aerodynamic loading calculation 303 

methodology. 304 

 305 

4.3. Hydrodynamic loads on the floating support platform 306 

Hydrodynamic loads on floating offshore wind turbine systems result from the integration of 307 

the dynamic pressure of the water over the wetted surface of the support platform include 308 

contributions from linear hydrostatics, linear excitation from incident waves in regular or irregular 309 

seas (Froude-Krylov), incident wave scattering (diffraction), linear radiation including the free-310 

surface memory effects, and nonlinear effects (i.e., viscous drag from incident-wave kinematics 311 

and the platform motion, second-order and higher-order excitations). In the present study, the 312 

hydrodynamic module of NREL-FAST toolset, HydroDyn31 is used to calculate the hydrodynamic 313 

forces and moments on the support platform. Based on this module, the total hydrodynamic loads 314 

acting on the floating support platform are considered as the sum of hydrostatic loads; first-order 315 

wave loads, and nonlinear viscous drag loads and the mooring system reactions on spokes. The 316 

first-order wave excitation forces and moments acting on the floating platform considering the 317 

relative fluid velocity vector between the flow and the body are predicted using the linear potential 318 

flow theory by assuming that the wave amplitude and body motion are small. The quadratic viscous 319 

excitation drag forces per unit length acting on the structural components that are slender compared 320 

to the wavelength (e.g., spokes) caused by relative velocity to the structure movement are also 321 

evaluated using the Morison’s equation. The restoring forces from the tension mooring system at 322 

the fairleads are approximated by a multi-segmented, nonlinear quasi-static solver through the pre-323 

tension loads from excess buoyancy including the contribution of the weight of the cable in water 324 

and the linearized restoring stiffness of the mooring lines due to the elastic characteristics, the 325 

apparent weight of the tendons in water, and the nonlinear geometric restoration of the entire 326 

mooring system. The tendons in this model are assumed to remain straight disregarding changes 327 

in buoyancy (i.e., linearity) and the bending stiffness, inertia, and damping of the mooring lines 328 

are neglected15. In this paper for the sake of brevity, the details regarding hydrodynamic modelling 329 

and formulations are not provided in the text; nevertheless, readers are referred to HydroDyn31 and 330 

NREL-FAST29 user manuals for more detailed information. 331 

 332 



4.4. Structural modelling 333 

The multi-rigid-flexible-body model (MRFB) of the structure in NREL-FAST toolset is 334 

defined through 24 DOFs for multiple components of a three-bladed FOWT (see Equation 1). The 335 

main elastic structural components considered in the MRFB model are the tower and blades. The 336 

flexibility of both structures is implemented in the model by the normal mode shape summation 337 

method considering three vibrational modes for each blade (i.e., two first flapwise modes and one 338 

edgewise mode) and two vibrational modes for tower (i.e., fore-aft and side-to-side modes). These 339 

components are both modelled as cantilevered beams being fixed at one end and free at the other 340 

end, in which the fixed end boundary conditions/DOFs of tower, i.e., tower-base boundary 341 

conditions, are influenced by platform motions and mooring system interactions affecting the 342 

tower structural vibrations in both modes. Accordingly, the vibrational reactions of the tower at 343 

each node is determined by the combined motion of the platform and tower-bending degrees of 344 

freedom (DOFs). In this paper for the sake of brevity, details regarding nonlinear MRFB dynamics 345 

of the structure are not described and readers are referred to NREL-FAST user manual29 for more 346 

information. 347 

 348 

5. Validation of numerical model of system  349 

In order to validate the floating offshore wind turbines input specifications and verify the 350 

accuracy of responses carried out by NREL-FAST, first, a set of numerical free vibration 351 

simulations in time domain were carried out and the natural frequencies of rigid body motions of 352 

the MIT/NREL TLP wind turbine were calculated. The values of natural frequencies are given in 353 

Table 4. From Table 4, it is clear that the natural frequencies are in reasonable agreement with 354 

values from NREL9, it is consequently assumed that the values in the mass and stiffness matrix 355 

calculated in the FAST model based on the floating offshore wind turbine input specifications are 356 

correct. 357 

Table 4. Natural frequencies of the MIT/NREL TLP system. 358 

Mode 
Natural frequency (rad/sec) 
NREL FAST 

Platform surge/sway 0.1037 0.0942 
Platform heave 2.7489 2.7439 
Platform roll 1.4005 1.3961 
Platform pitch 1.3892 1.3961 
Platform yaw 0.6107 0.6176 



Then, the pitch motion response obtained in the present study is compared for the same TLP 359 

and environmental loading as modelled by Matha (2009)9 with the following load case; a 360 

significant wave height of 4.4 m at a peak spectral period of 11.3 second with a hub-height constant 361 

wind speed of 20 m/s. The maximum and minimum pitch angles responses in the reference study 362 

are 0.68 deg and -0.48 deg, respectively. The results of the simulation with the current model show 363 

a maximum and minimum of 0.524 deg and -0.445 deg. Therefore, according to the good 364 

agreement achieved in the free vibration analysis and statistical comparison performed for a 365 

sample load case, it can be concluded that the MIT/NREL TLPWT model established in the NREL-366 

FAST toolset is capable of predicting the frequency- and time-domain responses of the system 367 

with sufficient degree of accuracy. 368 

6. Environmental conditions 369 

The most important meteorological and oceanographic data for a floating wind turbine is the 370 

wind and wave conditions. Wind and wave climates are correlated because, in an offshore site, the 371 

ocean waves are mostly wind-generated waves. Therefore, for design purposes, it is recommended 372 

to consider the correlation between wind and waves for stochastic analysis of FWTs. Accordingly, 373 

in the present study, a wind-wave joint probabilistic model based on the Northern Sea 374 

environmental conditions proposed by Johannessen et al. (2001)32 is used (see Figures 3 and 4). 375 

Based on this model, an estimation of the sea-states can be provided by using a given hub height 376 

mean wind speed, V , the marginal distribution of the 1-h mean wind speed at 10 m above the 377 

mean sea level, the expected value of the significant wave height, sH , described by two-parameter 378 

Weibull distributions and a log-normal distribution for the spectral peak period, pT  , as described 379 

in equations (2), (3) and (4): 380 

   1
α

F V exp V β      (2) 
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s ss H HE H β α  

 (3) 

     0 78

0 529
0 78

1 764 3 426
4 833 2 68 1 0 19

1 764 3 426

.
s.

p s .
s

V . . H
E T . . H .

. . H

   
    

    
 (4) 

where 1 708α . , 8 426β= . , 2 0 135
sHα . V   and 1 3221 8 0 1

s

.
Hβ . . V   are the proposed marginal 381 

and conditional shape and scale parameters for wind speed and significant wave height 382 

distributions, respectively.  383 



The cut-in and cut-out wind velocities of the MIT/NREL 5MW TLP wind turbine are 3m/s and 384 

25 m/s, respectively. For the present study, first, different wind speeds within the range of the 385 

operating and parked conditions are chosen to define the sea state conditions. Then, by using these 386 

selected wind speeds, the values of sH  and pT  are estimated using the analytical functions given 387 

in equations (2), (3) and (4). Table 5 shows the estimated environmental conditions. The obtained 388 

environmental load cases are afterwards implemented into the aero-hydro-servo-elastic tool 389 

NREL-FAST considering three different loading combinations: wave-induced only, wind-induced 390 

only, and combined wind and wave loading with two parked and rotating rotor configurations, in 391 

order to assess different aspects and performance of the floating TLP wind turbine system.  392 

 393 

Table 5. Selected load cases for operational and survival conditions. 394 

Load cases  V m sec *  sH m   pT sec  Turbulence Turbine status 

1 8.0 2.5 9.8 0.18 Operating 
2 11.2 3 10 0.15 Operating 
3 14 3.6 10.2 0.15 Operating 
4 17 4.2 10.5 0.15 Operating 
5 25 5.9 11.3 0.12 Parked 
6 30 7.1 11.9 0.11 Parked 

 *The 10-min averaged wind speed at the nacelle. 395 

The 10-min mean wind speeds at the nacelle listed in Table 5 are estimated by scaling up the 396 

1-hour mean wind speed at 10 m above the still water level by a factor of 10%. Then, the 10-min 397 

mean wind speed at the reference height (10-m) above the water level, refV , is transformed into the 398 

10-min mean wind speed at the hub height at 90-m , V , using the widely used power law–wind 399 

shear model given as in equation (5) developed for neutral atmospheric conditions is used. 400 

   αref refV z =V z z
 

(5) 

where, z  is the height above still water level and refz  is the reference height. The power law 401 

exponent of 0.12 has been used for the ocean surface33. 402 

Turbulence refers to natural fluctuations in wind speed (i.e. standard deviation of mean wind 403 

speed) about the mean wind speed. The turbulence intensity is a basic measure of turbulence and 404 

is defined as the variance of wind velocity over the mean wind speed during a relatively fast time-405 

scale (i.e. 10-minute period) (see equation (6)). 406 

I V refT =σ V
 (6) 



where, IT  is turbulence intensity, Vσ  is standard deviation and refV  is mean wind speed at 407 

reference height which usually is defined 10 meters above mean sea level. The mean value of the 408 

wind speed standard deviation can be estimated through the following equations: 409 

 V ref x a 0E σ =V A k ln z z  (7) 

x 0A = 1.5-0.856lnz  (8) 

In which, xA  is a constant dependent on 0z , ak  is the von Karman’s constant (0.4) and 0z  is 410 

the roughness length which depends on wind speed, upstream distance to land, water depth and 411 

wave field for offshore sites. The value of the roughness parameter for offshore locations varies 412 

between 0.0001 m for a calm sea to 0.01 m in coastal areas with the onshore wind33. 413 

 414 

Figure 3. 100-year mean return period (MRP) contour surface of the met-ocean variables for North 415 

Sea32. 416 
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 417 

Figure 4. 100-year mean return period (MRP) contour lines of the mean wind speed verses 418 

significant wave height for North Sea32. 419 

 420 

7. Operational and survival mode controlling strategies 421 

The wind turbine system performance and response (power, speed, etc.) are typically dictated 422 

by the control system. The control system behaviour itself depends on wind speed, as shown in 423 

Figure 5. Therefore, it is essential to have a good understanding of the turbine’s status in 424 

operational and survival conditions in order to apply the proper setting in the numerical 425 

simulations. 426 

The NREL 5-MW baseline wind turbine model uses a variable-speed, collective pitch 427 

controller system for controlling power-production. The variable-speed controller uses generator 428 

speed and hence generator torque to control rotor speed and maximise the power extraction at 429 

values between the cut-in (3 m/s) and rated wind velocity (11.4 m/s). Accordingly, to analyze the 430 

wind turbine system in operational modes under the rated wind speed, the variable-speed controller 431 

should be activated. At wind speeds above the rated wind velocity, the collective blade pitch 432 

controller controls the blade pitch angle to minimise the aerodynamic loads on the blades. It also 433 

regulates generator speed and hence generator torque above the rated wind velocity in order to 434 

have a constant power output. Consequently, the collective blade pitch controller should be 435 

activated between rated and cut-out wind speed. 436 
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In the operational conditions, the wind turbine normally functions and generates electricity 437 

under the action of the control system. The tip brake and high-speed shaft (HSS) brake are also 438 

not applied for this condition during the entire simulation time. On the contrary, during extreme 439 

environmental conditions when the turbine is parked, the functionality of the turbine is totally shut 440 

down and the turbine does not generate electricity. The rotor and shafts of the wind turbine are 441 

locked down to prevent damage to the structural components of the turbine and none of the above-442 

mentioned control strategies are needed to be applied. Figure 5 illustrates the NREL 5-MW wind 443 

turbine’s steady-state responses with respect to wind speed15. 444 

 445 

Figure 5. Steady state response of the NREL 5MW wind turbine15. 446 

 447 

8. Simulation set-up specifications 448 

In Addition to the generally aforementioned controlling strategies for simulation in different 449 

load cases and combinations, it should be noted that regarding the loading status considered in the 450 

present study (i.e., simulations under wave-induced only, wind-induced only, and coupled wind-451 

wave loading), proper settings and changes also should be specified in the numerical simulations. 452 

To analyze the wind turbine system in still air conditions (i.e., wind speed = 0 m/s), the 453 

aerodynamic loads and dynamic inflow wake calculations within AeroDyn module through the 454 

entire load cases presented in Table 5 are disabled and the whole system is subjected only to 455 

unidirectional irregular wave excitations prescribed by JONSWAP wave spectrum. To analyze the 456 

wind turbine in still water conditions (i.e., wind-induced only load cases), on the other hand, 457 
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hydrodynamic force computation on floater and mooring system within HydroDyn module of 458 

NREL-FAST toolset are disabled and aforementioned controlling strategies with respect to the 459 

wind speed as well as aerodynamic loads and dynamic inflow effects are enabled. The required 460 

stochastic wind turbulence fields corresponding to the hub-height mean wind speed defined in 461 

Table 5 were generated using TurbSim34, a stochastic, full-field, turbulent-wind simulator 462 

developed by NREL. In this regard, a turbulent box with a grid size of 145 times 145 meters 463 

centered horizontally at hub height position (i.e., 19 m below assuming the top of the grid is aligned 464 

with the top of the rotor disk and 9.5 m on each side) is chosen to ensure that the grid box is large 465 

enough to cover the entire rotor disk with an additional safety space accounting for maximum 466 

expected value of the system motions and structural displacements estimated based on a set of trial 467 

simulations as well as an extra safety factor of 10% according to the TurbSim guideline. This is 468 

due to the fact that AeroDyn module does not allow any part of the blade including all system 469 

motions and displacements to lie outside of the generated wind grid by TurbSim34. Detailed 470 

information about meteorological boundary conditions chosen based on standard and design 471 

practice recommendations25,33 are tabulated in Table 6. It also provides a summary of all analysis 472 

specifications in terms of controlling strategies and loading status utilized in the present study. 473 

 474 
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 477 
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 489 

Table 6. Summary of analysis specifications. 490 

Controlling strategies29 
Operational modes Parked modes 
- Variable-speed at 3-11.4 m/s, 
- Collective blade pitch at 11.4-25 m/s, 
- Zero blade pitch angle, 
- Enabled yaw DOF. 

- Fixed rotor, 
- Feathered blades, 
- Zero degree azimuth angle, 
- Disabled controllers, 
- In place mechanical brakes, 
- Disabled generator DOF,  
- Enabled yaw DOF. 

Loading status Aerodynamic specification29,30,34 Hydrodynamic specification29,31 
Wave-induced only - Disabled aerodynamic loads, 

- Disabled dynamic inflow wake 
calculations. 

- Sea states from Table 5, 
- JONSWAP spectrum, 
- γ=3.3, 
- CD = 0.6, 

Wind-induced only - Turbulent wind fields (145m×145m), 
- Kaimal turbulence model25,33, 
- Normal turbulence type25,33, 
- Power law model α=0.1225,33, 
- Sea states from Table 5, 
- BEM* model for less than 8 m/s, 
- GDW** model for more than 8 m/s, 
- Enabled dynamic inflow wake. 

Disabled 

Wind-wave induced - Turbulent wind fields (145m×145m), 
- Kaimal turbulence model25,33, 
- Normal turbulence type25,33, 
- Power law model α=0.1225,33, 
- Sea states from Table 5, 
- BEM* model for less than 8 m/s, 
- GDW** model for more than 8 m/s, 
- Enabled dynamic inflow wake. 

- Sea states from Table 5, 
- JONSWAP spectrum, 
- γ=3.3, 
- CD = 0.6, 

*Blade element momentum. 491 
**Generalized dynamic wake. 492 

9. Results and discussion 493 

The dynamic behaviour of a mono-column tension-leg-platform floating wind turbine (i.e., 494 

MIT/NREL TLPWT) under operational and survival conditions is investigated through a series of 495 

coupled dynamic time-domain analysis using the fully coupled aero-hydro-servo-multi-rigid-496 

flexible-body design toolset, NREL-FAST. The time-domain numerical simulations are performed 497 

for 4100 sec with time steps equal to 0.0125 sec (sampling frequency of 80 Hz). The first 500 sec 498 

which corresponds to the transient time interval of responses is eliminated. Consequently, the 499 

power spectral as well as statistical characteristics of the results including maximum, minimum, 500 

mean, and standard deviation are presented based on the time series from 500 sec to 4100 sec. The 501 



primary loads in the present study are wind and wave with headings fixed at zero degree along 502 

with x-axis (see Figure 1) for all cases as well as gravity loads. The current loads is not considered 503 

in this analysis. It is to be noted that a set of virtual experiment simulations based on available 504 

data15, 17 and current guidelines and codes of practice33 showed that the influence of current 505 

induced loads on the system in the range of environmental conditions and water depth considered 506 

in the present study is negligible and hence is not included in the study. Statistical differences in 507 

these trial simulations were less than 1% for structural components, motions, and mooring tensions 508 

with a relatively larger drift motion in the applied loads direction. The spectra of the hub-height 509 

wind velocity and wave elevation of all load cases defined in Table 5 are illustrated in Figure 6.  510 

 511 

Figure 6. Spectra of hub height wind speed (i.e., dotted lines) and wave elevation (i.e., solid lines) of all specified 512 

environmental load cases. 513 

 514 

9.1. Spectral analyses of responses 515 

In this section, a spectral comparison study is carried out to observe and identify the coupling 516 

and dominant effects, the importance of wind load actions on blades, the controlling strategies, the 517 

effects of blade rotation, and the influence of tower flexibility on the platform motion and mooring 518 

line tension of the floating TLP wind turbine system. The study will be limited to these response 519 

variables even though there are other interesting variables which will be assessed in the next 520 

section. The results are carried out for a below-rated wind speed loading condition with 521 
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environmental condition as 8V  m sec , 2 5sH .  m , and 9 8pT .  sec  and an over-rated wind 522 

speed loading condition with environmental condition as 17V  m sec , 4 2sH .  m , and 523 

10 5pT .  sec  considering two different elastic and rigid models for tower and three loading 524 

combination scenarios: (1) waves-induced only with parked rotor configuration, (2) wind-waves-525 

induced with parked rotor configuration, and (3) wind-waves-induced with operating rotor 526 

configuration. The excitation forces in each of the three scenarios individually are modelled in the 527 

same manner. 528 

All the spectrums are obtained and smoothed to capture important peaks and patterns using 529 

kernel smoother in WAFO35 with appropriate lag size for the Parzen window function. It should 530 

be noted that despite the need for several realizations to calculate an accurate estimation of a 531 

Gaussian process spectrum, a smoothed spectra based on a single realization with appropriate 532 

duration in most cases can result in a proper estimation of the results and capture the important 533 

patterns and fundamental phenomena. Consequently, the spectral analysis of the responses 534 

presented here are based on a single one-hour realization for each load case and load combination 535 

and do not represent the actual spectrums of one-hour analysis. 536 

Figures 7-10 show the platform surge motion and fairlead tendon tension spectra (the most 537 

loaded line, tendon 3 as shown in Figure 1) of the wind turbine system for the aforementioned 538 

below- and over-rated load cases (i.e., LC 1 and LC 4). The surge and wave frequencies in the 539 

surge response spectrums and pitch and wave frequencies in the tendon tension response spectrums 540 

are clearly shown. The additional considerable tension response appeared in the range of 0.5-1 541 

rad/sec are also caused by the nonlinear coupling effect of wave, platform, and mooring line and 542 

are a mixed up (i.e., sum and difference frequencies) of wave frequency and surge and pitch natural 543 

frequencies. Moreover, the wind-induced low-frequency surge resonant responses in the 544 

operational cases of both aforementioned below- and over-rated load cases dominates the surge 545 

response as a result of extra wind loading on the system, whilst the pitch-induced high-frequency 546 

resonant responses in the parked condition (i.e., waves-induced only) governs the tension response 547 

of the system with flexible tower as a result of relative motions of support platform which shows 548 

that most of the fluctuation in the tension time histories of both load cases are dominated by pitch 549 

motions, as was expected. 550 



The comparison results also show that the wave frequency responses of all three loading 551 

combination scenarios for both elastic and rigid tower models are almost the same which means 552 

that the wave frequency part of the responses is affected neither by the aerodynamic damping and 553 

controller actions nor the elasticity of tower. Nevertheless, the aerodynamic damping of rotating 554 

rotor and tower elasticity show their reduction effects on the wave frequency responses of tendon 555 

tensions in the over-rated load case (i.e., higher wind velocity) because of the effects of blade pitch 556 

controller actions and relative motions of the system, respectively. The pitch resonant responses, 557 

on the other hand, decreased for both rotational and parked rotor configurations compared with the 558 

wave-induced only cases due to the combination of aerodynamic damping of rotating rotor and 559 

relative motions of support platform whether or not the flexibility of tower is included. The 560 

significant reduction of pitch resonant response to the rigid tower responses level in the rotational 561 

rotor configuration of over-rated wind speed load case reveals the importance of aerodynamic 562 

damping of an operating rotor especially in higher wind speed levels. However, the combination 563 

of tower flexibility and relative motions of support platform amplify the resonance amplitudes of 564 

pitch in all three scenarios compared with the rigid tower-platform coupling cases as a result of 565 

additional moments due to tower disturbance or platform motion. The surge resonant responses 566 

with blades rotating rotor configuration also increased considerably because of the extra 567 

aerodynamic loading which shows inadequate aerodynamic damping effects to damp the 568 

additional excitation forces due to aerodynamic loading. However, despite the considerable 569 

increase of the surge resonant response with an operating rotor as a result of tower flexibility in 570 

the below-rated load case; these responses not only have lower amplitudes in both rigid and 571 

flexible tower models but also the tower elasticity seems to have no influence on this resonant 572 

response in over-rated wind speed case which shows that the blade pitch controller actions are very 573 

effective in reducing the low-frequencies responses even when the tower elasticity is eliminated 574 

from the calculation. Moreover, the pitch natural frequency is shifted slightly down from 1.73 575 

rad/sec to 1.33 rad/sec when the tower elasticity is included. This is because the natural frequencies 576 

of a floating wind turbine are functions of the mass distribution and stiffness of the system; and 577 

consequently, variation in mass and stiffness distributions of the system due to the tower flexibility 578 

actually changes the natural frequencies of the system (i.e., in this case, the pitch natural 579 

frequency). It should be stated that the pitch response spectra and nacelle surge acceleration (not 580 



presented here) also show similar pattern and response frequencies as the tension spectrums, as 581 

was expected since these responses are highly correlated. 582 

 583 

Figure 7. Platform surge motion spectra based on 1hour time domain simulation with flexible and rigid towers and 584 

induced by the waves-only and wind-waves for the operating and parked rotors in the below-rated wind condition (LC 585 

1). 586 
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 587 

Figure 8. Platform surge motion spectra based on 1hour time domain simulation with flexible and rigid towers and 588 

induced by the waves-only and wind-waves for the operating and parked rotors in the over-rated wind condition (LC 589 

4). 590 
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Figure 9. Fairlead mooring line tension spectrum based on 1-hour time domain simulation with flexible and rigid 592 

towers and induced by the waves-only and wind-waves for the operating and parked rotors in the below-rated wind 593 

condition (LC 1). 594 

 595 

Figure 10. Fairlead mooring line tension spectrum based on 1-hour time domain simulation with flexible and rigid 596 

towers and induced by the waves-only and wind-waves for the operating and parked rotors in the over-rated wind 597 

condition (LC 4). 598 

9.2. Statistical analyses of responses 599 

In this section, a statistical comparison study is carried out to understand the importance of 600 

various environmental loading combination, identifying the dominant excitation loads, coupling 601 

effects, elasticity of tower, and the influence of controlling strategies on the critical system 602 

dynamic responses including thrust force and associated electrical power production, nacelle surge 603 

acceleration, structural strength of tower and blades, motion responses, and cables tension are 604 

studied as a function of wind speed using the specified load cases in Table 5. It should be noted 605 

that the statistical characteristics presented here are based on a single one-hour realization for each 606 

load case and load combination and do not represent the actual statistics of one-hour analysis. 607 

9.2.1. Thrust force and electrical generator power 608 

Figure 11 shows the statistical characteristics of the thrust force and electrical generator power 609 

for two loading combinations (i.e., wind-induced only and combined wind and wave) in different 610 
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load cases. The results show that wave loads do not affect the mean responses very much whether 611 

or not the flexibility of tower is included which is because of inherent small dynamic motion 612 

characteristics of a tension leg support platform. Nevertheless, the platform motions and tower 613 

elasticity cause an increase in the fluctuation of responses especially in the survival conditions 614 

when the system is excited by both wind and wave loads. This is in particular more evident in the 615 

standard deviation of thrust force in the survival conditions where most of aero dynamical damping 616 

effects are eliminated by parking the rotor and featuring the blades and also additional disturbances 617 

are induced by extra structural deflections and platform motions. The results also show less than 618 

5MW power production at the rated wind speed which suggests that some modifications are 619 

required for optimization of power production in 5MW NREL. The control strategies are also clear 620 

in both mean and standard deviation responses of power production where the controller optimises 621 

the rotor rotational speed to maximize the power production for the below-rated wind speeds and 622 

the blade pitch position to preserve constant power production for the overrated wind speeds.  623 

 624 
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                                      (a)                                                                       (b) 626 

Figure 11. Statistical characteristics of the (a) thrust force and (b) electrical generator power. 627 

9.2.2. Nacelle surge acceleration 628 

Statistical characteristics of nacelle surge acceleration for all considered load cases considering 629 

different load combinations are illustrated in Figure 12. It is seen that the maximum, minimum, 630 

and standard deviation of the responses under both operational and survival modes are mainly 631 

dominated by the combination of support platform motions and wave loads. The mean of the 632 

responses remains fairly constant and is almost the same for different load combinations except 633 

for small and negligible differences under survival conditions which are resultant of the 634 

aerodynamic damping elimination, extra tower disturbance, and platform motions. The positive 635 

aerodynamic damping is also evident in the statistical characteristics of the responses where the 636 

floating TLP wind turbine system under combined wind and wave loads has lower responses than 637 

the wave-induced only cases (i.e., aerodynamic damping). Moreover, the results show that the 638 

maximum responses of nacelle surge acceleration can occur under survival conditions for a 639 

floating offshore wind turbine even if the elasticity of tower is excluded, while for a land-based 640 

wind turbine it can in fact happen under operational conditions depending on the rated wind speed. 641 

The statistical results in terms of pattern are the same for nacelle surge acceleration responses 642 

whether or not the elasticity of tower is included. Nevertheless, the main difference is in the 643 

magnitude of the values where all the extents are increased in all load cases and combinations. 644 

This intensifying effect is in particular obvious for survival conditions, in which the magnitude of 645 

the responses are much more higher than the operational cases, while they remains almost the same 646 

when the tower elasticity is excluded. The maximum of the responses is less than 1.5 m/s2 (i.e., 647 

0.15 gravity acceleration) and 4 m/s2 (i.e., 0.4 gravity acceleration) in operational and survival 648 

cases, respectively, which seems to be within acceptable range (i.e., 0.2g-0.3g is common practice) 649 

and indicates the applicability of this rotor-nacelle assembly for the MIT/NREL TLPWT in such 650 

environmental conditions. It can also be seen that the elasticity of tower increases the response up 651 

to twice the value of rigid tower cases in the survival conditions, which signifies the importance 652 

of elastic structural responses of tower in fatigue lifetime of derive train mechanical components. 653 



654 

 655 

Figure 12. Statistical characteristics of the nacelle surge acceleration. 656 

9.2.3. Tower and blades 657 

The statistical characteristics of the tower-base fore-aft and blade root out-of-plane of Blade 1 658 

shear force and bending moment as well as tower-top fore-aft and out-of-plane blade tip deflections 659 

of Blade 1 for all the selected operational sea states with two different loading scenarios are shown 660 

in Figures 13 and 14, respectively. The maximum and standard deviation responses of the tower 661 

(i.e., shear forces and bending moments at the tower-TLP interface and the deflection at the tower-662 

top) are mainly induced by the combination of support platform motions and wave loads under 663 

both operational and survival conditions. The intensifying effect of the elastic structural responses 664 

of tower on the maximum and standard deviation characteristics is also obvious especially when 665 

the system is subjected to both wind and wave loadings during the survival conditions. On the 666 

contrary, it is seen that neither the wave loads nor tower elasticity have considerable effects on the 667 

statistical characteristics of blade out-of-plane responses (i.e., shear forces and bending moments 668 
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at the blade root and the blade tip deflection) as well as the mean responses of tower under 669 

operational cases which indicates that the statistical characteristics of blade responses along with 670 

mean responses of tower are mainly wind-induced. Nevertheless, small but noticeable differences 671 

in the maximum and standard deviation responses of the blade under survival modes show the 672 

effects and domination of support platform motions and wave loads, while the mean responses of 673 

the blades still are not affected by wave loads. Moreover, the influence of tower flexibility on the 674 

statistical characteristics of blade out-of-plane responses and the mean responses of tower in the 675 

survival conditions seems to be negligible. Accordingly, it can be concluded that the maximum 676 

and standard deviation responses of tower and blades are mainly wave-induced and wind-induced 677 

under operational conditions, respectively, and primarily wave-induced under survival condition, 678 

whereas the mean responses of the tower and blade in both operational and survival modes is 679 

governed by wind loads. The elasticity of tower also influences only the magnitude of the 680 

maximum and standard deviation response characteristics of tower. 681 

It is also clear that the maximum and mean responses of tower and blade under operational 682 

cases whether the elastic structural responses of tower is accounted in analysis, both start to 683 

increase first with increasing wind speed up to the rated wind speed and decrease when the wind 684 

speed exceeds the rated wind speed which means they are both affected by the blade pitch 685 

controller actions. On the contrary, the standard deviation of responses do not show much variation 686 

with wind speeds and remains almost constant with a slight increase by the increase of the wave 687 

height in the operational mode which means it is more affected by the wave loads than the blade 688 

pitch controller actions. In the survival conditions, on the other hand, at first at the cut-out wind 689 

speed, the lower thrust forces along with larger wave loads lead to larger pitch motion (tilt); and 690 

consequently, considerable increases occur in the magnitude of the maximum and standard 691 

deviation responses of the tower because of the gravitational effects when the system is under both 692 

wind and wave loads and tower elasticity is included. The maximum response decreased thereafter 693 

because of the large attribution of the tension in the mooring system along with increased 694 

hydrodynamic viscous damping forces, whereas the standard deviation increases slightly by the 695 

increase of the wave height. Moreover, the results show that the maximum responses of the tower 696 

can occur under survival conditions for a floating offshore wind turbine if the elasticity of tower 697 

is considered, otherwise it can happen under operational conditions. The maximum responses of 698 

blade whether or not the elastic structural characteristics of tower is considered happen under 699 



operational conditions depending on the rated wind speed for both land-based and floating offshore 700 

wind turbines. 701 
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 706 

(c) 707 

Figure 13. Statistical characteristics of tower top fore-aft (a) shear force, (b) bending moment, and (c) deflection. 708 

5 10 15 20 25 30 35

V
M ean

 [m/sec]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

F
o
r
e
-
a
f
t
 
t
o
w
e
r
 
t
o
p
 
d
e
f
l
e
c
t
i
o
n
 
[
m
]

Max, wind induced only, flexible tower
Max, wind induced only, rigid tower
Max, wind-wave induced, flexible tower
Max, wind-wave induced, rigid tower
Mean, wind induced only, flexible tower
Mean, wind induced only, rigid tower

Mean, wind-wave induced, flexible tower
Mean, wind-wave induced, rigid tower
STD, wind induced only, flexible tower
STD, wind induced only, rigid tower
STD, wind-wave induced, flexible tower
STD, wind-wave induced, rigid tower



 709 

(a) 710 

5 10 15 20 25 30 35

V
M ean

 [m/sec]

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

O
u
t
-
o
f
-
p
l
a
n
e
 
s
h
e
a
r
 
f
o
r
c
e
 
[
M
N
]

Max, wind induced only, flexible tower
Max, wind induced only, rigid tower
Max, wind-wave induced, flexible tower
Max, wind-wave induced, rigid tower
Mean, wind induced only, flexible tower
Mean, wind induced only, rigid tower

Mean, wind-wave induced, flexible tower
Mean, wind-wave induced, rigid tower
STD, wind induced only, flexible tower
STD, wind induced only, rigid tower
STD, wind-wave induced, flexible tower
STD, wind-wave induced, rigid tower



 711 
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 713 

(c) 714 

Figure 14. Statistical characteristics of out-of-plane (a) shear force, (b) bending moment, and (c) deflection of Blade 715 

1. 716 

9.2.4. Platform motion and mooring line tension 717 

The platform motions directly affect the tensions in the mooring cables; consequently, the 718 

platform displacements and tendon tensions are highly correlated and should have the same trends. 719 

Figure 15 represents the maximum responses of the surge and pitch motions of the system as the 720 

primary platform modes of motion to have the most significant contributions on the system 721 

performance. The results show that in the operational conditions the maximum platform surge and 722 

pitch motions are mainly induced by wind loads and wave loads, respectively. In the survival 723 

condition, these motions are both dominated by the wave loads, as was expected. From Figure 16, 724 

it can also be observed that the maximum and minimum values of platform upwind-side fairlead 725 
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tendon tensions as the critical tendon (the most loaded line, tendon 3 as shown in Figure 1) in both 726 

operational and survival modes are mainly wave induced and wind-induced, respectively. 727 

Considering the elastic structural responses of tower, the surge motion responses do not seem 728 

to be affected except slight evident increases in survival states, which show not only the 729 

suppressing and weakening impacts of rotating blades (i.e., aerodynamic damping) on the 730 

increasing effects of tower elasticity but also intensifying influences of tower elastic vibrations on 731 

the speed and acceleration of the system shown in combined loadings and more evidently in wave-732 

induced only cases. These results can also be seen more appreciably in pitch motion and maximum 733 

and standard deviation of tension responses. Such findings can be anticipated by interpreting the 734 

vibrational dynamic characteristics of a floating platform in terms of natural frequencies which is 735 

a function of the structural and hydro dynamical mass distribution, stiffness of the system 736 

originating from mooring lines, hydrostatic restoring forces, and structural stiffness along with 737 

damping arising from aero- and hydro-dynamic loadings. In other words, the effects of loads on 738 

the system; and consequently, the reactions and responses of the system can considerably be affect 739 

by flexibility/rigidity signifying stiffness and mass distribution of each component as well as 740 

coupling considered between system components including platform, mooring system, tower, and 741 

RNA. Accordingly, it can be stated that the additional tower elastic vibrations considered in the 742 

present study affect the local and global velocity and accelerations of the platform motions and 743 

other system components and sub-components, in which then cause extra appreciable variations 744 

in inertia forces on the entire system and aerodynamic thrust forces on the blades by changes 745 

occurring in the wind speed magnitude through extra rotor plane movements in forward/backward 746 

motions of tower top. This can be shown by the use of an equivalent simplified/isolated single 747 

degree of freedom structural model for the wind turbine system considering the dominant role of 748 

first vibrational mode in the dynamics of using generalized SDOF (GSDOF) idealization theory36 749 

along with a simple relation for the total thrust force on the rotor utilized in the blade element 750 

momentum (BEM) theory21. Such variations could have considerable impacts on wave-induced 751 

and resonant responses of the system as can be seen here and presented in previous subsections. 752 

Therefore, taking into account the elastic structural responses of system components can play an 753 

important role in the safety of tie-down system in the super-structures, design of machinery inside 754 

nacelle, ultimate strength, and fatigue-life design perspectives; and consequently, must be 755 

considered in design practices.  756 



The effect of blade pitch controller actions above rated wind speeds is also evident in both 757 

motion and mooring line responses where the motion responses both first increase with wind speed 758 

up to the rated wind speed and decrease significantly thereafter. Moreover, the effect of wind loads 759 

on the pitch motion and mooring line responses in the operational mode is evident from the quite 760 

considerable portion of wind loads compared to wave forces. In addition, the positive aerodynamic 761 

damping is also evident in the pitch motion responses where the system under combined wind and 762 

wave loads has a lower response than the wave-induced only cases. These findings indicate that 763 

the extreme value of the responses for a land-based wind turbine occur under the operational 764 

conditions depending on the rated wind speed, while the extreme values for a floating wind turbine, 765 

whether or not the flexibility of tower in included in the calculations, can happen under survival 766 

conditions. 767 

Figure 16 also shows the mean and standard values of the upwind-side tendon tension of the 768 

TLP wind turbine at the fairlead position. It can be seen that the mean tension responses is being 769 

sensitive to the wind loads, while the wave loads has a greater contribution on the dispersion of 770 

tension response about its mean value (i.e., STD). As a consequent, the influence of controller 771 

actions on the mean of the responses is very clearer, whereas on the contrary, the standard deviation 772 

responses of mooring line top tension increases monotonically by the increase of the wave height 773 

in both operational and survival modes which means it is more affected by the wave loads than the 774 

blade pitch controller actions. It is also observed that maximum top tension response increased 775 

only by 0.35% after parking the wind turbine, while the standard deviation responses increase by 776 

8.5% which shows more vulnerability of the mooring cable to the fatigue failures rather than the 777 

breaking failures from the axial tensions. These findings would be very important in fatigue life 778 

analysis of mooring system. 779 



 780 

                                      (a)                                                                       (b) 781 

Figure 15. Statistical characteristics of platform (a) surge and (b) pitch motion. 782 

783 

 784 
Figure 16. Statistical characteristics of platform upwind-side tendon tension. 785 
 786 
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10. Conclusion 787 

In this paper, the dynamic behaviour of a mono-column tension-leg-platform floating wind 788 

turbine (i.e., MIT/NREL 5-MW tension-leg-platform) under normal and survival conditions were 789 

investigated through a series of coupled dynamic analysis using the fully coupled time-domain 790 

aero-hydro-servo-multi-rigid-flexible-body design code, NREL-FAST. The loading conditions 791 

were chosen based on North Sea environmental condition. Then, for each individual sea state, the 792 

critical parameters including the platform motion, the tower, and blades structural responses, 793 

mooring system tensions at fairlead as well as the power generation were carried out for 794 

performance, stability, and structural evaluation of the system. The effects of external loads 795 

coupling actions, rotor and controlling configurations, and platform motion and elastic structural 796 

response of tower on the motion, structural strength, cables tension, and power production are 797 

studied as well and the dominant excitation loads are identified. 798 

The spectral comparison for below- and over-rated wind speed loading conditions with two 799 

different elastic and rigid models for the tower and three loading combination scenarios including 800 

wind-waves-induced with parked and operating rotor configurations and waves-induced only 801 

showed the following: 802 

 Tower elasticity amplifies and shifts slightly down the high-frequency resonant responses 803 

in both below- and over-rated environmental loading conditions, whereas the low-frequency 804 

resonant responses are only affected significantly when the rotational speed of the shaft is 805 

controlled. On the other hand, the wave-frequency responses are reduced slightly because of the 806 

tower flexibility when the wind speed is greater than rated wind speed. 807 

 The aerodynamic damping reduces the pitch resonant responses through the combination 808 

of rotational rotor, relative motions of the platform, and extra tower disturbance; whereas it is not 809 

adequate to reduce the additional aerodynamic loading which results in greater surge resonant 810 

responses in blades rotational rotor configuration. The aerodynamic damping also reduces the 811 

wave-frequency responses through the blade pitch controller actions. 812 

The Following conclusions can also be drawn from the statistical characteristics comparison 813 

results for the current floating wind turbine: 814 

 Elastic structural responses of tower intensifies the maximum and standard deviation 815 

characteristics of the responses especially when the system is subjected to both wind and wave 816 

loadings during the survival conditions. 817 



 The maximum, mean, and standard deviation of responses are all show the same trend for 818 

the below-rated wind speeds in which they increase with increasing wind speed due to the control 819 

strategy. For the over-rated wind speeds, the maximum and standard deviation responses start with 820 

a decrease due to blade pitching effects but increase monotonically thereafter which reveals their 821 

sensitivity to wave loads for the higher wave conditions. In contrast, the mean values decrease 822 

monotonically after wind speed exceeding the rated value due to blade pitch controller actions. 823 

 Comparison of wave-induced, wind-induced, and wind-waves-induced analyses show that 824 

the maximum and standard deviations of the responses are mainly induced by the combination of 825 

support platform motions and wave loads and the mean of the responses are mainly wind induced, 826 

with the exceptions that the maximum surge motion and maximum and standard deviations of the 827 

blade tip out-of-plane deflection in operational cases are dominated by wind loads and standard 828 

deviations of the thrust force which is wind induced in both operational an survival modes. The 829 

minimum tendon tension and nacelle surge acceleration responses are also shown a sensitive 830 

behaviour to the wind loads. 831 

It is to be noted that the discussed conclusions are specific to the TLPWT modelled in this 832 

paper and are not intended to be generalized to other TLPWTs. Nevertheless, the provided insight 833 

into the dynamic behaviour of the MIT/NREL TLP wind turbine model can help to improve this 834 

model for future modifications in different structural components to the initial design for designers 835 

in the field of offshore wind industry as well as design standards. The undergoing research focuses 836 

on performing a comprehensive study on aerodynamic and hydrodynamic damping, first- and 837 

second-order load analysis, and turbulent intensity and misalignment effects in the operational and 838 

survival conditions with different loading combination scenarios. 839 
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