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Abstract 7 

In this paper, the influence of wind turbine blade pitch and generator controls on the global 8 

response of a floating wind turbine is investigated.  Several different active turbine controllers 9 

are considered and the resulting floating wind turbine global response is compared with that for a 10 

baseline configuration employing a fixed blade pitch and a fixed rotor speed.  Results from 11 

platform pitch free-decay tests as well as a simultaneous dynamic wind and irregular sea state 12 

condition are used to understand the controllers’ influence on floating wind turbine dynamic 13 

behavior. 14 

Keywords:  Floating, wind, turbine, control, semi-submersible  15 

1. Introduction 16 

Floating offshore wind turbine technology shows great promise as it enables the harnessing of 17 

abundant, clean renewable deep water wind energy [1].  However, the technology is not yet 18 

commercially mature and there are several areas where further research and development may 19 

permit smarter, more economical designs.  One area of great interest pertains to active turbine 20 

blade pitch and generator controls and their influence on the coupled dynamic response of 21 

floating wind turbines [2].  Jonkman [3] showed through simulation that standard land-based 22 

controls aimed at regulating power generation can induce platform pitch instabilities for floating 23 

wind turbines with compliant foundations.  Numerous researchers have worked towards 24 

developing floating wind turbine-specific turbine control strategies that prevent such instabilities, 25 

mitigate loads and properly regulate power using theoretical frameworks and simulation (e.g. see 26 

[4-13]).  Despite the great interest in the topic, little work has been done experimentally to 27 

understand the influence of active turbine controls on floating wind turbine global performance.  28 

Azcona et al. [14] performed model-scale experiments of a semi-submersible floating wind 29 

turbine that incorporated aerodynamic thrust using a ducted fan which was controlled via a real-30 

time numerical simulation with active turbine controls.  Huijs et al. [15] also performed model-31 

scale testing of a floating turbine with active turbine controls in a wind/wave basin, albeit with a 32 

fully-functioning wind turbine operating in a Froude-scaled wind environment.  Both Skaare et 33 

al. [16] with the Hywind Demo and Viselli et al. [17] with the VolturnUS 1:8 have performed 34 

numerical model correlation studies with experimental data from ocean-deployed prototypes 35 

employing active turbine controls.  One of the few works that goes beyond simply incorporating 36 

turbine controls into the experiment and begins to explore the influence of control parameters on 37 

turbine performance can be found in Chujo et al. [18].  Chujo et al. performed 1/100th-scale 38 

experiments in a wind/wave basin and altered turbine blade pitch control parameters to 39 

understand their impact on rotor speed and platform pitch motion variation for a spar-based 40 

floating wind turbine.  41 
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In light of the limited experimental study of active turbine controls and their impact on floating 42 

wind turbine global performance, the DeepCwind Consortium, led by the University of Maine, 43 

performed a series of 1/50th-scale model tests at the Maritime Research Institute Netherlands 44 

(MARIN) Offshore Basin of a floating wind turbine employing various active turbine control 45 

schemes.  The experiments, which were performed on a semi-submersible-based floating wind 46 

turbine, provide insight into the alterations in system motions and loads resulting from various 47 

wind turbine controller strategies.  Of particular interest in this work are the changes in the 48 

frequency domain response, phase of the response relative to the environmental inputs and 49 

response statistics for select quantities that typically respond strongly to aerodynamic loads.  50 

Specifically these quantities include the platform surge motion, platform pitch motion, nacelle 51 

surge acceleration and upwind fairlead tension.  In addition, the controller actuation behaviors 52 

are also studied.  53 

2. Model Test Description 54 

For this campaign, the model tests were performed in MARIN’s Offshore Basin [19].  The 55 

directions of the winds and waves produced in the basin, in addition to the orientations of the 56 

rigid-body degrees of freedom (DOF), are depicted in Fig. 1.  All model particulars and test data 57 

was reported at full scale by MARIN.  As such, all values reported in this paper are presented at 58 

full scale. 59 

2.1. Environmental Conditions 60 

The operating environment used for investigating the influence of wind turbine controls on 61 

global performance consists of a dynamic wind and irregular sea state.  The dynamic wind as 62 

measured at the hub-height location of 90 m above the mean water line follows a National 63 

Petroleum Directorate (NPD) spectrum [20] with a mean hub-height wind speed of 21.02 m/s.  64 

The NPD spectrum is distinct from spectra specified in standards for use in typical turbine 65 

simulation in that it only specifies the temporal variation in the longitudinal direction (i.e., 66 

negative surge direction here) at the hub height and does not prescribe any realistic spatial 67 

variation in the features of the wind inflow.  This simplistic spectrum is well suited for 68 

wind/wave basin testing as achieving temporally varying, albeit spatially uniform flows over the 69 

rotor plane area constitutes the limit of the current state-of-the-art in wind field generation for 70 

open-jet wind machines found in wave basins as used in this test campaign.  That noted, this 71 

wind speed lies between the rated and cut-out wind speeds for a typical commercial wind turbine 72 

where active blade pitch control is relied upon to regulate turbine power.  Wind speeds below 73 

rated, where blade pitch control is not used and only variable speed generator controls are 74 

employed, are not of interest in this work and are not considered here.  The irregular sea state 75 

follows a Joint North Sea Wave Project (JONSWAP) spectrum [21] representative of a 1-year 76 

event as found in the Gulf of Maine [22].  The statistics for the dynamic wind and irregular wave 77 

can be found in Tables 1 and 2, respectively.  Note that in the tables � is the standard deviation, 78 

�� is the significant wave height, �� is the peak spectral period and ���� is the maximum wave 79 

height.  The target and measured power spectral density (PSD) as a function of frequency for 80 

each of these environmental conditions is given in Fig. 2. 81 

2.2. Model Properties 82 

The floating wind turbine used for these tests was comprised of the DeepCwind semi-83 

submersible supporting the MARIN stock wind turbine.  Specifically, the configuration is the 84 

one currently being studied for the International Energy Agency’s Wind Task 30: Phase II OC5 85 
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project.  Images of the system being tested in the MARIN Offshore Basin, which was moored by 86 

three catenary chains, are shown in Fig. 3.  Specific details on the turbine can be found in de 87 

Ridder et al. [23] and Kimball et al. [24].  Additional details for the hull are located in Goupee et 88 

al. [25].  A brief overview of the gross system properties are given in Table 3.   89 

A comparison of the normalized full-scale target (National Renewable Energy Laboratory 5 MW 90 

reference wind turbine [26]) and model wind turbine performance as measured at a steady hub-91 

height wind speed of 12.91 m/s over various rotor speeds using a collective blade pitch angle of 92 

1.0° is provided in Fig. 4.  The figure shows that the thrust coefficient 	
 is similar between the 93 

full-scale target and model turbines allowing for the production of the correct aerodynamic thrust 94 

loads in the Froude-scaled wind environments of the basin.  And while short of the full-scale 95 

target, the figure also indicates that the model turbine produces a reasonable performance 96 

coefficient 	�.  The ability of the turbine to produce a fair amount of power under Froude-scaled 97 

winds enables the execution of experiments with realistic active turbine controls as the primary 98 

objective of wind turbine controllers is the regulation of power.  	
 and 	� definitions can be 99 

found in [27]. 100 

2.3. Blade Pitch Controller Descriptions 101 

In addition to a fixed blade pitch test with a constant rotor speed, two types of active blade pitch 102 

control algorithms were utilized.  Both algorithms employ collective blade pitch actuation.  The 103 

first was a simple, robust algorithm developed by MARIN that uses integral control to reduce the 104 

error on generator power with a target of 3.5 MW.  The rotor speed was maintained at a constant 105 

12.1 rpm using a separate control loop.  MARIN devised this control strategy as a backup to a 106 

more standard variable rotor speed configuration in an effort to de-risk the test campaign and 107 

protect the expensive MARIN stock wind turbine model.  This particular controller allows 108 

precise regulation of the rotor speed for start-up, shut-down and general operation during testing 109 

and prevents possible damage to the model due to potential rotor over-speed scenarios.  And 110 

while the controller was not entirely representative of a full-scale controller, it did permit a safe 111 

means for exploring the influence of active blade pitch control on floating wind turbine response.  112 

As such, this controller was used for a good part of the test campaign.  During testing, several 113 

integral gains were investigated by changing the integrator gain constant 	�.  Responses 114 

associated with constants of 	� = 25 × 105 W/s and 	� = 100 × 105 W/s are considered in this 115 

work.  These values were chosen through experimentation in the basin, with the final values 116 

providing reasonable power control and blade pitch motion while still being distinct in their 117 

respective global performance.  The actual gain 
� is computed as 	� divided by the sensitivity of 118 

rotor power to collective blade pitch angle ��/��. ��/��, which is a function of collective 119 

blade pitch angle, was derived from MARIN Stock Wind Turbine performance data taken prior 120 

to the basin tests and had the form   121 

��
�� = 8.56 × 10� − 4.96 × 10�� W/rad, (1) 122 

where � is the collective blade pitch angle in radians.  The second controller, specified by the 123 

University of Maine, attempted to emulate a simple but realistic proportional-integral collective 124 

blade pitch control algorithm that seeks to minimize rotor speed error based on a target of 12.1 125 

rpm.  This control algorithm also uses a variable speed generator control with the target torque 126 

being proportional to the square of rotor speed below 12.1 rpm, and equal to a constant value of 127 

2690 kN-m at or above 12.1 rpm.  The variable rotor speed aspect of this controller was viewed 128 

as more risky to implement by the MARIN staff, and hence, was used only in a limited fashion 129 
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near the end of test campaign once the bulk of the data was collected.  The proportional and 130 

integral gains for the blade pitch controller are computed in accordance with the equations of 131 

[28] using a recommended damping ratio of 0.7 and the aforementioned ��/�� function.  The 132 

controller frequency  ! is set to 0.6 rad/s for the case studied in this paper and was chosen while 133 

tuning the controller in the basin so as to achieve reasonable rotor speed variations and blade 134 

pitch motions.  For the remainder of this work, the constant rotor speed control schemes will be 135 

labeled CS25 and CS100 for control gains of 	� = 25 × 105 W/s and 	� = 100 × 105 W/s, 136 

respectively.  The variable speed control scheme will be denoted as VS.  For the fixed blade 137 

pitch, fixed rotor speed controller, a designation of FF will be used. 138 

3. Free-decay Response 139 

Prior to combined wind/wave testing of the floating wind turbine system, simple platform pitch 140 

free-decay tests were performed to begin assessing the influence of controller behavior on 141 

platform pitch dynamics.  While motions other than platform pitch were excited during these 142 

tests, in particular yaw motions due to rotor-related gyroscopic effects, these non-platform pitch 143 

motions were relatively small compared to the primary platform pitch motion and did not exhibit 144 

any discernable trends associated with the turbine controller selected.  That noted, the cases 145 

considered include no wind with feathered blades (� = 90°) to reduce aerodynamic drag, a fixed 146 

rotor speed and fixed blade pitch (� = 17.2°) configuration (FF) subjected to a steady 21.19 m/s 147 

wind and each of the three aforementioned controller configurations subjected to the same steady 148 

21.19 m/s wind.  Fig. 5 and Fig. 6 display the platform pitch free-decay time series corrected for 149 

the mean offset (i.e., the steady-state platform pitch angle is subtracted from the response) and 150 

damping ratio as a function of initial cycle amplitude, respectively, for each of the five turbine 151 

configurations considered.  As seen in the figures, all of the operating turbine scenarios increase 152 

the platform pitch damping appreciably.  And while there were some distinctions between the FF 153 

case and the scenarios using a controller, overall they each seem to provide a reasonably similar 154 

increase in overall platform pitch damping.   155 

The influence of the particular control scheme on the platform pitch dynamic response becomes 156 

more prominent when considering the change in the platform pitch damped natural period as 157 

shown in Table 4.  It is worth noting that the steady-state mean platform pitch angle is essentially 158 

0.0 degrees for the case with no wind and a small value of approximately 2.2-2.4° for the 159 

remaining cases with wind.  Therefore, any observed differences in the damped natural period 160 

between the configurations are not likely attributable to nonlinear hydrostatic effects.  That 161 

stated, Table 4 indicates that the operating case sans controller does not significantly alter the 162 

platform pitch damped natural period; the three cases employing an active turbine controller each 163 

increase the damped platform pitch period with the CS100 controller lengthening the period by 164 

10.5% over the base case performed in the absence of wind.  These observed increases are not 165 

due solely to the growth in the damping observed in Fig. 6.  The platform pitch damping 166 

increases observed for the operating turbine cases in Fig. 6 can only account for at most ~1% of 167 

the lengthening of the damped natural pitch period.  Lengthening of the platform pitch damped 168 

natural period as observed in the tests requires more drastic changes than just an increase in 169 

damping.  As will be discussed in the subsequent section, it is suspected that the root cause is a 170 

controller-induced change in the platform pitch stiffness 	��"#$.  Table 4 displays an estimate of 171 

the required change in the platform pitch stiffness ∆	��"#$ to achieve the measured change in the 172 

platform pitch damped natural period.  For the fixed rotor speed and fixed blade pitch condition, 173 

almost no change in the pitch stiffness is observed; for the CS100 control scheme a drastic 174 
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18.0% reduction in the effective platform pitch stiffness is required to account for the alteration 175 

of the platform pitch damped natural period. 176 

3.1. Controller-induced Platform Pitch Period Elongation 177 

In an attempt to explain the damped platform pitch elongation displayed in Table 4, the 178 

mathematical techniques outlined in [3] are applied to the control scheme utilized in the test 179 

program.  To begin, the equation of motion for the platform pitch DOF is cast in terms of the 180 

surge displacement & of the hub-height location as done in [3] giving 181 

'()*+,
-. &/ + 1()*+,

-. &2 + 3()*+,
-. & = �, (2) 182 

where 4��"#$ is the combined physical and added inertia for the platform pitch DOF, 5��"#$ is the 183 

linearized platform pitch damping coefficient resulting from radiation and viscous effects, 	��"#$ 184 

is a combination of linear hydrostatic and mooring line platform pitch DOF stiffness, 6 is the hub 185 

height of the rotor and � is the aerodynamic rotor thrust.  Considering variations in � with hub-186 

height wind speed and blade pitch orientation, a first-order Taylor series expansion yields 187 

� = �7 − �

�8 &2 + �


�� ∆�, (3) 188 

where �7 is the aerodynamic rotor thrust at a linearization point, : is the wind speed averaged 189 

over the rotor area and � is the collective blade pitch angle as noted previously.  For the constant 190 

rotor speed, active blade pitch control scheme (i.e. CS25 and CS100), the perturbation in 191 

collective blade pitch angle ∆� is 192 

∆� = 
� ; ∆�<="
> , (4) 193 

where 
� is the integral control gain and � is the rotor power.  The rotor power P can be 194 

expanded in a similar fashion to the rotor thrust giving 195 

� = �7 − ��
�8 &2 + ��

�� ∆�, (5) 196 

with �7 being the rotor power at the linearization point.  Noting that ∆� = � − �7, Eqs. 4 and 5 197 

can be combined to produce 198 

∆� = 
� ; ?− ��
�8 &2 + ��

�� ∆�@ <="
> = −
�

��
�8 & + 
�

��
�� ; ∆�<="

> . (6) 199 

Substitution of Eq. 6 into Eq. 3 yields 200 

� = �7 − �

�8 &2 + �


�� ?−
�
��
�8 & + 
�

��
�� ; ∆�<="

> @. (7) 201 

Inserting the expression for � from Eq. 7 into the platform pitch DOF equation of motion Eq. 2 202 

gives 203 

'()*+,
-. &/ + ?1()*+,

-. + �

�8@ &2 + ?3()*+,

-. + 
�
�

��

��
�8@ & = �7 + 
�

��
�� ; ∆�<="

> . (8) 204 

Of interest in Eq. 8 is the term multiplying & as this represents the platform pitch stiffness for the 205 

equation of motion cast in terms of the hub-height surge motion.  Note that in addition to the 206 

stiffness 	��"#$/6A provided by hydrostatics and the mooring system, an additional term is 207 

included involving the integral control gain 
�, the sensitivity of the aerodynamic thrust to 208 

changes in collective blade pitch angle ��/�� and the sensitivity of the rotor power to changes 209 

in wind speed ��/�:.  Since 
� is positive, ��/�� is negative and ��/�: is positive, the 210 
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effective platform pitch stiffness is less than the pitch stiffness provided through hydrostatics and 211 

mooring alone.  In addition, if the controller is turned off, then 
� is effectively zero and the 212 

pitch stiffness is unaltered which agrees with the experimental results.  This simple mathematical 213 

result provides a plausible explanation as to why the presence of an active blade pitch controller 214 

elongates the platform pitch damped natural period.  Granted, the derivation does not apply to 215 

the VS controller; however, the findings displayed in Table 4 and in [25] indicate that a similar 216 

phenomenon occurs for this turbine control scheme. 217 

4. Response in Combined Wind and Waves 218 

When subjected to the wind and wave environments of Fig. 2, the global response of the 219 

DeepCwind-OC5 floating wind turbine differs depending on the particular turbine control 220 

scheme employed.  Of particular interest here are platform rigid body motion, nacelle 221 

acceleration and mooring loads.  In addition, the turbine actuation responses that give rise to the 222 

altered global performance behaviors are also of interest.  The response of the FF configuration 223 

and the deviations the various control schemes produced from the base configuration are now 224 

discussed. 225 

4.1. Platform Motion 226 

For the wind and wave orientations of Fig. 1, the platform DOF which are most strongly 227 

influenced by changes in the turbine controller are surge and pitch.  Fig. 7a depicts the PSD of 228 

the platform surge as measured at the mean water line for the FF case and Fig. 7b the deviation ∆ 229 

from this base case caused by the various control schemes.  As seen in Fig. 7a, the surge 230 

response is dominated by low-frequency slow drift motion near the platform’s surge damped 231 

natural frequency of 0.0094 Hz; the response in the wave energy frequency range (>0.06 Hz) is 232 

significantly smaller.  The dominant low-frequency response is attributable primarily to second-233 

order difference-frequency wave diffraction forces with the dynamic wind increasing the surge 234 

response slightly for frequencies less than 0.02 Hz.  The increases in surge response due to wind 235 

loading in the FF case over a baseline test using wave loads only and a parked wind turbine in 236 

calm air are approximately 50 m2/Hz.  When the controller is enabled, large reductions in the 237 

low-frequency surge motion are achieved with the CS100 controller exhibiting the largest 238 

reductions and the CS25 the least.  The decreases attained with the various controllers yield low-239 

frequency surge responses that are similar to, or less than, a corresponding wave-only case with a 240 

parked wind turbine and no wind applied.  For the CS100 controller, the peak frequency domain 241 

response is reduced by 42%.  For all of the controllers, no appreciable change in the response is 242 

observed in the wave energy frequency range. 243 

Fig. 8a shows the phase shift in the platform surge response relative to the environmental 244 

excitations for the FF configuration.  Note that for this and subsequent figures of this type, the 245 

phase shift of the response is computed relative to the dynamic wind speed at the hub-height 246 

location for frequencies less than 0.065 Hz and is computed relative to the irregular wave 247 

elevation at the undisplaced location of the platform for frequencies greater than 0.065 Hz.  As 248 

seen in Fig. 2, this is a reasonable choice for the distinction between the primary wind and wave 249 

excitation regimes.  It should be noted that this methodology will yield phase shift curves that are 250 

not continuous at 0.065 Hz.  This transition point will be noted in all relevant figures.  Moving to 251 

Fig. 8b, which shows the change in the phasing relative to the base case for each of the 252 

controllers, it is observed the controllers have little influence in the surge response phase in the 253 

wave energy regime; in the wind energy regime the phasing of the response is altered 254 
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significantly.   For all cases, the phasing is altered the most near the platform surge and pitch 255 

damped natural frequencies of 0.0094 Hz and 0.031 Hz, respectively. 256 

To complete the surge discussion, the platform surge statistics for the base case and the 257 

deviations caused by the three turbine controllers is presented in Table 5.  As seen in the table, 258 

the mean surge is very similar for all cases.  The standard deviation and range, however, are 259 

significantly reduced for all of the controller cases.  The CS100 controller achieves the largest 260 

reduction of all the controllers in each of these metrics. 261 

The platform pitch PSD for the FF configuration and deviation from this response caused by the 262 

various turbine controllers are shown in Fig. 9a and Fig. 9b, respectively.  Similar to the surge 263 

response, the platform pitch frequency domain response for the FF case is dominated by the low-264 

frequency motion occurring near the corresponding DOF damped natural pitch frequency (0.031 265 

Hz for platform pitch).  The response in the primary wave energy frequency range is much 266 

smaller.  As shown in Fig. 9b, all of the controllers reduce the platform pitch response for very 267 

low frequencies (<0.005 Hz).  The VS controller reduces the response all the way up to 0.04 Hz 268 

with the exception of a minute increase at the platform pitch natural frequency.  The CS25 269 

controller increases the response in the range of 0.01-0.04 Hz, albeit only slightly.  The CS100 270 

controller behaves similar to the VS controller except near the platform pitch natural frequency 271 

where it induces a severe increase in platform pitch response.  The CS100 controller increases 272 

the peak frequency domain response for platform pitch by 113%.  For all of the controllers, no 273 

observable change occurred in the wave energy frequency range.  274 

Moving to Fig. 10, the platform pitch response phase shift for the FF case and the deviations 275 

from this baseline for the various controllers is given.  Again, Fig. 10b shows no appreciable 276 

phase shift for frequencies dominated by wave excitation for the three controllers.  Each of the 277 

controllers exhibit similar changes in the pitch response phasing relative to the wind excitation 278 

with some of the phase shifts over this frequency range being quite large.   279 

To complete the discussion for this particular platform DOF, the FF configuration platform pitch 280 

statistics as well as the changes resulting from different turbine controllers is given in Table 6.  281 

For each case, the mean pitch angle is fairly similar.  All of the controllers diminish the standard 282 

deviation and range.  This is somewhat surprising considering the large increase in the peak 283 

frequency domain response for the CS100 controller.  Of the three controllers, the VS 284 

configuration provides the most drastic reductions in platform pitch standard deviation and 285 

range. 286 

4.2. Nacelle Acceleration 287 

The frequency domain response of the surge-direction nacelle acceleration for the FF 288 

configuration is given in Fig. 11a.  Part b of the figure displays the deviation from this response 289 

for the three different turbine controllers.  As one would expect from Fig. 11a, nacelle surge 290 

acceleration responses do exist beyond the 0.14 Hz limit provided in the figure, much of it due to 291 

wave excitation from the higher-frequency components of the irregular sea state.  However, the 292 

responses beyond this frequency are essentially the same for all four scenarios considered here, 293 

and therefore do not provide much insight into the differences between the various control 294 

schemes.  Another contribution to the nacelle surge acceleration above 0.14 Hz can be attributed 295 

to the elasticity of the tower (fore-aft bending frequency of 0.32 Hz as noted in Table 3),  albeit 296 
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much of this response is muted by the presence of aerodynamic damping (e.g. see [29]). As such, 297 

the overall nacelle surge acceleration is dominated by the pitch motion of the platform.  With 298 

that in mind, it is unsurprising that the trends observed in Fig. 11 for nacelle acceleration are 299 

similar to those found for platform pitch in Fig. 9.  The one difference is the surprising dip in the 300 

nacelle surge acceleration at the heart of the wave energy frequency range (~0.08 Hz).  This 301 

behavior is attributed to the semi-submersible platform dynamics and is not influenced in any 302 

meaningful way by the turbine’s operation (e.g. see [30]). 303 

Fig. 12 shows the FF configuration phase shifts for nacelle surge acceleration in addition to the 304 

changes from these phase shifts resulting from various controller configurations.  Unlike the 305 

nacelle surge acceleration and platform pitch PSDs, the FF nacelle acceleration phases and the 306 

changes to these phases resulting from the controllers are quite distinct from the platform pitch 307 

phasing of Fig. 10.  However, similarities do exist with regard to other trends.  In particular, as 308 

was observed for platform pitch, the controllers yield similar types of phasing changes in the 309 

wind excitation range relative to one another and little to no phase change in the wave energy 310 

range for nacelle surge acceleration. 311 

Table 7 displays the FF nacelle surge acceleration statistics and changes to these statistics 312 

obtained via different turbine controllers.  As seen in the table, the mean changes marginally.  It 313 

should be noted that the mean is non-zero since the surge acceleration sensor is aligned with the 314 

turbine, which possesses a small mean inclination due to wind load (i.e., a mean pitch value as 315 

shown in Table 6).  As a result, a small component of the acceleration due to gravity is recorded 316 

in the surge direction by the sensor.  This noted, Table 7 shows that controllers each diminish the 317 

standard deviation and range of the nacelle surge acceleration; however, each of the reductions is 318 

less than 8% with no particular control scheme distinguishing itself as the best performer in this 319 

regard. 320 

4.3. Mooring Loads 321 

Upwind fairlead tension PSDs for the FF configuration as well as the deviation from this 322 

configuration arising from different turbine control schemes are shown in Fig. 13.  As seen in 323 

Fig. 13a, the fairlead tension exhibits strong responses at both the damped natural platform surge 324 

frequency as well as in the wave energy frequency range.  The response at the damped natural 325 

platform surge frequency arises from nonlinear catenary action reacting to platform slow-drift 326 

surge motion; the response in the wave energy frequency range results from viscous drag on the 327 

line reacting to the heave motion of the floating platform (e.g. see [31]).  From Fig. 13b, it is 328 

observed that each of the three controllers reduces the low frequency fairlead tension response 329 

with the CS100 providing the largest reductions.  Unlike the other quantities investigated thus 330 

far, the controllers also have a small influence on the response in the wave energy frequency 331 

range.  The CS100 and VS controllers each provide an overall marginal reduction in the wave 332 

energy frequency range; the CS25 controller yields a slight increase in this range.  Despite this 333 

unique behavior relative to the other quantities investigated in this work, wind turbine 334 

aerodynamic loads more strongly alter the platform surge response as compared to the platform 335 

heave response and therefore the primary controller fairlead tension influence resides at the 336 

damped natural platform surge frequency.  337 

The upwind fairlead tension response phasing for the FF case, and deviations from this case for 338 

various turbine controllers, is given in Fig. 14.  Similar to other quantities investigated, the 339 

controller does not significantly influence the phasing in the wave energy frequency range 340 
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despite the alterations in the PSDs at these frequencies found in Fig 13b.  The changes in the 341 

phasing in the wind excitation regime are quite different between the controllers from 0.02-0.05 342 

Hz with the CS25 controller causing the largest response phase deviations. 343 

Table 8 displays the upwind fairlead tension statistics for the FF configuration in addition to the 344 

changes resulting from the three turbine controllers.  For all cases, the mean tension is essentially 345 

the same.  All of the controllers yield reductions in the standard deviation and range, with the 346 

CS100 and VS control schemes yielding the largest reductions.   347 

4.4. Controller Response 348 

As just discussed, active turbine controls can yield desirable reductions in floating wind turbine 349 

motions and loads.  However, these improvements do not come for free; the active turbine 350 

controllers studied here can exhibit frequent blade pitch motion, changes in the reactive 351 

generator torque, variations in rotor speed about the nominal operating value and changes in 352 

aerodynamic rotor thrust.  It should be noted that power, which is the product of the reactive 353 

generator torque and rotor speed, is not considered here.  With near constant rotor speeds for 354 

three of the scenarios (FF, CS25 and CS100) and a fourth (VS) with a mean rotor speed similar 355 

to the three fixed-speed cases, the power statistics gathered from testing exhibit the same trends 356 

as those obtained for the reactive generator torque and provide little additional insight.  That 357 

aside, Fig. 15 displays the mean, plus/minus one standard deviation and the range of the blade 358 

pitch angle for all of the controllers.  As seen in the figure, the CS25 controller shows the largest 359 

range and the CS100 scheme the greatest standard deviation.  The VS controller exhibits the 360 

smallest blade pitch angle standard deviation and range of all the active controllers. 361 

The generator torque response for each of the control strategies is given in Fig. 16.  362 

Unsurprisingly, the base FF scheme shows the greatest variation in the generator torque.  For this 363 

case, the magnitude of the standard deviation is larger than the mean generator torque.  The 364 

responses for the CS25 and CS100 are similar to one another with regard to generator torque; the 365 

VS controller exhibits the least variation in generator torque.  As per the control scheme 366 

discussed earlier, the torque should be more or less constant for the VS scheme.  However, as 367 

seen in Fig. 16, the actual implementation of the torque controller for the VS configuration did 368 

show some variation in the generator torque.  Some of this is due to dips in the rotor speed below 369 

the target 12.1 rpm where the generator torque is proportional to the square of the rotor speed.  370 

These periodic dips below the rated torque also gave rise to a mean torque less than the three 371 

fixed rotor speed configurations, and thus, an overall lower turbine power output.  Of the three 372 

fixed rotor speed control schemes, the fixed blade pitch scheme produces the lowest average 373 

torque, and hence turbine power.  This may be due to the fact that the blade airfoil angles of 374 

attack could have varied widely in the presence of dynamic wind with no blade pitch actuation 375 

yielding angles of attack corresponding to low lift (very low angles of attack) or high drag (large 376 

angles of attack), both of which would have diminished torque and power output. 377 

To continue the controller response investigation, data regarding rotor speed performance for all 378 

the controllers is given in Fig. 17.  As seen in the figure, the FF, CS25 and CS100 configurations 379 

all exhibit very tight ranges on the rotor speed as a result of their constant rotor speed control 380 

scheme.  The VS controller, unsurprisingly, shows by far the largest standard deviation and 381 

range on rotor speed of any of the turbine controllers.  The VS rotor speed range was 55% of the 382 

mean value, a range that is a bit larger than one would expect from a commercial land-based 383 

wind turbine. 384 
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Lastly, the aerodynamic rotor thrust response produced by the various control schemes is 385 

provided in Fig. 18.  The thrust force displayed in the figure is measured from the tower-top load 386 

cell and is corrected for nacelle and rotor inertial effects using accelerometer data.  That aside, 387 

the active controllers tend to reduce the standard deviation and range of the aerodynamic thrust 388 

as illustrated in Fig. 18, this being consistent with what one would expect of an active turbine 389 

controller.  The mean values for the FF and three active are slightly different and follow the trend 390 

found for the generator torque with the highest mean value observed for the CS100 configuration 391 

and the lowest for the VS controller.  And since the aerodynamic thrust force is the primary 392 

contributor to the overturning moment applied to the floating wind turbine, the findings for the 393 

mean aerodynamic thrust in Fig. 18 are consistent with the statistics given in Table 6 wherein the 394 

CS100 controller elicits the largest mean platform pitch angle and the VS arrangement the 395 

smallest mean platform pitch angle. 396 

5. Discussion 397 

5.1. Platform Pitch Dynamics 398 

As revealed in the platform pitch free-decay tests, an operating wind turbine increases platform 399 

pitch damping; however, from the available data it is hard to distinguish if the controllers studied 400 

here alter this damping in a strong manner.  The more prominent change in platform pitch 401 

dynamics is revealed to be an elongation of the platform pitch damped natural period that results 402 

from a suspected controller-induced reduction in the effective platform pitch stiffness that 403 

increases with increasing controller gain.  Period elongations of over 10% were observed.  While 404 

the performance of the floating wind turbine system in the face of combined wind and wave 405 

loading did not seem to be adversely affected by this change in the effective platform stiffness, 406 

designers may wish to consider this effect in stability and modal analyses for floating wind 407 

turbine systems.  For example, the controller-induced reduction in effective platform pitch 408 

stiffness could detract from platform pitch motion improvements obtained through management 409 

of aerodynamic loads via turbine controls.  Conversely, designers could utilize the elongation in 410 

platform pitch period to actively assist in avoiding platform excitation from the wave energy 411 

frequency range for operational sea states. 412 

5.2. Global Performance Trends 413 

When compared to the base FF configuration, the active turbine controllers generally reduced 414 

motions and loads, a positive result.  In some instances, the reductions were consistently 415 

significant as it was for the platform surge position.  In others, such as the nacelle surge 416 

acceleration, the reductions were uniformly marginal.  Regardless of the change, these alterations 417 

in global performance were almost exclusively the result of modifying the low-frequency 418 

response with the only exception being the upwind fairlead tension PSD which exhibited some 419 

small deviations in behavior in the higher-frequency, wave energy range.  This overall trend of 420 

low-frequency response modification was reinforced through investigation of the response 421 

phasing relative to the environmental excitation.  The controllers significantly alter the response 422 

phasing relative to the low-frequency wind excitation for all of the motion and load parameters 423 

considered.  The response phasing relative to the higher-frequency wave excitation was hardly 424 

altered for any of the quantities investigated, including the mooring load. 425 

  426 
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5.3. CS25 Controller 427 

For the CS25 constant rotor speed controller, which used a smaller gain than its CS100 428 

counterpart, the slow blade pitch actuation response ultimately led to the largest pitch actuation 429 

range of any of the controllers considered.  This slow control response also produced, on 430 

average, the smallest improvements in global performance of the floating wind turbine for any of 431 

the field variables investigated. 432 

5.4. CS100 Controller 433 

The higher gain constant speed controller, the CS100, exhibited the most active blade pitch 434 

motion as evidenced by it possessing the largest blade pitch angle standard deviation of any 435 

controller investigated.  This control scheme yielded the largest reductions in the surge response; 436 

however, the CS100 controller exhibited large increases in the platform pitch response at the 437 

platform pitch damped natural period.  This is not entirely unexpected as blade pitch controllers 438 

that operate at high frequencies have been shown through simulation to create platform pitch 439 

resonance issues (e.g. see [3]). 440 

5.5. VS Controller 441 

The most realistic blade pitch controller studied, the VS controller, overall showed the best 442 

improvement in platform motions and loads of all the controllers studied.  In particular, the 443 

controller distinguished itself in its reduction of platform pitch motions relative to the other 444 

controllers.  This improved performance also comes with the least variation in the blade pitch 445 

angle actuation, a desirable result.  However, the rotor speed variation that accompanies this 446 

improved global performance is fairly significant indicating that much of the kinetic energy that 447 

would have been expressed as platform surge or pitch motion is likely being conveyed to the 448 

rotor. 449 

5.6. Performance Gains and Their Trade Offs 450 

Overall, the experimental data suggests that tuning of active turbine controls can influence global 451 

motions and loads for a floating wind turbine, often for the better.  That stated, these 452 

improvements are often not without consequence as they are achieved at the expense of 453 

undesirable increases in blade pitch actuation motion and/or rotor speed variation.  In short, 454 

floating wind turbine controller design may best be served by striking a balance between power 455 

regulation, load mitigation and controller actuator duty. 456 

5.7 Applicability to Full-Scale Systems 457 

The data given is this work uses a wind turbine and control schemes tuned to function in the low-458 

Reynolds number, Froude-scaled environment of a wind/wave basin.  This results from the fact 459 

that the turbine aerodynamic sensitivities, for example the change in power with respect to a 460 

change in blade pitch angle, are not true to scale.  As such, the findings presented in this work 461 

may not accurately represent the influence of active turbine controls on the full-scale behavior of 462 

a floating wind turbine.  That said, the use of properly Froude-scaled wind environments along 463 

with a performance-matched wind turbine that preserves aerodynamic thrust performance should 464 

emulate the general trends one would observe of controller-induced floating system behavior at 465 

full-scale.  Definitively resolving the discrepancy between model-scale and full-scale floating 466 

wind turbine controller behavior should be pursued in future work. 467 

  468 
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Tables 557 

Mean (m/s) � (m/s) Max. (m/s) Min. (m/s) 
21.02 2.15 30.00 12.93 

Table 1.  Hub-height wind speed statistics for the dynamic wind. 558 

 559 

�� (m) �� (s) Max. (m) Min. (m) ���� (m) 
7.05 12.09 7.47 -6.69 13.17 

Table 2.  Statistics for the irregular wave. 560 

 561 

Rotor Diameter (m) 126.0 
Hub Height (m) 90.0 
Draft (m) 20.0 
Mooring Spread Diameter (m) 1675 
Mass w/ Turbine (MT) 13,958 
Displacement (MT) 14,265 
Center of Gravity Above Keel (m) 11.93 
Roll Radius of Gyration (m) 32.63 
Pitch Radius of Gyration (m) 33.38 
Tower Fore-aft Bending Frequency (Hz) 0.32 

Table 3.  Gross properties of the DeepCwind-OC5 floating wind turbine. 562 

 563 

Blade Pitch � Rotor Speed (rpm) Controller 
Setting 

Pitch 
Period (s) 

∆	��"#$ 
(%) 

90.0° 0.0 N/A 32.5 N/A 
17.2° 12.1 FF 32.2 1.9 
Active 12.1 CS25 33.2 -4.2 
Active 12.1 CS100 35.9 -18.0 
Active Variable VS 33.6 -6.4 

Table 4.  Platform pitch damped natural periods as measured from free-decay tests and estimated 564 

change in platform pitch stiffness. 565 

 566 

 FF (m) ∆ CS25 (%) ∆ CS100 (%) ∆ VS (%) 
Mean -7.40 2.0% 2.3% -0.8% 
� 2.29 -24.5% -33.6% -29.7% 
Range 16.39 -20.8% -31.8% -22.8% 

Table 5.  Platform surge statistics for the FF configuration and the deviations for each of the 567 

controller schemes. 568 
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 FF (°) ∆ CS25 (%) ∆ CS100 (%) ∆ VS (%) 
Mean -2.31 0.0% 5.6% -5.2% 
� 1.52 -11.8% -13.8% -28.3% 
Range 11.13 -8.4% -6.6% -27.1% 

Table 6.  Platform pitch statistics for the FF configuration and the deviations for each of the 569 

controller schemes. 570 

 571 

 FF (m/s2) ∆ CS25 (%) ∆ CS100 (%) ∆ VS (%) 
Mean 0.42 7.1% 7.1% 2.4% 
� 0.52 -3.8% -3.8% -7.7% 
Range 4.65 -2.6% -5.6% -3.4% 

Table 7.  Nacelle surge acceleration statistics for the FF configuration and the deviations for each 572 

of the controller schemes. 573 

 574 

 FF (kN) ∆ CS25 (%) ∆ CS100 (%) ∆ VS (%) 
Mean 1527.31 0.6% 0.5% -0.8% 
� 294.57 -8.4% -13.0% -12.4% 
Range 3557.49 -8.7% -10.5% -11.6% 

Table 8.  Upwind fairlead tension statistics for the FF configuration and the deviations for each 575 

of the controller schemes.  576 
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Figure Captions 577 

Fig. 1.  DOF and heading of winds and waves for model test. 578 

Fig. 2.  Target and measured PSDs for the dynamic wind and the irregular sea state. 579 

Fig. 3.  Images of DeepCwind-OC5 floating wind turbine in MARIN’s offshore basin. 580 

Fig. 4.  Comparison of normalized full-scale target and model wind turbine performance. 581 

Fig. 5.  Corrected platform pitch free-decay times series for different wind turbine control 582 

scenarios. 583 

Fig. 6.  Platform pitch free-decay damping response for different wind turbine control scenarios. 584 

Fig. 7.  a) FF configuration platform surge response and b) the deviation from this response for 585 

each of the controller schemes. 586 

Fig. 8.  a) FF configuration platform surge phase shift and b) the deviation from this phase shift 587 

for each of the controller schemes. 588 

Fig. 9.  a) FF configuration platform pitch response and b) the deviation from this response for 589 

each of the controller schemes. 590 

Fig. 10.  a) FF configuration platform pitch phase shift and b) the deviation from this phase shift 591 

for each of the controller schemes. 592 

Fig. 11.  a) FF configuration nacelle surge acceleration response and b) the deviation from this 593 

response for each of the controller schemes. 594 

Fig. 12.  a) FF configuration nacelle surge acceleration phase shift and b) the deviation from this 595 

phase shift for each of the controller schemes. 596 

Fig. 13.  a) FF configuration upwind fairlead tension response and b) the deviation from this 597 

response for each of the controller schemes. 598 

Fig. 14.  a) FF configuration upwind fairlead tension phase shift and b) the deviation from this 599 

phase shift for each of the controller schemes. 600 

Fig. 15.  Turbine controller blade pitch angle response. 601 

Fig. 16.  Turbine controller generator torque response. 602 

Fig. 17.  Turbine controller rotor speed response.  603 

Fig. 18.  Turbine controller aerodynamic rotor thrust response. 604 
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Highlights for “Experimental observations of active blade pitch and generator control influence 

on floating wind turbine response” submitted by A.J. Goupee, R.W. Kimball and H.J. Dagher to 

Renewable Energy 

1. Wind/wave basin model tests are used to experimentally assess the influence of active 

turbine blade pitch and turbine controls on floating wind turbine motions and structural loads 

2. Mathematical explanations are provided for the experimentally observed controller-induced 

increases in the platform pitch damped natural period calculated from platform pitch free-

decay tests 

3. Analysis from combined dynamic wind and irregular sea conditions show that turbine 

controllers significantly alter the frequency domain load and motion response in both 

amplitude and phase relative to the low-frequency wind excitation 

4. Active turbine controllers do not significantly alter floating wind turbine response in the 

wave energy frequency range 

5. Improvements in floating wind turbine dynamic response often come at the expense of 

increased blade pitch motion or increased variations in rotor speed 


