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Experimental observations of active blade pitch and generator control influence on floating
wind turbineresponse

Andrew J. Goupee®*, Richard W. Kimball? and Habib J. Dagher®
1. Department of Mechanical Engineering, Universitivaine, Orono, Maine, USA
2. Department of Engineering, Maine Maritime Acagefastine, Maine, USA
3. Advanced Structures and Composites Center, tBifyef Maine, Orono, Maine, USA

Abstract

In this paper, the influence of wind turbine blggiech and generator controls on the global
response of a floating wind turbine is investigateéfeveral different active turbine controllers
are considered and the resulting floating windinglglobal response is compared with that for a
baseline configuration employing a fixed blade Ipiemd a fixed rotor speed. Results from
platform pitch free-decay tests as well as a siamglbus dynamic wind and irregular sea state
condition are used to understand the controller8uénce on floating wind turbine dynamic
behavior.

Keywords: Floating, wind, turbine, control, serabsnersible
1. Introduction

Floating offshore wind turbine technology showsagirgromise as it enables the harnessing of
abundant, clean renewable deep water wind enerjgy IHbwever, the technology is not yet
commercially mature and there are several areasewether research and development may
permit smarter, more economical designs. One afrggieat interest pertains to active turbine
blade pitch and generator controls and their imib@eon the coupled dynamic response of
floating wind turbines [2]. Jonkman [3] showedahgh simulation that standard land-based
controls aimed at regulating power generation cauige platform pitch instabilities for floating
wind turbines with compliant foundations. Numerortesearchers have worked towards
developing floating wind turbine-specific turbinentrol strategies that prevent such instabilities,
mitigate loads and properly regulate power usireptétical frameworks and simulation (e.g. see
[4-13]). Despite the great interest in the topittle work has been done experimentally to
understand the influence of active turbine contosidloating wind turbine global performance.
Azcona et al. [14] performed model-scale experimenit a semi-submersible floating wind
turbine that incorporated aerodynamic thrust usirtyicted fan which was controlled via a real-
time numerical simulation with active turbine canér Huijs et al. [15] also performed model-
scale testing of a floating turbine with activeltime controls in a wind/wave basin, albeit with a
fully-functioning wind turbine operating in a Froadcaled wind environment. Both Skaare et
al. [16] with the Hywind Demo and Viselli et al.f[Lwith the VolturnUS 1:8 have performed
numerical model correlation studies with experiraérdata from ocean-deployed prototypes
employing active turbine controls. One of the fearks that goes beyond simply incorporating
turbine controls into the experiment and beginexplore the influence of control parameters on
turbine performance can be found in Chujo et &].[1Chujo et al. performed 1/100th-scale
experiments in a wind/wave basin and altered terbihade pitch control parameters to
understand their impact on rotor speed and platfpitch motion variation for a spar-based
floating wind turbine.

*Corresponding author. E-mail address: agoupe9 ligaredu
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In light of the limited experimental study of a&iwrbine controls and their impact on floating
wind turbine global performance, the DeepCwind @otigm, led by the University of Maine,
performed a series of 1/8&cale model tests at the Maritime Research InstiNetherlands
(MARIN) Offshore Basin of a floating wind turbinemploying various active turbine control
schemes. The experiments, which were performed sami-submersible-based floating wind
turbine, provide insight into the alterations irstgm motions and loads resulting from various
wind turbine controller strategies. Of particulaterest in this work are the changes in the
frequency domain response, phase of the respotetiveeto the environmental inputs and
response statistics for select quantities thatcallyi respond strongly to aerodynamic loads.
Specifically these quantities include the platfasorge motion, platform pitch motion, nacelle
surge acceleration and upwind fairlead tension.addition, the controller actuation behaviors
are also studied.

2. Model Test Description

For this campaign, the model tests were perfornme®dARIN’s Offshore Basin [19]. The
directions of the winds and waves produced in tagirf) in addition to the orientations of the
rigid-body degrees of freedom (DOF), are depicte#ig. 1. All model particulars and test data
was reported at full scale by MARIN. As such,\allues reported in this paper are presented at
full scale.

2.1. Environmental Conditions

The operating environment used for investigating thfluence of wind turbine controls on
global performance consists of a dynamic wind anegular sea state. The dynamic wind as
measured at the hub-height location of 90 m abtreemean water line follows a National
Petroleum Directorate (NPD) spectrum [20] with aaméaub-height wind speed of 21.02 m/s.
The NPD spectrum is distinct from spectra specifiedstandards for use in typical turbine
simulation in that it only specifies the temporariation in the longitudinal direction (i.e.,
negative surge direction here) at the hub heigldt @mes not prescribe any realistic spatial
variation in the features of the wind inflow. Thsmplistic spectrum is well suited for
wind/wave basin testing as achieving temporallyway, albeit spatially uniform flows over the
rotor plane area constitutes the limit of the cotrrgtate-of-the-art in wind field generation for
open-jet wind machines found in wave basins as usedis test campaign. That noted, this
wind speed lies between the rated and cut-out sjreegds for a typical commercial wind turbine
where active blade pitch control is relied uporrdgulate turbine power. Wind speeds below
rated, where blade pitch control is not used anly eariable speed generator controls are
employed, are not of interest in this work and aoé considered here. The irregular sea state
follows a Joint North Sea Wave Project (JONSWAR)csum [21] representative of a 1-year
event as found in the Gulf of Maine [22]. The istats for the dynamic wind and irregular wave
can be found in Tables 1 and 2, respectively. Nuwdéin the tables is the standard deviation,
H; is the significant wave heighk, is the peak spectral period aHg,,, is the maximum wave
height. The target and measured power spectralitge(PSD) as a function of frequency for
each of these environmental conditions is giveRign 2.

2.2. Model Properties

The floating wind turbine used for these tests wasnprised of the DeepCwind semi-
submersible supporting the MARIN stock wind turbin8pecifically, the configuration is the
one currently being studied for the Internationakiy Agency’s Wind Task 30: Phase 1l OC5
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project. Images of the system being tested irMARIN Offshore Basin, which was moored by
three catenary chains, are shown in Fig. 3. Sigedétails on the turbine can be found in de
Ridder et al. [23] and Kimball et al. [24]. Additial details for the hull are located in Goupee et
al. [25]. A brief overview of the gross system pedies are given in Table 3.

A comparison of the normalized full-scale targeatiNnal Renewable Energy Laboratory 5 MW
reference wind turbine [26]) and model wind turbpexformance as measured at a steady hub-
height wind speed of 12.91 m/s over various ropaesls using a collective blade pitch angle of
1.0° is provided in Fig. 4. The figure shows ttied thrust coefficien€; is similar between the
full-scale target and model turbines allowing foe production of the correct aerodynamic thrust
loads in the Froude-scaled wind environments oftthgin. And while short of the full-scale
target, the figure also indicates that the modebihe produces a reasonable performance
coefficientCp. The ability of the turbine to produce a fair ambof power under Froude-scaled
winds enables the execution of experiments withistgaactive turbine controls as the primary
objective of wind turbine controllers is the redida of power. C; andCp definitions can be
found in [27].

2.3. Blade Pitch Controller Descriptions

In addition to a fixed blade pitch test with a camé rotor speed, two types of active blade pitch
control algorithms were utilized. Both algorithmsploy collective blade pitch actuation. The
first was a simple, robust algorithm developed b&RIN that uses integral control to reduce the
error on generator power with a target of 3.5 MWhe rotor speed was maintained at a constant
12.1 rpm using a separate control loop. MARIN dedithis control strategy as a backup to a
more standard variable rotor speed configuratioanneffort to de-risk the test campaign and
protect the expensive MARIN stock wind turbine mloderhis particular controller allows
precise regulation of the rotor speed for startalqfut-down and general operation during testing
and prevents possible damage to the model due temfmd rotor over-speed scenarios. And
while the controller was not entirely represen&atf a full-scale controller, it did permit a safe
means for exploring the influence of active bladetpcontrol on floating wind turbine response.
As such, this controller was used for a good pathe test campaign. During testing, several
integral gains were investigated by changing theegrator gain constanf;. Responses
associated with constants 6f = 25 x 18 W/s andC; = 100 x 18 W/s are considered in this
work. These values were chosen through experiientan the basin, with the final values
providing reasonable power control and blade pitadtion while still being distinct in their
respective global performance. The actual ¢gaiis computed a§; divided by the sensitivity of
rotor power to collective blade pitch angl®/d6. dP /06, which is a function of collective
blade pitch angle, was derived from MARIN Stock Winhurbine performance data taken prior
to the basin tests and had the form

Z_S = 8.56 X 10° — 4.96 x 100 W/rad, (1)

where8 is the collective blade pitch angle in radianshe Becond controller, specified by the
University of Maine, attempted to emulate a sinmiple realistic proportional-integral collective
blade pitch control algorithm that seeks to minieniotor speed error based on a target of 12.1
rom. This control algorithm also uses a varialgleesi generator control with the target torque
being proportional to the square of rotor speedwel2.1 rpm, and equal to a constant value of
2690 kKN-m at or above 12.1 rpm. The variable refmed aspect of this controller was viewed
as more risky to implement by the MARIN staff, dmehce, was used only in a limited fashion
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near the end of test campaign once the bulk ofddta was collected. The proportional and
integral gains for the blade pitch controller ammputed in accordance with the equations of
[28] using a recommended damping ratio of 0.7 dedaforementionedP /06 function. The
controller frequencw,, is set to 0.6 rad/s for the case studied in tafgep and was chosen while
tuning the controller in the basin so as to achieasonable rotor speed variations and blade
pitch motions. For the remainder of this work, tdoastant rotor speed control schemes will be
labeled CS25 and CS100 for control gainsCpf= 25 x 18 W/s andC; = 100 x 16 Wrs,
respectively. The variable speed control schenlkebei denoted as VS. For the fixed blade
pitch, fixed rotor speed controller, a designatdirF will be used.

3. Free-decay Response

Prior to combined wind/wave testing of the floatiwgnd turbine system, simple platform pitch
free-decay tests were performed to begin asseshmgnfluence of controller behavior on
platform pitch dynamics. While motions other thalatform pitch were excited during these
tests, in particular yaw motions due to rotor-retagyroscopic effects, these non-platform pitch
motions were relatively small compared to the primadatform pitch motion and did not exhibit
any discernable trends associated with the turboeroller selected. That noted, the cases
considered include no wind with feathered bladkes Q0°) to reduce aerodynamic drag, a fixed
rotor speed and fixed blade pitah £ 17.2°) configuration (FF) subjected to a stea@lyi9 m/s
wind and each of the three aforementioned controbafigurations subjected to the same steady
21.19 m/s wind. Fig. 5 and Fig. 6 display the fplath pitch free-decay time series corrected for
the mean offset (i.e., the steady-state platforthpangle is subtracted from the response) and
damping ratio as a function of initial cycle ampdle, respectively, for each of the five turbine
configurations considered. As seen in the figuaispf the operating turbine scenarios increase
the platform pitch damping appreciably. And whhere were some distinctions between the FF
case and the scenarios using a controller, oviireyl each seem to provide a reasonably similar
increase in overall platform pitch damping.

The influence of the particular control scheme o platform pitch dynamic response becomes
more prominent when considering the change in thdgom pitch damped natural period as
shown in Table 4. It is worth noting that the sgatate mean platform pitch angle is essentially
0.0 degrees for the case with no wind and a snalllevof approximately 2.2-2.4° for the
remaining cases with wind. Therefore, any obsediffidrences in the damped natural period
between the configurations are not likely attrill#ato nonlinear hydrostatic effects. That
stated, Table 4 indicates that the operating case sontroller does not significantly alter the
platform pitch damped natural period; the threeesasmploying an active turbine controller each
increase the damped platform pitch period with@8100 controller lengthening the period by
10.5% over the base case performed in the absénemad. These observed increases are not
due solely to the growth in the damping observedrign 6. The platform pitch damping
increases observed for the operating turbine dasesy. 6 can only account for at most ~1% of
the lengthening of the damped natural pitch peribdngthening of the platform pitch damped
natural period as observed in the tests require® rdmastic changes than just an increase in
damping. As will be discussed in the subsequettiase it is suspected that the root cause is a
controller-induced change in the platform pitctifséssCp;:c,. Table 4 displays an estimate of
the required change in the platform pitch stiffn&6s;;.;, to achieve the measured change in the
platform pitch damped natural period. For thedixetor speed and fixed blade pitch condition,
almost no change in the pitch stiffness is obserdedthe CS100 control scheme a drastic
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18.0% reduction in the effective platform pitchffsiéss is required to account for the alteration
of the platform pitch damped natural period.

3.1. Controller-induced Platform Pitch Period Elatign

In an attempt to explain the damped platform pigtbngation displayed in Table 4, the
mathematical techniques outlined in [3] are appledhe control scheme utilized in the test
program. To begin, the equation of motion for ghatform pitch DOF is cast in terms of the
surge displacement of the hub-height location as done in [3] giving

A B Cc
PZ;Chx + PlftChx + PZtchx — T, (2)

whereAp;;., is the combined physical and added inertia foplagform pitch DOF B, is the
linearized platform pitch damping coefficient reswd from radiation and viscous effect;;cn,

is a combination of linear hydrostatic and mooting platform pitch DOF stiffnesd, is the hub
height of the rotor and is the aerodynamic rotor thrust. Consideringatayns inT with hub-
height wind speed and blade pitch orientationrsa-brder Taylor series expansion yields

T = T——'+ A0, (3)

whereT, is the aerodynamic rotor thrust at a linearizapomt, U is the wind speed averaged
over the rotor area ar@llis the collective blade pitch angle as noted mnesly. For the constant
rotor speed, active blade pitch control scheme €825 and CS100), the perturbation in
collective blade pitch angl&g is

A6 = K; [, APdt, (4)

where K; is the integral control gain and® is the rotor power. The rotor power P can be
expanded in a similar fashion to the rotor thruging

P= P— x+ 20, (5)

with P, belng the rotor power at the linearization poiitoting thatAP = P — P,, Eqs. 4 and 5
can be combined to produce

oP

t oP . oP
00 = K; [ (- 2% + 2000 dt = —K; 20x + Ky 50 [ Af. (6)
Substitution of Eq. 6 into Eq. 3 yields
arT op
T=T,— 505+ (=K 2ox + K; 52 [ Afdt). 7)

Inserting the expression f@r from Eq. 7 into the platform pitch DOF equationnobtion Eq. 2
gives

Apiteh 4 | (BPltCh n au)x n (CPltch + K a_Ta_P) =T, + k.9

12 12 L9 au L 9o f Agdt. (8)

Of interest in EqQ. 8 is the term multiplyingas this represents the platform pitch stiffnesgHe
equation of motion cast in terms of the hub-heiginige motion. Note that in addition to the
stiffness Cp;en/L? provided by hydrostatics and the mooring system,additional term is
included involving the integral control gaiki, the sensitivity of the aerodynamic thrust to
changes in collective blade pitch anglB/06 and the sensitivity of the rotor power to changes
in wind speeddP/dU. SinceKk; is positive,dT /06 is negative andP/dU is positive, the
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effective platform pitch stiffness is less than ghieh stiffness provided through hydrostatics and
mooring alone. In addition, if the controller isrmed off, thenk; is effectively zero and the
pitch stiffness is unaltered which agrees withagkperimental results. This simple mathematical
result provides a plausible explanation as to wigygresence of an active blade pitch controller
elongates the platform pitch damped natural periGtanted, the derivation does not apply to
the VS controller; however, the findings displayedrable 4 and in [25] indicate that a similar
phenomenon occurs for this turbine control scheme.

4. Response in Combined Wind and Waves

When subjected to the wind and wave environment$igf 2, the global response of the
DeepCwind-OC5 floating wind turbine differs deperglion the particular turbine control
scheme employed. Of particular interest here dsgfopm rigid body motion, nacelle
acceleration and mooring loads. In addition, thrbihe actuation responses that give rise to the
altered global performance behaviors are alsotefest. The response of the FF configuration
and the deviations the various control schemesyaexl from the base configuration are now
discussed.

4 .1. Platform Motion

For the wind and wave orientations of Fig. 1, tHatfporm DOF which are most strongly
influenced by changes in the turbine controller swrege and pitch. Fig. 7a depicts the PSD of
the platform surge as measured at the mean waeefdr the FF case and Fig. 7b the deviafion
from this base case caused by the various contfeénses. As seen in Fig. 7a, the surge
response is dominated by low-frequency slow drifition near the platform’s surge damped
natural frequency of 0.0094 Hz; the response inthee energy frequency range (>0.06 Hz) is
significantly smaller. The dominant low-frequen@gponse is attributable primarily to second-
order difference-frequency wave diffraction foraeish the dynamic wind increasing the surge
response slightly for frequencies less than 0.02 Hze increases in surge response due to wind
loading in the FF case over a baseline test usempvioads only and a parked wind turbine in
calm air are approximately 50%Hz. When the controller is enabled, large reduniin the
low-frequency surge motion are achieved with thel@X controller exhibiting the largest
reductions and the CS25 the least. The decre#iséised with the various controllers yield low-
frequency surge responses that are similar t&ssrthan, a corresponding wave-only case with a
parked wind turbine and no wind applied. For tf&100 controller, the peak frequency domain
response is reduced by 42%. For all of the cdetgino appreciable change in the response is
observed in the wave energy frequency range.

Fig. 8a shows the phase shift in the platform suegponse relative to the environmental
excitations for the FF configuration. Note that fois and subsequent figures of this type, the
phase shift of the response is computed relativihéodynamic wind speed at the hub-height
location for frequencies less than 0.065 Hz anddmputed relative to the irregular wave
elevation at the undisplaced location of the platfdor frequencies greater than 0.065 Hz. As
seen in Fig. 2, this is a reasonable choice fodtknction between the primary wind and wave
excitation regimes. It should be noted that thethndology will yield phase shift curves that are
not continuous at 0.065 Hz. This transition pewit be noted in all relevant figures. Moving to
Fig. 8b, which shows the change in the phasingtivelao the base case for each of the
controllers, it is observed the controllers havieliinfluence in the surge response phase in the
wave energy regime; in the wind energy regime timasmg of the response is altered
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significantly. For all cases, the phasing isralethe most near the platform surge and pitch
damped natural frequencies of 0.0094 Hz and 0.03Xd4pectively.

To complete the surge discussion, the platform eswstatistics for the base case and the
deviations caused by the three turbine controiermesented in Table 5. As seen in the table,
the mean surge is very similar for all cases. 3tamdard deviation and range, however, are
significantly reduced for all of the controller ess The CS100 controller achieves the largest
reduction of all the controllers in each of thesstnios.

The platform pitch PSD for the FF configuration alediation from this response caused by the
various turbine controllers are shown in Fig. 9d &ig. 9b, respectively. Similar to the surge
response, the platform pitch frequency domain nespdor the FF case is dominated by the low-
frequency motion occurring near the correspondi@f-Rlamped natural pitch frequency (0.031
Hz for platform pitch). The response in the priynaave energy frequency range is much
smaller. As shown in Fig. 9b, all of the contradleeduce the platform pitch response for very
low frequencies (<0.005 Hz). The VS controlleruees the response all the way up to 0.04 Hz
with the exception of a minute increase at thef@iat pitch natural frequency. The CS25
controller increases the response in the rangeddf0.04 Hz, albeit only slightly. The CS100
controller behaves similar to the VS controller epxicnear the platform pitch natural frequency
where it induces a severe increase in platfornhpigsponse. The CS100 controller increases
the peak frequency domain response for platforochdty 113%. For all of the controllers, no
observable change occurred in the wave energyédrexyurange.

Moving to Fig. 10, the platform pitch response @hahkift for the FF case and the deviations
from this baseline for the various controllers igeg. Again, Fig. 10b shows no appreciable
phase shift for frequencies dominated by wave atioit for the three controllers. Each of the
controllers exhibit similar changes in the pitckpgense phasing relative to the wind excitation
with some of the phase shifts over this frequeatye being quite large.

To complete the discussion for this particularfplah DOF, the FF configuration platform pitch
statistics as well as the changes resulting froffiereéint turbine controllers is given in Table 6.
For each case, the mean pitch angle is fairly amniAll of the controllers diminish the standard
deviation and range. This is somewhat surprisioigsiclering the large increase in the peak
frequency domain response for the CS100 controllédf the three controllers, the VS
configuration provides the most drastic reductiomsplatform pitch standard deviation and
range.

4.2. Nacelle Acceleration

The frequency domain response of the surge-directiacelle acceleration for the FF

configuration is given in Fig. 11a. Part b of figure displays the deviation from this response
for the three different turbine controllers. Aseowould expect from Fig. 11a, nacelle surge
acceleration responses do exist beyond the 0.ll#ritzprovided in the figure, much of it due to

wave excitation from the higher-frequency composaeritthe irregular sea state. However, the
responses beyond this frequency are essentiallgaime for all four scenarios considered here,
and therefore do not provide much insight into tiierences between the various control
schemes. Another contribution to the nacelle sampeleration above 0.14 Hz can be attributed
to the elasticity of the tower (fore-aft bendingdquency of 0.32 Hz as noted in Table 3), albeit
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much of this response is muted by the presenceroflgnamic damping (e.g. see [29]). As such,
the overall nacelle surge acceleration is dominatedhe pitch motion of the platform. With
that in mind, it is unsurprising that the trendseflved in Fig. 11 for nacelle acceleration are
similar to those found for platform pitch in Fig. The one difference is the surprising dip in the
nacelle surge acceleration at the heart of the vesmezgy frequency range (~0.08 Hz). This
behavior is attributed to the semi-submersiblefptat dynamics and is not influenced in any
meaningful way by the turbine’s operation (e.g. [S€3).

Fig. 12 shows the FF configuration phase shiftsnfzelle surge acceleration in addition to the
changes from these phase shifts resulting fromouaricontroller configurations. Unlike the
nacelle surge acceleration and platform pitch PSiies,FF nacelle acceleration phases and the
changes to these phases resulting from the caensadire quite distinct from the platform pitch
phasing of Fig. 10. However, similarities do existh regard to other trends. In particular, as
was observed for platform pitch, the controllerslgisimilar types of phasing changes in the
wind excitation range relative to one another dtitk lto no phase change in the wave energy
range for nacelle surge acceleration.

Table 7 displays the FF nacelle surge acceleratatistics and changes to these statistics
obtained via different turbine controllers. Assée the table, the mean changes marginally. It
should be noted that the mean is non-zero sinceutge acceleration sensor is aligned with the
turbine, which possesses a small mean inclinatimntd wind load (i.e., a mean pitch value as
shown in Table 6). As a result, a small compomdithe acceleration due to gravity is recorded

in the surge direction by the sensor. This notedble 7 shows that controllers each diminish the
standard deviation and range of the nacelle swrgeleration; however, each of the reductions is
less than 8% with no particular control schemeimistishing itself as the best performer in this

regard.

4.3. Mooring Loads

Upwind fairlead tension PSDs for the FF configumatias well as the deviation from this
configuration arising from different turbine cortschemes are shown in Fig. 13. As seen in
Fig. 13a, the fairlead tension exhibits strong oeses at both the damped natural platform surge
frequency as well as in the wave energy frequenoge. The response at the damped natural
platform surge frequency arises from nonlinear r@tg action reacting to platform slow-drift
surge motion; the response in the wave energy émgurange results from viscous drag on the
line reacting to the heave motion of the floatirgtiorm (e.g. see [31]). From Fig. 13D, it is
observed that each of the three controllers redtleedow frequency fairlead tension response
with the CS100 providing the largest reductionsnliké the other quantities investigated thus
far, the controllers also have a small influencetlo® response in the wave energy frequency
range. The CS100 and VS controllers each prouwdevarall marginal reduction in the wave
energy frequency range; the CS25 controller yialddight increase in this range. Despite this
unique behavior relative to the other quantitiesestigated in this work, wind turbine
aerodynamic loads more strongly alter the platfsurge response as compared to the platform
heave response and therefore the primary contrtdidead tension influence resides at the
damped natural platform surge frequency.

The upwind fairlead tension response phasing ferRk case, and deviations from this case for
various turbine controllers, is given in Fig. 14&imilar to other quantities investigated, the
controller does not significantly influence the pimg in the wave energy frequency range
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despite the alterations in the PSDs at these freme® found in Fig 13b. The changes in the
phasing in the wind excitation regime are quitdedént between the controllers from 0.02-0.05
Hz with the CS25 controller causing the largespoese phase deviations.

Table 8 displays the upwind fairlead tension stiaisfor the FF configuration in addition to the
changes resulting from the three turbine contrslldfor all cases, the mean tension is essentially
the same. All of the controllers yield reductiansthe standard deviation and range, with the
CS100 and VS control schemes yielding the largahiations.

4.4. Controller Response

As just discussed, active turbine controls candyddsirable reductions in floating wind turbine
motions and loads. However, these improvementshiatocome for free; the active turbine
controllers studied here can exhibit frequent blgakeh motion, changes in the reactive
generator torque, variations in rotor speed abbeatrtominal operating value and changes in
aerodynamic rotor thrust. It should be noted tawer, which is the product of the reactive
generator torque and rotor speed, is not consideeeel. With near constant rotor speeds for
three of the scenarios (FF, CS25 and CS100) andrehf(VS) with a mean rotor speed similar
to the three fixed-speed cases, the power statigithered from testing exhibit the same trends
as those obtained for the reactive generator toemek provide little additional insight. That
aside, Fig. 15 displays the mean, plus/minus oaedsird deviation and the range of the blade
pitch angle for all of the controllers. As seerthe figure, the CS25 controller shows the largest
range and the CS100 scheme the greatest standdediae The VS controller exhibits the
smallest blade pitch angle standard deviation ande of all the active controllers.

The generator torque response for each of the aomstrategies is given in Fig. 16.
Unsurprisingly, the base FF scheme shows the gteedeation in the generator torque. For this
case, the magnitude of the standard deviationrgetathan the mean generator torque. The
responses for the CS25 and CS100 are similar t@oother with regard to generator torque; the
VS controller exhibits the least variation in geater torque. As per the control scheme
discussed earlier, the torque should be more srdesastant for the VS scheme. However, as
seen in Fig. 16, the actual implementation of thrgue controller for the VS configuration did
show some variation in the generator torque. Sofntleis is due to dips in the rotor speed below
the target 12.1 rpm where the generator torqueapgstional to the square of the rotor speed.
These periodic dips below the rated torque alse gese to a mean torque less than the three
fixed rotor speed configurations, and thus, an al/éower turbine power output. Of the three
fixed rotor speed control schemes, the fixed blpileh scheme produces the lowest average
torque, and hence turbine power. This may be duie fact that the blade airfoil angles of
attack could have varied widely in the presencdyofamic wind with no blade pitch actuation
yielding angles of attack corresponding to low (ifery low angles of attack) or high drag (large
angles of attack), both of which would have dinieid torque and power output.

To continue the controller response investigatdaia regarding rotor speed performance for all
the controllers is given in Fig. 17. As seen ia tigure, the FF, CS25 and CS100 configurations
all exhibit very tight ranges on the rotor speedaagsult of their constant rotor speed control

scheme. The VS controller, unsurprisingly, showsfdr the largest standard deviation and

range on rotor speed of any of the turbine corgrsll The VS rotor speed range was 55% of the
mean value, a range that is a bit larger than omeldvexpect from a commercial land-based

wind turbine.
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Lastly, the aerodynamic rotor thrust response preduy the various control schemes is
provided in Fig. 18. The thrust force displayedha figure is measured from the tower-top load
cell and is corrected for nacelle and rotor inéeféects using accelerometer data. That aside,
the active controllers tend to reduce the standawiation and range of the aerodynamic thrust
as illustrated in Fig. 18, this being consisterthwvhat one would expect of an active turbine
controller. The mean values for the FF and thawaare slightly different and follow the trend
found for the generator torque with the highestrmealue observed for the CS100 configuration
and the lowest for the VS controller. And since #erodynamic thrust force is the primary
contributor to the overturning moment applied te tloating wind turbine, the findings for the
mean aerodynamic thrust in Fig. 18 are consistéhttive statistics given in Table 6 wherein the
CS100 controller elicits the largest mean platf@itoh angle and the VS arrangement the
smallest mean platform pitch angle.

5. Discussion
5.1. Platform Pitch Dynamics

As revealed in the platform pitch free-decay teatspperating wind turbine increases platform
pitch damping; however, from the available daia hard to distinguish if the controllers studied
here alter this damping in a strong manner. Theenpwominent change in platform pitch
dynamics is revealed to be an elongation of th#qgela pitch damped natural period that results
from a suspected controller-induced reduction ia #ffective platform pitch stiffness that
increases with increasing controller gain. Pegtmhgations of over 10% were observed. While
the performance of the floating wind turbine systenthe face of combined wind and wave
loading did not seem to be adversely affected 3/¢hange in the effective platform stiffness,
designers may wish to consider this effect in dtgband modal analyses for floating wind
turbine systems. For example, the controller-imduceduction in effective platform pitch
stiffness could detract from platform pitch motiomprovements obtained through management
of aerodynamic loads via turbine controls. Conelgtrsdesigners could utilize the elongation in
platform pitch period to actively assist in avoigliplatform excitation from the wave energy
frequency range for operational sea states.

5.2. Global Performance Trends

When compared to the base FF configuration, thiweattirbine controllers generally reduced
motions and loads, a positive result. In someaimsts, the reductions were consistently
significant as it was for the platform surge pasiti In others, such as the nacelle surge
acceleration, the reductions were uniformly margiregardless of the change, these alterations
in global performance were almost exclusively tlsuit of modifying the low-frequency
response with the only exception being the upwaidead tension PSD which exhibited some
small deviations in behavior in the higher-frequeneave energy range. This overall trend of
low-frequency response modification was reinfordadough investigation of the response
phasing relative to the environmental excitatidrhe controllers significantly alter the response
phasing relative to the low-frequency wind excdatfor all of the motion and load parameters
considered. The response phasing relative to itfleehfrequency wave excitation was hardly
altered for any of the quantities investigatedludimg the mooring load.

10
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5.3. CS25 Controller

For the CS25 constant rotor speed controller, whisked a smaller gain than its CS100
counterpart, the slow blade pitch actuation resparismately led to the largest pitch actuation
range of any of the controllers considered. THhawvscontrol response also produced, on
average, the smallest improvements in global peréoice of the floating wind turbine for any of
the field variables investigated.

5.4. CS100 Controller

The higher gain constant speed controller, the OS#8hibited the most active blade pitch
motion as evidenced by it possessing the largestebpitch angle standard deviation of any
controller investigated. This control scheme ygeldhe largest reductions in the surge response;
however, the CS100 controller exhibited large iases in the platform pitch response at the
platform pitch damped natural period. This is eotirely unexpected as blade pitch controllers
that operate at high frequencies have been shomough simulation to create platform pitch
resonance issues (e.g. see [3]).

5.5. VS Controller

The most realistic blade pitch controller studigae VS controller, overall showed the best
improvement in platform motions and loads of ak ttontrollers studied. In particular, the

controller distinguished itself in its reduction pfatform pitch motions relative to the other

controllers. This improved performance also convéh the least variation in the blade pitch

angle actuation, a desirable result. However,rtter speed variation that accompanies this
improved global performance is fairly significantlicating that much of the kinetic energy that
would have been expressed as platform surge dn pitation is likely being conveyed to the

rotor.

5.6. Performance Gains and Their Trade Offs

Overall, the experimental data suggests that tuofragtive turbine controls can influence global
motions and loads for a floating wind turbine, oftéor the better. That stated, these
improvements are often not without consequencehay tre achieved at the expense of
undesirable increases in blade pitch actuation anoéind/or rotor speed variation. In short,
floating wind turbine controller design may bestdeeved by striking a balance between power
regulation, load mitigation and controller actuadaty.

5.7 Applicability to Full-Scale Systems

The data given is this work uses a wind turbine @nttrol schemes tuned to function in the low-
Reynolds number, Froude-scaled environment of alAmiave basin. This results from the fact
that the turbine aerodynamic sensitivities, forregke the change in power with respect to a
change in blade pitch angle, are not true to scale.such, the findings presented in this work
may not accurately represent the influence of adtivbine controls on the full-scale behavior of
a floating wind turbine. That said, the use ofgady Froude-scaled wind environments along
with a performance-matched wind turbine that pneseaerodynamic thrust performance should
emulate the general trends one would observe dfata-induced floating system behavior at
full-scale. Definitively resolving the discrepanbgtween model-scale and full-scale floating
wind turbine controller behavior should be pursuefliture work.
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557 Tables

Mean (m/s)| o (m/s) Max. (m/s)| Min. (m/s)

21.02 2.15 30.00 12.93
558 Table 1. Hub-height wind speed statistics fordiggamic wind.
559
Hg (M) | T, (s) | Max. (m) | Min. (M) | Hy,qy (M)
7.05 12.09 7.47 -6.69 13.17
560 Table 2. Statistics for the irregular wave.
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).32
562 Table 3. Gross properties of the DeepCwind-OCétiihg wind turbine.
563
Blade Pitchd | Rotor Speed (rpm) Controller| Pitch ACpitch
Setting 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
564  Table 4. Platform pitch damped natural periodsiaasured from free-decay tests and estimated
565 change in platform pitch stiffness.
566
FF (m)| A CS25 (%) A CS100 (%) A VS (%)
Mean | -7.40 | 2.0% 2.3% -0.8%
a 2.29 -24.5% -33.6% -29.7%
Range| 16.39 | -20.8% -31.8% -22.8%
567 Table 5. Platform surge statistics for the FF muration and the deviations for each of the
568 controller schemes.
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571

572
573

574

575
576

FF (°) | A CS25 (%) A CS100 (%) A VS (%)
Mean | -2.31| 0.0% 5.6% -5.2%
o 152 | -11.8% -13.8% -28.3%
Range| 11.13 | -8.4% -6.6% -27.1%

controller schemes.

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

FF (m/$) | A CS25 (%) A CS100 (%) A VS (%)
Mean | 0.42 7.1% 7.1% 2.4%
o 0.52 -3.8% -3.8% 7.7%
Range| 4.65 -2.6% -5.6% -3.4%

of the controller schemes.

Table 7. Nacelle surge acceleration statisticsifer=F configuration and the deviations for each

FF (kN) | A CS25 (%)] A CS100 (%) A VS (%)
Mean | 1527.31 0.6% 0.5% -0.8%
o 29457 | -8.4% -13.0% -12.4%
Range| 3557.49] -8.7% -10.5% -11.6%

of the controller schemes.
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Table 8. Upwind fairlead tension statistics fag #F configuration and the deviations for each
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Figure Captions

Fig. 1. DOF and heading of winds and waves for ehtest.

Fig. 2. Target and measured PSDs for the dynanmd and the irregular sea state.

Fig. 3. Images of DeepCwind-OCS5 floating wind inghin MARIN'’s offshore basin.
Fig. 4. Comparison of normalized full-scale targetl model wind turbine performance.

Fig. 5. Corrected platform pitch free-decay tirseses for different wind turbine control
scenarios.

Fig. 6. Platform pitch free-decay damping respdoséifferent wind turbine control scenarios.

Fig. 7. a) FF configuration platform surge resgoasd b) the deviation from this response for
each of the controller schemes.

Fig. 8. a) FF configuration platform surge phasié& snd b) the deviation from this phase shift
for each of the controller schemes.

Fig. 9. a) FF configuration platform pitch respemsd b) the deviation from this response for
each of the controller schemes.

Fig. 10. a) FF configuration platform pitch phaséft and b) the deviation from this phase shift
for each of the controller schemes.

Fig. 11. a) FF configuration nacelle surge acegien response and b) the deviation from this
response for each of the controller schemes.

Fig. 12. a) FF configuration nacelle surge acegien phase shift and b) the deviation from this
phase shift for each of the controller schemes.

Fig. 13. a) FF configuration upwind fairlead temsresponse and b) the deviation from this
response for each of the controller schemes.

Fig. 14. a) FF configuration upwind fairlead temsphase shift and b) the deviation from this
phase shift for each of the controller schemes.

Fig. 15. Turbine controller blade pitch angle m@sge.

Fig. 16. Turbine controller generator torque remseo

Fig. 17. Turbine controller rotor speed response.

Fig. 18. Turbine controller aerodynamic rotor strresponse.
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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
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

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

Active turbine controllers do not significantly alter floating wind turbine response in the
wave energy frequency range

Improvements in floating wind turbine dynamic response often come at the expense of
increased blade pitch motion or increased variations in rotor speed



