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In the past decade wind energy installations have increased exponentially driven by reducing cost from
technology innovation and favorable governmental policy. Modern wind turbines are highly efficient,
capturing close to the theoretical limit of energy available in the rotor diameter. Therefore, to continue to
reduce the cost of wind energy through technology innovation a broadening of scope from individual wind
turbinesto the complex interaction within a wind farm isneeded. Some estimates show that 10 - 40% of wind
energy is lost within a wind farm due to underperformance and turbine-turbine interaction. The US
Department of Energy has recently announced an initiative to reshape the national research focus around
thispriority. DOE, in recognizing a testing facility gap, has commissioned Sandia National Laboratories with
the design, construction and operation of a facility to perform research in turbine-turbine interaction and
wind plant under performance. Completed in 2013, the DOE/SNL Scaled Wind Farm Technology Facility has
been constructed to perform early-stage high-risk cost-efficient testing and development in the areas of
turbine-turbine interaction, wind plant underperformance, wind plant control, advanced rotors, and
fundamental studies in aero-elasticity, aero-acoustics and aerodynamics. This paper will cover unique
aspects of the construction of the facility to support these objectives, testing performed to create a validated
model, and an overview of research projectsthat will use the facility.

Nomenclature

BSDS = Blade System Design Study

Cp = Coefficient of Power

Ct = Coefficient of Thrust

CX = Carbon Experimental Rotor Blade Design
DOE = Department of Energy

DGV = Doppler Global Velocimetry

DWM = Dynamic Wake Meandering Model

LES = Large Eddy Simulation

NASA = National Aeronautics and Space Administnatio
NFAC = National full-scale aerodynamic complex

NWI = Texas Tech University National Wind Institute
SNL = Sandia National Laboratories

SWIFT = Scaled Wind Farm Technology Facility

TX = Twist-Bend Coupled Rotor Blade
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I. Introduction

N the past decade wind energy installation hassas®d exponentially driven by reducing cost froohtelogy

innovation and favorable government policy. Inemgcyears wind energy has either led or been sewondtural
gas in terms of total annual power installatiothe US. Modern wind turbines are highly efficiecdpturing close
to the theoretical limit of energy available in tletor diameter. Therefore, to continue to redimecost of wind
energy through technology innovation, a broadenifigscope from individual wind turbines to the coewl
interaction within a wind farm is needed.

To support future wind farm research and develogmée Scaled Wind Farm Technology Facility (SWIFT)
was developed by the US Department of Energy’s Viindrgy Program (DOE) and Sandia National Laboiegor
(SNL). Additionally, SWiFT was built to test adwaed rotors and perform fundamental studies into-a&asticity,
aero-acoustics and aerodynamics. In the followsegtions, previous work, an overview of the fagilia
comparison between experimental and simulation irements, and a discussion about future work wél b
presented.

Il. Scaled Wind Farm Testing Previous Work

In this section, previous efforts at both scaled fufi-scale wind farm experiments will be presehteOf note is
the wide range in scales covered in previous wart the lack of a consistent unifying method forliscathe
results.

A. Scaled Wind Energy Testing

Within this paper, scaled testing is assumed taeXmeriments that occur at a size smaller than ypeal
production wind turbine at the time that the woriswperformed. Well-planned scaled testing provitdaserous
benefits, such as, an ability to control the enwvinent / inflow, ease of adding and maintainingrinstentation,
high experimental cost-efficiency and the abilityscale results up to current and future sizessummary of the
scaled tests discussed is presented in Table 1.

One of the most significant scaled research effads the NREL Unsteady Aerodynamics Experimenthe T
Phase Il through V experiments were performed énfitsld on a 2-bladed wind turbine configuratioruppwind and
downwind campaigns. Much uncertainty was founth& data due to the complexities of field testifitherefore,
in the Phase VI experiment, the test article waged in the large 80 ft. by 120 ft. NASA Ames winghnel to
remove the uncertainty. Numerous analyses have beed continue to be performed on the results & th
experiment. The challenges of this experiment wieat the rotor was 2-bladed instead of the com@wtaded,
the blades were not as flexible as current machiaed with only one machine under test, studietudfine to
turbine interaction could not be performed.

In 2006 to 2012, the Mexnext project analyzed agmachic performance data from the EU Mexico test
campaign. The test was comprised of a single thlaged turbine built with ridged blades and modritethe 9.5
meter by 9.5 meter German Dutch Wind Tunnel (DNWhis test was unique in that the rotor represetited
solidity and airfoil types used on modern utilitgate machines. The airfoil sections were testedalkfor direct
comparison to the 3D blade loads, which were aequirsing high sample rate surface pressure measotem
Additionally, blade loads were measured and detait®/ images were taken in the vicinity of the waddge
vorticity.

At Risg National Laboratory, there is a Vestas Wi&bine installed that has been used on severarawpntal
campaigns. The turbine is three bladed 27 m rditarg speed, and variable pitch with a hub he@f31.5 m as it
was delivered from Vestas. Two experimental cagneiof note are the Active Trailing Edge Flaps (&A)&nd
nacelle mounted LIDAR experiments. In the ATEFject the rotor was replaced with a rotor with #aptegrated
into the blades to test the ability to actively ohlift at a relevant Reynolds number during ggiem conditions.
In the LIDAR experiments, the LIDAR equipment wasunted on the turbine and used to measure winddspee
The facility also has a Tellus turbine with a 19ator and 29 m hub height. This turbine has bessdun rear
facing nacelle mounted LiDAR for the scanning okeaeficits.

Sandia National Laboratories performed scaledrigdtt demonstrate the use of several innovativeeuts that
are currently used in production wind turbine bkdeThe Carbon Experimental (CX) blade was used to
demonstrate that utilization of carbon compositioaigh relatively expensive, in strategic locatiamould produce
a more robust and relatively cost-neutral rotodbla The Twist-bend Experimental (TX) blade wasitpeoduced
to demonstrate that intelligent placement of offsacarbon could result in a blade that could padgitwist and
pitch when under load. The conclusion of this @cowas a significant reduction in Damage Equivialerading for
passive load control that could ultimately leadetther larger rotor blades, reduced drivetrain ilabee and/or
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reduced pitching demand. The Blade System DestgdyS(BSDS) showed innovative concepts at the tahe
design, including a large diameter root and thkzation of flatback airfoils. Both of these inrations allowed for
more structurally efficient airfoils which led to @verall decrease in rotor blade weight (and caostyease in blade
fatigue life and an unexpected improvement in digerformance in soiled conditions. Following skeepassive
load control designs, Sandia initiated a seriesaiive load control rotor blade designs using dding-block
approach. The Sensor Blade, Sensored Rotor andRIMRotor projects iteratively developed a robusisgay
system and then a demonstrative load control dati@eshowed the tremendous future opportunityafdive load
control. The capstone of the series was the flighhe SMART Rotor which was comprised of thregvacflaps on
each rotor blade and full structural and aerodycasansing on each blade.

At Politecnico de Milano, a wind turbine experimantesting facility has been developed in partnigrstith
Vestas Wind System A/S. The facility utilizes theisting boundary layer wind tunnel with a crosstiem of
13.8m x 3.8 m. A turbine with a 2m rotor has bemated based on scaled parameters from a Vestasuxtéine.
The turbine is variable speed and pitch regulate@plicate the degrees of freedom in MW turbin€bere are two
turbines, allowing controlled wake performance ¢ostudied. The ability to control the inflow teethotor and the
precision scaling and calibration of the turbineate a unique test bed for aeroelastic and wakigestu

Tablel. Previousscaled turbinetests.

Year | Diameter (m)| Important Data Sets References
UAE Phase V (Field) 1998 10 Inflow, Surface pressioads [1]
UAE Phase VI (Ames 2000 | 10 Surface pressure, Dynamic Stall [2]
Tunnel)
Risoe V27 Tests (Field) 27 Active Load Control, chle based [3-5]

wind measurements

Sandia - CX, TX, Sensor,2006 | 18 Spanwise Strain, Flatback airfoils [6-9]
Smart (Field)
MEXICO (Tunnel) 2006 | 4.5 Unsteady Surface Pressure, Wake PIV  [10, 11]

-12
Bottasso — Vestas (Tunnel2010 | 2 Wake propagation, Waked turbinfl2]
scaled from MW) performance

B. Wind Farm Experimental Campaigns
Wind farm field experiments have primarily focusan wind farm performance and turbine-turbine intécen.

Following the definition in [13], turbine-turbin@tieraction tests focus on the detailed interaatiba few turbines,
while full-scale wind farm performance tests foars the power production and wake induced fatigual$oof
production machines in a wind farm. Using fulldecaroduction machines offers the advantage ofempiring any
special scaling effort, but modern production maehiare significantly more expensive than scalechinas, are
difficult to access, and typically have limited dable data. By focusing on a few turbines, tuestarbine
interaction tests typically offer more robust da&ds and are much more accessible to researchérable 2 is a
summary of previous field test campaigns of turkimbine interaction and full-scale wind farms.
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Table2. Previousfield test campaigns of turbine-turbine interaction and full-scale wind farms. M odified
from [13].
I

Location |# Turbines | Turbine Type | Turbine Spacing | Instrumentation |
Turbine-Turbine Interaction Experiments

Nibe, Denmark 21 630 kw 5D 4 met masts, blade bending moments
Alsvik, Sweden 4| 180 kW Danwin 5D, 7D, and 9.5DS$ | met masts, blade and tower loads
Riso Test Station, Denmark 2| 250 kW Nordex and 225 kW Vestas V27 | 2D blade loads
Kegnae s Ende, Denmark 2| 450 kW Bonus 2.5D blade, nacelle, tower loads
Tjae reborg wind farm, Denmark 5| 2 MW Nordtec-Micon NM80 3.3D blade loads, 5-hole pitot tube
ECN WT Test Site Wieringermeer, The Netherlands 5| 2.5 MW 3.8D met mast, turbine data, blade and tower loads
ECN Scale Wind Farm, The Netherlands 10] 10 kW Aircon ? 14 metv
Full Scale Wind Farm Experiments
Norrekaer Enge Il wind farm, Denmark 42| 300 kW Nordtank 6D-8D 2 met masts, blade loads
Vindeby offshore wind farm, Denmark 11| 450 kW Bonus 8.6D blade and tower loads, 3 met masts, sodar
Bockstigen offshore wind farm, Sweden 5| 550 kW Wind World 8.8D-20.9D one met mast
Middlegrunden offshore wind farm, Denmark 20| 2 MW Bonus 2.4D one met mast, SCADA data
Horns Rev offshore wind farm, Denmark 80| 2 MW Vestas V80 7D three met masts, SCADA data
Nysted offshore wind farm, Denmark 72| 2.3 MW Bonus 10.5D, 5.8D four met masts, SCADA data
Purdue/GE wind energy park, Indiana, U.S.A. 60| 1.5 MW GE - -
Lillgrund, Sweden 48(2.3 MW Siemens 3.3D, 4.4D met mast, SCADA data

I11. The DOE/SNL Scaled Wind Farm Technology Facility

In this section, a description of the key aspetthe SWIFT Facility will be presented. Additiohglefforts
made to produce an accurate structural elastic Imosieg a building-block experimental approach vk
presented.

A. Overview of Scaled Wind Farm Technology Facility
In this section, the important design aspects offFSVwill be described.

1. Purpose of Facility

The SWIFT facility was designed and established remearch and development to support the DOE Wind
Energy Program, as well as, private and publicasegtganizations, such as, universities, compaares other
national laboratories. A partnership between DSHL, Vestas Wind Systems, Texas Tech Universityasidwnal
wind Institute (NWI) and Group NIRE made the depsient of the SWIFT Facility possible. The prineipl
objectives of SWIFT are:

« Reduce wind plant underperformance and operationmadntenance costs caused by the interaction
amongst wind turbines

« Increase energy capture, reduce imbalance loadidglecrease wake losses with advanced rotor designs

e Drive future innovation by improving knowledge ofradynamic, aero-elastic and aero-acoustic
phenomenon and simulation

« Provide a public and completely open-source rebesgstbed to support the broader wind energy
community

The first phase of the SWIFT Facility, as showrrigure 1, is comprised of three heavily modifiedst&s V27
wind turbines which are intended to replicate tefgrmance and behavior of much larger megawate $ogbines.
The purpose of scaled testing is to replicate megiawrbines, but decrease complexity of experisiantrease the
ability to instrument, reduce testing time and casd allow for minimal restrictions on intellectymoperty. In the
current level of market competition, it is inconadle that the intellectual property of a productisind turbine
would be made publically available. Furthermoréghwhe dramatic rate at which new products andwations are
coming to market any machine would become a sctsting facility within the time required to devpl@and
install. For these reasons, SNL determined thegldping the means and methods for scaled testagjalsolutely
required and prudent to meet DOE research and @gweint goals.

The Vestas V27 wind turbine was selected for thaFWacility because of its high reliability / robudesign, a
collective pitch system, the ability to convertuariable speed control, a Reynolds number of twiienj and a
maximum tip speed of 80 meters per second whichemihble direct scaling for comparison to largesduction
turbines. Although initially comprised of threeltines and two anemometer towers, the ultimate igol install
an additional seven wind turbines. The goal ofirgldurbines is to increase the complexity of tlaeility
synchronously with the improvement in the accuraicyind farm simulations.
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Figure 1. Scaled Wind Farm Technology Facility concept (left) and completed construction (right).

2. Location and Layout of Facility

To provide a US facility representative of typieghd farm installations and high-wind-resource, $Wiwas
located in Lubbock, TX as shown in Figure 1. Tbeation is at the southern end of the US wind dorriwhich
provides favorable weather conditions all year.wiid resource assessment performed at the sitéteggsn an
average wind speed of 7.5 meters-per-second, aprimind direction of south, a low-wind (15% belawerage)
season in July and August and a high-wind (15% edaaxerage) season in March and April.

Untied States - Avvnal Average Wind Speed ot 80 m

Wind Frequency Rose (77 m)
[ 0% calm
330° 30°

300° 60°
270"

240° 120°

(@ = SWiF ©

Figure2. (a) USWind Resource map showing location of SWiFT Facility and (b) wind
frequency rose.

As stated previously, the initial deployment at $Wis comprised of three turbines and two anemomnteteers
as shown in Figure 3. The three turbines wereeplac a triangular arrangement of three-, five- aixddiameter
spacing. The five-diameter spacing was alignett Wiie North. The spacing was selected to protiaedistinct
wake distances to study, dependent on a South ath®est wind direction without the need to movebines.
Simultaneously, this arrangement provides one wha#eis unperturbed in either situation. Farthgacing was not
used as it was desirable to be certain to studyuti®ne-wake interaction and additional aspectgeoed in [13].
The lateral three-diameter spacing was selectedinonize the statistical variation in testing a tohand test rotor
in parallel. The goal of this was to improve th@nslard uncertainty in testing rotors in seriestensame machine.
In addition to the turbine locations, two anemométgvers were installed 2.5 diameters upwind ofléaeling wind
turbines. Significant effort was made throughoanhstruction to position and orient all turbines hint tight
tolerances. For example, the overall tower heightithin 17, the elevation of all tower foundat®are within 1", a
special installation procedure was performed taenthe towers were oriented the same relativerse North, and
an accounting was made for the rotor overhang, aneter tower boom length, and sonic anemometeesdare
that the inflow measurement was performed withirofLprecisely 2.5 diameters upwind of the centethef rotor
plane.
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Anemometer Tower Vestas Turbine Control Building North

Prevailing Wind B

Anemometer Tower  SNL1 Turbine SNL2 Turbine

Figure 3. Layout of SWiIFT Facility.

3. SWIFT Wind Turbines

As stated previously, the SWIFT wind turbines aeavily modified Vestas V27 225 kilowatt wind turbm
The legacy V27 was the first robust wind turbineduced with collective pitch control and dual fixggeed
operation. The dual fixed-speed operation wastedeaith two sets of windings in the generator tdidwed for a
lower rpm smaller generator to be contained withihigher rpm larger generator. To provide rotod arake
control more similar to utility-scale wind turbinethe generator was replaced by a modern variablguéncy
induction generator and power electronics thatald for full variable speed (Type IV). In doingghhe generator
was upgraded to 300 kilowatt and the legacy coetralias replaced. The new controller utilized tational
Instruments CompactRIO hardware and new varial#edgoftware written in Matlab Simulink.

Replacing the controller significantly increased ttomplexity of the modifications; however, thisnwoesulted
in a completely open-source controller that camdeenfigured in the future and the work also expetithe merger
of data acquisition and controller. In the curreatsion, the controller and data acquisition arthivw the same
controls environment which allows for synchronoggarting of all data acquired and controls decisibset points.
In the future this controller design will allow foapid and easy prototyping of new wind turbine avidd plant
controls because all data is incorporated andadailto the controller from all wind turbines.

Besides the significant investment to upgradingspeed regulation and instrumentation, the basidwere of
the turbine, such as tower, nacelle, blades, yawomgponents and hydraulics were unchanged so igdain their
dependability. Additionally, significant effort wamade to retain and enhance all legacy safetyalerib ensure
the turbines will be as safe as possible.

4. Inflow Characterization

Detailed characterization of the win
inflow to the turbines is critical to all
future research and development effor
A pair of identical anemometer towers, ¢
shown in Figure 4, was installed 2.
diameters upwind of the leading row c
wind turbines. By aligning a vertica
column of three-dimensional sonii
anemometers directly upwinc
(accomplished by shifting the tower t
the East) of the turbines, the towel
prioritize scientific characterization of the
inflow over industrial certification. The
industrial certification is accomplished b
a set of traditional cup anemometers
the East of the tower. With respect i

Figure4. Anemometer tower configuration.
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vertical distribution, there are sonic anemomet¢rd 0 meters from the ground, bottom of the r¢i& meter), hub-
height (31.5 meter), top of rotor (45 meter) arnnade length above the rotor (58.5 meter). Cupramaeters are
located at the bottom of the rotor, hub-height tomlof rotor. A wind vane is located 2 meters kelub-height.
To characterize the environmental conditions andoapheric conditions, temperature, relative humidihd
barometric pressure is measured at the bottomeofatlver, hub-height and the top of the tower (respure at this
location). All data from the tower is synchronizachongst itself and with the overall site using GiitBe
synchronization.

5. Time-Synchronize Site-Wide Control and Data-ActjaisiNetwork

An important capability of the SWIFT Facility isettsite-wide control and data-acquisition networkt ttnsures
all sensors and actuators are acquired and cadrsiinchronously. To accomplish this, the siteedep on GPS
modules embedded in every controller / data adipissystem (at SWIFT these are the same devied)atte able
to update and control the device clock which cdattiee precise instant in time at which a sampkcguired and a
command is written out. By controlling the clocksally with a unifying GPS signal, site-wide dewscthat
communicate via non-deterministic TCP/IP protogel @able to precisely coordinate.

Within a device, such as a wind turbine or anememetver, all instrumentation and hardware are Syorized
via EtherCAT, a deterministic Ethernet based symwmization protocol. The EtherCAT protocol allowsr f
synchronized devices to be spread over a varielyoations wired in series. For example, the EZ#Er loop in a
wind turbine has a central host in the nacelle WiBcthen connected in series to: (1) auxiliaryssigin the nacelle,
(2) bottom controller in the base of the tower, ABB variable speed drive adjacent the base otdlaer and (4)
auxiliary chasses in the rotor hub.

Communications and power in the hub is providedaviaustom slip ring on the low-speed shaft. Ahest
communications is sent via single-mode fiber opéible. Each turbine and anemometer also has isdedicated
12 strand fiber optic bundle for communication t@® tcentral control building via TCP/IP. As all dais
synchronized in acquisition, transmitting the dai@ non-deterministic TCP/IP to the control builgidoes not
result in errors so long as the local time-stampsiaatched up in the combined data storage indghea building.
Currently, only 2 strands of each fiber bundle ased, this would allow for dramatic future expansiaf the
amount of data transferred. Additionally, in tliufe all turbines and anemometer towers couldob@ected into a
single EtherCAT chain without any significant efforThe machines are not currently connected in&ingle
EtherCAT chain because the entire chain would Havstop operating if any single element, such asrline,
needed to be removed.

B. Scaled Wind Farm Technology Facility M odel Updating

In recognizing the importance of detailed componetdels to overall system performance accuracy, SNL
contracted ATA Engineering to experimentally chéggze each main component and sub-assembly tondiege
mass properties and essential modal characterjstd¢s Traditional impact modal tests and natyratkcited modal
tests were also performed on each fully installeddwturbine giving an estimate of structural vailiadh The
structural changes caused by a new generator raddifie mass properties of the turbine. As thespesties are
fundamental to the system behavior they neededctéasured experimentally. The boundary condfiorthe
entire system, the foundation, was also completdesigned, and is again crucial to the systenmopeeince. The
aeroelastic models used to predict system perfoeemamas updated in order to reflect the experimbntal
characterized components.

The tests performed on the components, sub-assenahd full turbines were:
» Mass properties and modal characteristics of 6 winine blades
e Mass properties of the rotor hub
e Mass properties of the nacelle
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*  Free-free
modal
analysis of
each tower

* Modal
analysis of
each tower
mounted to
the
installed
foundation

¢  Full turbine
artificially
excited
modal
analysis

* Naturally
excited (a)
(wind)
modal
analysis o
one turbine

(b)
Figure 5. Modal testing on full turbine system (a) and display model showing
¢ Measurement locations (b).

Figure 5 shows an image taken during the fullinglartificially excited (impact) modal test, aslhas the test
display model (TDM) which was used for analysisttué results. Each arrow in the TDM represents ayuieed
acceleration measurement.

Initial models of each component were developedigisivailable documents and design drawings when
available from the original manufacturer. The aged mass properties of the nacelles and hubs veeded for
inputs into the aeroelastic and multi-body dynamnalysis codes for correct turbine response anfbrpesince
predictions. These were estimated by ATA Engimgerfrom a combination of load cell and vibration
measurements, the results are shown in Table 3.

Table 3. Mass properties of V27 nacelle and hub

Nacelle* Hub**
Mass (kg) 7007 477
CGx (m) 0.64 -0.08
CGy (m) 0.08 0.015
CGz(m) .09 0.005
Ixx (kg*m?) 2511 69.1
lyy (kg*m?) 10406 76.3
|zz (kg* m?) 9589 86.2
*Nacelle origin defined on center of tower axis dog of yaw bearing
**Hub origin defined at center on the rotor plane

Note: Coordinate systems defined per standard @&esed in [15].

Several tests were conducted throughout the measatecampaign on each 13 meter turbine blade. #sma
properties test and modal analysis test was coadumt ATA Engineering, and a static pull test onreblade was
conducted by the National Renewable Energy LaboydtéREL) as a certification criterion for receipt the wind
turbine blades from the supplier. The initial mioafethe turbine blades far under-predicted the svaasd missed the
CG location (585 kg, 4.77m) and was off on theistatd cases. Details which were not expresshyigded by the
design documentation, or which were determinedetqjiestionable within the blades were updated, asdabric
thickness, density of infused epoxy, exact matéaalp etc. were scaled within realistic realm®ider to provide
good correlation with all collected test data. blEa4 displays the resulting blade model propeitiesomparison
with the average of all blade tests. The propguiethis updated model were used to create theeketic model to
predict system performance.
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Table4. Bladetesting and model results

1% Fla 1" Edge 2" Flaj
Mass (kQg) CG (m) (H2) P (H2) 9 (H2) P
Model 641.9 4.31 4.82 10.09 12.56
c Average 659.2 4.195 4.86 11.53 12.45
xperimental
Diffeer':necr‘; -2.63% 2.74% -0.8% 112.5% 0.9%

The turbine towers are steel conical tubes wittngth of 31 meters and weighing approximately 12G90
Each tower was tested in a free-free configurabiypnesting them on specially designed stands dftatiitg a set of
airbags. The results of the free-free test weeel tis update the tower properties of the 3D fialeament shell
model. Results of the free-free calibration arevahin Table 5 and the updated tower propertieshosvn in

Table 6. The effective density of the tower iglsily higher than expected (7850 kd/im standard for steel) due
to the added mass effects throughout the toweh asche ladder, cabling etc. that have not beelnded in the
model.

Table5. Free-Freetower calibration results.

ANSYS, Tower 1, Tower Experimental Difference
Hz Hz 2, Hz Avg., Hz
1% Bending 10.7 10.66 10.61 10.635 0.61%
1% Bending 10.7 10.88 10.69 10.785 -0.79%
2" Bending 28.055 28.34 28.29 28.315 -0.92%
2" Bending 28.055 29.1 28.8 28.95 -3.099
Table 6. Updated tower properties.
Elastic modulus, GPa 193.94
Poisson ratio 0.3
E
Shear modulus —
2AL+0)
Density, kg/m 8713

The foundation stiffness is an important paramgtehe performance of the turbine which is difficid measure
directly. In order to quantify this stiffness, adal test was performed with the tower installedtto foundation.
A 2-dimensional beam model was created with theatgztitower properties in order to represent thadation as a
translational and a rotational spring at the bdstetower. A translational and a rotational sgrof 0.35 GN/m
and 6.5 GN-m/theta, respectfully, were added to deady correlated free-free tower model. Theeordf
magnitude of the springs was initially based upesigh documentation and typical foundation stiffnfes similar
turbines and updated to minimize frequency diffeezand maximize the raw correlation of each mode.

The experimental frequencies of the first two fafeand side-side bending modes were averagedder @o
provide a representative 2-D solution for compagapurposes, as there is only a single first amdrsd bending
mode (fore-aft and side-side are not distinguistiabThe experimental mode shapes of the toweoondation test
were scaled to unit-modal-mass and used for cospatd the tower model with approximated foundasitffness.
The full-space 34 degree of freedom (DOF) model wetuced to 5 translational DOF that corresponded t
measurement locations of the tower by the Systemivatgnt Reduction Expansion Process (SEREP) pMABich
preserves the target mode shapes and frequenaetyeduring the reduction process. For correfgtia Modal
Assurance Criterion (MAC) and a Pseudo-Orthogon&itteck (POC) [17] were performed on the experiesd
reduced model DOF. The results of the correlatimnshown in Table 7. For display purposes thegxgntal
shapes were then expanded to full space usingER&EB method, shown in Figure 6.
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Table 7 Tower on foundation experimental vs. model correlation.

Mode Exp (H2) Model (Hz) % Difference MAC POC
Mode 1 2.68 2.62 1.7 0.99 1.0
Mode 2 11.55 11.51 0.3 0.99 0.99
a’/""
’,/
7,‘__,,-:;1'_:::: --------- E \\\

g

Figure 6. Expanded mode shapes of V27 tower installed on foundation.

The full turbine aeroelastic model was updatedeftect each of the test-correlated finite elementets and
mass property analyses. Table 8 shows the resiukach modal test for each test turbine. Theukeegies and
modal responses correlate fairly well between weetests, with frequency differences generally thss 5% which
is well within expected test variation. The tesiek place on different days with different windnditions, and
temperatures, which can add to test variation. Sdwond turbine also had a reduced set of instrtatien due to
test timing and project costs which can lead todlomode shape correlation or MAC values.
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Table 8: Full turbine modal test results

SNL1 SNL2
Mode Fre(qHuZt;ncy Ig;ong::tn? Fre(qHuZt;ncy I(Dozné?:: )g Diff (%)| MAC Description
1 1.00 3.39 0.97 2.66 -3% 96 1st Tower Bending Edgewise
2 1.01 3.82 0.99 2.95 -2% 83 1st Tower Bending Flapwise
3 2.02 2.48 1.88 2.87 -7% 68 1st Blade Flapwise BendiAgym
4 2.04 2.51 2.00 2.36 -2% 50 1st Blade Flapwise BendiAgym
5 2.40 2.13 2.37 1.59 -1% 82 1st Blade Flapwise Bendi@gm
6 3.65 1.45 1st Blade Edgewise Bending - Asym
7 3.73 1.24 3.75 0.01 0% 32 1st Blade Edgewise BendingymA
8 5.33 1.35 5.05 1.96 -5% 76 2nd Blade Flapwise Bendifgym
9 5.36 1.46 5.34 1.26 0% 68 2nd Blade Flapwise Bendingyni
10 6.67 1.20 6.70 0.98 0% 88 2nd Blade Flapwise BendBgm
11 7.83 1.38 7.76 1.18 -1%) 90 2nd Tower Bending Flapwise
12 7.97 1.19 7.99 1.52 0% 85 2nd Tower Bending Edgewise
13 8.43 1.32 8.34 0.80 -1% 89 1st Tower Torsion, 2nd BEdigewise Bending
14 9.67 1.65 9.99 1.64 3% 73 2nd Blade Edgewise Bendygn
15 11.15 1.19 11.12 1.29 0% 83 3rd Blade Flapwise Bendigym
16 12.52 3.64 3rd Blade Flapwise Bending - Asym
17 12.69 1.70 12.17 2.68 -49%9 84 2nd Blade Edgewise Bendixsym / 3rd Blade Flap - Asym
18 13.45 1.06 13.22 1.11 -29%9 71 2nd Blade Edgewise Bendiksym
19 13.66 1.08 13.82 1.98 1% 66 2nd Blade Edgewise Bendiaym / 3rd Blade Flap -Sym
20 13.80 1.04 3rd Blade Flapwise Bending -Sym

IV. Linking Modeling Requirementswith Experimental Capabilities

In order to understand the effect of turbine watkes occur in commercial wind farms, the SWiFT kgcivas
built to replicate and measure relevant conditiofibe combination of a consistent wind directiod &me layout of
the SWIFT turbines can be used to simulate marlgeobasic turbine to turbine interaction situations

From the southeast, all three turbines operate gléghn inflow and can provide a control productfon the
downwind SNL2 turbine, as shown in Figure 3. Frbm south, SNL1 directly wakes SNL2 at the spacihgix
rotor diameters. From the southwest, the Vestdsirte wakes SNL2 at six rotor diameters. For atreewe
scenario of wind coming down a row of turbines, ddrdirectly out of the west (which often occursidgrstorm
events in the spring) would result in a conditidrihee Vestas turbine waking SNL1 at three rotondgers. Many
of the wind directions between the south and wesite partial wake shadow on the downwind turbivieich can
cause rotor imbalances and damage to turbine coempen

The intensity of the wind turbine wake is direatfated to the coefficient of thrust (Ct) of theao In partial
power production (Region Il of the variable speedtml), the turbine operates at its optimum tigeg-ratio (TSR)
and ideal induction, producing the maximum Ct. effthe turbine reaches peak power output (RegipntHe
blades feather lowering the induction and the Therefore the influence of the wake should be ataaimum in
wind speeds between 5 m/s and 13 m/s.

Wind turbine wakes transition from an organizedrngake with a strong tip vortex, to a disorganizéghly
turbulent structure. This transition happens mr#inge of three rotor diameters downwind, bubfisénced by the
free stream turbulence and atmospheric stabilithe progression of these wakes affects the downwirtgines.
The two factors that drive power performance lossesincreased component damages are the incraeabetence
and the mean deficit from the free stream wind dpee

There are three elements of measurement neededatatify the turbine-to-turbine interactions. THestf
element is a clear distributed measurement of tflew as discussed previously. The next elementhes
instantaneous performance of the wind turbine djpgran the clean inflow to characterize its thrusthe final
element is recording the operation of the wakeMditerto quantify underperformance and loading Wilitincrease
fatigue damage.

To understand the inflow to the SWIFT turbines, thetrumentation on the met towers placed 2.5 rotor
diameters in front of the SNL1 and Vestas will Isedi Using the combination of cups and sonic amesters, the
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velocity and shear across the rotor disc can bmulzed to establish the free stream wind. Intaidithe spectrum
of turbulence can be obtained at five sonic anentembeights to categorize wake events. For additio
characterization, NWI's 200 m met tower and SODARsite will be used to provide the atmospheric iitgb

during wake events. For large weather eventsdrrélgion, data can be obtained from NWI's West SdMasonet
to follow and predict patterns before they reach s$ite or for calibration of large-scale weatherdels. The

combination of atmospheric and local meteorologyasueements gives high confidence that the eveatstaike

place on site at SWiFT will be well understood.

The next step is to understand the rotor produtiegwake. Determining the Ct of the rotor is thizical
measurement for non-dimensionally categorizingetiiect of the wake on the free stream. The inatsus power
output and the coefficient of power (Cp) of theorawill be used to make the correlation to Ct. Apgmations can
be made using the momentum equations:

T=pXxA, XV, x [V, —=V,) (1)
P=TxV, 2)
P=pXA,XxVix(1—a)x Vy—V,) 3)

wherep is air densityA, is swept area of the momentum upwind momentum, tipés the swept area of the rotor,
V, is free stream velocity; is the velocity at rotor disk/, is velocity in the far wake, aralis the axial induction
factor.

Data will also be recorded on the tower top movenoéithe turbine using an inertial measurement. uhising
this information with the results from the modadteewill give another method to determine time aged thrusts
during wake events. To understand the directibnali the wake and the effect of yaw error, an &lisoencoder
has been added to the yaw system giving a prezasibrated yaw orientation. This is a critical rme@ment that is
either not available or unreliable in commercialABXA data.

Finally the effect of the upwind turbine wake oe ttownwind turbine will be measured. Most ofteis thill be
the SNL2 turbine, with the variety of wake scensui@scribed above. On the downwind rotor, the p@raduced
will be tracked and compared to the upwind rotounalerstand the gross effect of the wake on powaatyztion.
The results will be categorized by the severitymake shadow, wind shear, atmospheric stability, fagel stream
turbulence intensity.

Data will be recorded to identify damage-causingd® on the waked turbine. The low speed shaft is
instrumented with an absolute encoder to provigeaimuth position of each blade. Additionallytiopl strain
gauges are installed to measure edgewise and #aphliade root bending on all three blades. Binnhese
measurements by azimuth will identify partial wadteadow situations. Comparisons can also be madbkein
instantaneous bending of all thee blades to determator imbalance. While wind shear can caussetimmbalances
with clean inflow, it is expected that the effeatil be more extreme when operating in the wakardther turbine.
These loads can cause excessive fatigue in comfmotike, pitch systems, main bearings, gearboxed, yaw
systems.

Collecting all of this well characterized experirtedndata alone is not enough for the industry te ies make
great leaps in turbine park performance. Thousahttsad cases are done in the design of a wirtllinarand these
cannot all be captured at any field site. Someéhese events are once in 50 year events for extteatkcases.
Therefore, the knowledge from these experimentd imeisised to create better tools for designing vianohs. This
includes single turbines designed to function park, improvements in turbine placement pre-cowtiba, as well
as making modifications to existing parks to extexdra energy or reduce the O&M costs. Theret@oeprimary
tools in development to aid in all of these ardagge scale Large Eddy Simulation (LES) and the dyic Wake
Meandering (DWM) model [18].

The LES model is under development at NREL [19he Ppurpose of this model is account for the atmesph
effects that influence the progression and decaywind turbine wake. In order to model the bdit atmospheric
scales and the scales of the blade, the turbime i®hot resolved with LES. Instead the influenéehe blade is
included as source and imbedded in the flow. Bseaf the computation time involved, the currerd t this
tool would be for investigating specific scenarasgl conducting forensic analysis. The SWIFT factias critical
elements for creating correlations with simulatidresm this model. The combination of scales of suraments
will allow accurate recreation of events at the sising this model.

The limitations in computation time prevent the LE®del from being a design tool when hundreds or
thousands of simulations need to be run. The moelielg created for use in these cases is the DWleinoThis
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model can solve in seconds, but will require sonménig to match effects in the field. The data frfSWiFT can be
used to validate this model for a variety of coiodis giving designers confidence in the resulthefsimulations.

These models can provide immense value to the ndus the future. But without validation from wel
executed field experiments, the effectiveness lvéllimited. Using the above described tools, neskitelogies can
be developed and tested at the facility to vehifit the improvements exist in the field, as is dorgmulation.

V. Turbine-Turbine Interaction Experiments

The following section describes work planned thdk be performed. The original intent of this papeas to
provide some preliminary data from the SWiFT Fagilbut due to unexpected issues at the facilitiyait 2013 that
was not possible.

A. Performance Effects Dueto Turbine-Turbine Interaction

The layout of the SWIFT facility and the site’s targ-built time-synchronized data acquisition cafigbi
provide a unique opportunity to investigate howragien of the first-row turbines affects the perfamce of the
second-row turbine. Although other studies havenshperformance penalties on turbines behind thst fow, the
results are typically obtained from analysis of $SMdata which is limited in resolution to 1-minute 10-minute
averages. The data captured at SWIFT will allowiradepth look at the impacts down to fractions adexond
resolution.

Analysis of the performance effects will begin fag thigh level results which can be observed in SBAype
data. This will include the power production of thst-row turbines compared to that of the secood-turbine.
Statistical distributions of each turbine signallvelso be computed and subsequent analysis ofvéntion
between turbines in signal mean and spread sheutht overall trends in the turbine-turbine intéicacproblem.

Diving down into a greater level of detail, the foemance effects will be investigated with attentgiven to the
“waked state” of the second-row turbine, in otheras, whether or not either wake from the front miwurbines
was impinging upon the rear turbine. The meandébrigavior of the rotor wakes will require speciatizanalysis
of sensor signals to identify periods of time wiaewaked condition existed. Verification of the walstate analysis
will be attempted with LIDAR, SODAR, or the wakeaging measurement system described below.

Having identified the breakdown in time of wakeddanon-waked conditions, statistical analysis wi# b
conducted on each condition to directly determime ¢ffects of operating under a waked conditionm@aring
statistics of the first and second row turbinesusthgrovide a double-check of the conclusions redcategarding
waked operation and may also reveal that the donghwirbine experienced additional performance ésfatether
or not it was directly waked.

B. Discussion and Future Experimentation

1. Wake Imaging Measurement System

There is a growing need for a new experimental oressent tool that is capable of investigating thkevant
physics of wind turbine wakes and validating thenpatational methods used to model those flows. ebairfiow
measurement tools such as Particle Image Veloggm@tV) or scanning LIDAR are either impractical or
insufficient to capture wind turbine flow data ihet field at the required temporal and spatial scal&andia
National Laboratories is currently developing aMflmeasurement system based upon a laser velociteetmgique
called Doppler Global Velocimetry (DGV). While DGvas been successfully implemented many times isoib
and supersonic wind tunnels including the NASA AResearch Center 40x80 foot national full-scaledgmamic
complex (NFAC), few if any experiments have bedarapted in the field. The prototype system is ently under
development to evaluate the system capabilitiesdafide the specifications of the eventual fielgldgable system
to be implemented at the SWIFT facility. Though fimal capabilities of the system have yet to b&edained, the
goal is to obtain three-component velocity measergm simultaneously across a large volume at hjttiad
resolution. This method is not intended to mateh ghecision of current point measurement methodisrdiher to
augment existing tools through the collection aftémtaneous velocity images of flow structurestitical gap in
current instrumentation. With this fundamentallyfelient approach to flow measurements, the systam the
potential to contribute significantly towards atketunderstanding of the near-wake rotor flow ptysand drive
improvements in current computational wake models.
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2. Advanced Rotor Projects

The SWIFT facility currently features 1980’'s eraomotechnology. While the aerodynamic and strudtur
technologies used in the OEM rotors of the V27 &thl cutting edge product in their own time, tddayodern
turbines (1.5-3MW ratings with rotor diameters @-120m) take advantage of an additional 20+ yeénsiod
energy rotor technology research. Today's modetors are designed to a new level of optimal aemadyic and
structural efficiency. A new blade set for the $Witurbines is being designed by Sandia and willaee the OEM
blades with blades that, as much as possible,eekastically similar to typical full-scale, megativturbines used
by the industry today. In particular, the DOE ARegram has set goals to understand the complexifisues
associated with modern rotors and wind farms sevanotor design will aim to reproduce relevant eloteristics of
a full scale rotor design such that aerodynamiddoand wakes between SWIFT scale and megawatt acalas
similar as possible. More detailed discussionhig totor design can be found in the 2014 AIAA papg Resor
and Maniaci [20].

New blades are expected to represent a new basdetinesearch scale field testing of rotor techgg|ahey are
designated the National Rotor Testbed (NRT). Mpodetors come with their own challenges: acoustositrols,
sensing, aerodynamics and structural dynamics.ol®yhe National Rotor Testbed, there will be addél rotor
design iterations that are focused on studyingetimportant including

» structural design to enable passive load control,

» active flow control (SMART rotor) to enable loadntml,

* quiet blade technology to enable larger and fasters and

» use of flexible, aeroelastically very active, blade expand the design space of large rotors.

VI. Summary

The DOE/SNL SWIFT Facility is a state of the artifity built to perform research and developmenturbine-
turbine interaction, advanced rotors and fundanhestialies in aeroelasticity, aeroacoustics, anddgramics. In
this paper a review of previous work in scaled &ultiscale testing was provided. A detailed ovewiof the
design and installation of the facility was preseint Finally, a discussion covered a variety ofifatexperiment
planning topics and projects that will be perforna¢dhe facility.
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