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EXECUTIVE SUMMARY

Work Package 3 of th€otalControlprojectis concerned with developing and testing adaptations
of thewind turbine controllerwhich could béeneficial h the context of wind farm controln

Task 3.1variouscontroller adapations were developedand testedin simulations while inTask

3.2 controlleradaptationswere implementedand tested on a real turbine in the fieldamely the
7TMWLevenmouth Demonstration Turbin@DT)just off the coast of Easter8cotland.This
document is a report on thse field tests covering the implementation ddll the different tests
andthe data collectedtogether with some prelimirary analyses of theexperimentalresults.

Thefollowing experimentswere gerformed:

1 Yaw misalignment testauseful forwake steering controlor wind farms

1 Delta control ests, useful foraxial induction controfor wind farms, power curtailmentand

some grid ancillary services

Derating tests, for power curtailnmd and load minimisation

LiDARassisted controtests, usingwind preview information from &rward-facing LiDAR to

improve the control action and reduce loads

1 Erhancementsto the individual pitch contrglto further reduce loads analowthe useof
cheaper sensors

1 Fast frequency respondests, intendedto helpenhancegrid stability in the presence of a
high penetration of renewables

)l
)l

Theexperiments have yielded mrgeamount ofvaluable da&, includingconcurrentinflow and
wake flow data from two scann@iLiDARs which ere installed for the projectas well asnet
mast data andurbine performance and loading data.he datawill continueto be analysedvell
beyond the end of the TotalGurol project,and further resultwill be publishedn duecourse



INTRODUCTION

Work Package 3 of th€otalControlprojectis concerned with developing and testing adaptations
of thewind turbine controllerwhich could bébeneficial h the context of wind farm control.

In Task 3.1lanumber of controller adaptations were developehd testedin simulations.The
resuts are reported inthe following Task 3.Heliverables

1 D3.1[1]reports on theaeroelastc modeland design loadsf the 7MW turbinewhich was
used for the controller adaptations developes part of Work Package 3

1 D3.2[2] describesseveral adaptations concerned wittttive power control and the provision

of gridancillary services

D3.3[3] is concerned with active damping of tower loads

D3.4[4] covers the development of a Model Predictive Contro{(idiPC)

D3.5[5] describes ajorithms for LiDARassisted contro{LAC)andindividual pitch control

(IPC), both aimed at reducirtgwer loads, and also blade loadsthe case ofPC.

= =4

In Task 3.2, a number of these adaptations were tested in the fisidgthe 7MW demonstration
turbine at Levenmoutlon the East coast obcotland.Thisreport, deliverable D3.isthe last
deliverable from Work Package &)dis a eport on thesdield tests.The deliverables from Task
3.2 areas follows

1 D3.6[6] descrites the LiDARs which installed on the 7MW turkimethe field tests

1 D3.7is thisreport, describing the field testsf controller adapations on the 7MW turbine

1 D3.8[7]further develops theMPCcontroller of D3.40 the poirt of being ready for
implementation on the 7MW turbine, taking accountadf reatworld practicalities

1 D3.9[8] reports onthe use of the LIDAR and turbine measurements together witDC
analysis to modethe flow in theindudion zonein front of the turbine.

The7MW turbine controller wasodified to include a number of different field tests follows:

1 Yaw misalignment testg with particular application to wake steering control on a wind farm,
the turbine was run at diffrent yaw misalignment settings in order to measure the power and
thrust of the turbine, with the reafacing LIDAR used to measuregldownstream wake
development This required no significant changes to the turbine controlfexeding only an
offset to be introduced to the wind vane signtal induce ayaw misalignment

1 Deltacontrol testsz with application to axial induction control cmwind farm, and also any
grid-mandatedpower curtailment, this algorithm allows the power and thrust to be reduced
by adefined amountat any operational wind speed he reaifacing LIDAR waagain used to
measure the effect on the turbine wak€he algoithm is described i\ppendix 1

1 Derating tests: for curtailment purposesyo different ways to reduce the turbine rated
power, which have different effects on the turbine loadgre developed as described in D3.2

2].



1 LiDARassisted control: using thefward-facing LIDARo provide a preview of the
approaching wind, a feedorward term is added to the controller to help reduce pithlty
and tower loading as described in D3[5].

1 Individual pitch control tests: the turbine already usesIPEto reduce 1P bladfatigue loads
using blade root load measurementBwvo additional featuresare tested here, as reported in
D3.5[5], namdy the use of potentially cheaper and more robust towep strain gauges
instead of blade root gaugesnd the additiorof 2P-IPC to reduce the 3Ron-rotating fatigue
loads.

1 Deltacontrol testsz with application to axial induction control omwind farm, and also any
grid-mandatedpower curtailment, this algorithm allows the power and thrust to be reduced
by adefined amountat any operational wind speed he reaifacing LIDAR waagain used to
measure the effect on the turbine wak&he algoithm is described idppendix 2

This deliverable is a report @il ofthese field tests.

1. THE/MWLEVENMOUTHDEMONSTRATION TURBINE

This section describdbe turbine on which the controller adaptations were tested.

1.1. The Levenmouth site
4AEA | £FOET OA 2AT AxAAIT A %luk O&dnsiration Vuebing*(LDDWsD O1 O 8
|

located off the coast of Methil, File 4 EA OOOAET A EO OEA-accds©l Ad O |

offshore wind turbine dedicated to research and developmdrtte companyVood. operates as
the operations and maintenance (O&Myntractor & the site and were present to facilitate all
testing carried out.

1.2. Descrption of the turbine
Table 1 summarises sometbie key information about the turbine.

Table 1 LDT Parameters

Parameter Specification

Original Equipment ManufacturdfOEM) SamsungHeavy Industries (SHI)
Capacity 7 MW

Hub Height 110.6 m

RotorDiameter 171.2 m



Figure 1 Levenmouth Demonstration Turbine

1.2.1.1. Turbinecontroller
With the exception of the yaw misalignment tests, thesting of controller adaptationgevitably
needed modifications to the controller softwargto implement each of the new features and
associated testing modes (such as togglinfgature on and off at regular intervalsjhe turbine
controller wassoftwarehadoriginallybeenprovided by DNYwho wele therefore dle tomake
the necessary changesind test them against eeaktime turbine simulator using theBladed
hardware test modle. Thechangedor most of the testsvere incorporated into a single
controller version upgrade€Once te fast frequencyesponsealgorithm had been implemented
this wasincorporated into asecond version upgrade

1.2.1.2. Safety considerations
Tests involving lsanges to the turbine controller clearly involve some risks minimise any
danger ofdamaging the turbinethe followingprecautionswere taken:

1 The controller alreadyncludesa comprehensive set @larms andsafety features
designed to ensuréhat the turbinealwaysoperates safely, or shuts down in a safe way if
anyabnormal conditiors are detectedvhich could compronse safety Care was taken to
ensure that hese featureswhich override the controlleremained in plae.

1 Every controller modificabn was tested using detailed aeroelastic simulatiovith the
Bladedcode,in which thesimulated turbine communicatethrough a DLL iterface to the
actualturbine controller softwarecompiledto run on a PC. Simulations were run for a
suitable range of wmd conditions so that any potential performance or loading issues
could be identifiedand rectified before the softwarevas installedn the turbine



1 For each test, the test design and simulation results were revieaveapprovedy the
PACcommittee charged withensuring the safety of the turbine

1.3. Instrumentation

1.3.1. Met mast

The Meteorological (MET) Mast is located on toaafmall hillat the Fife Energy Park, shown in
Figure 2. The mast was installed in 2012 to order to provide reference dataefprototype
Samsung 7 MW turbine (now Levenmouth Demonstration Turbine) wivas commissioned in
January 2015. The MET mashsors measw wind speed, wind direction and air temperature at
various heights. Each sensor provides a data value at 1Hadney. MET mast data was
recorded and used throughout testing.

Google Earth

Figure 2 OnshoreMet Mast at LDT site

1.3.2. SCADAsystem / data collectio

The turbineSCADA (supervisory control and data aquisition) condition monitoring system
collects data from the wind turbineonitroller. The SCADA system consists of 574 OEM sensors,
each providing datat 1Hz frequency. SCADA data was recorded and usemlighout teging.

1.3.3. Additional turbine sensors

As part of an OREC project to create a clone oflteeenmouthwind turbine (CLOW),
additional instrumentatiorwasinstalled to measure loads on the jack&g&nsition piece, tower
and turbine blades at LDT.dalitional ingrumentation was also installed to monitor the electrical



equipment of the PCS and pitch system. The CLOWT dataitaong system was used to gather
data throughout testing for monitoring andssessing the different test strategies.

1.3.4. LiDARmeasurements

Forthe purposes of this project, the turbine was equipped with tvazellemounted LIDAR
systemsdevelopedby DTU: adrward-facingcontinuouswave spinnetLiDARusedto measure

A~ N A oA

downstreamwake effects. Full detals of the LIDAR systems are provided in Deliverable D3.6

[6][6].

Figure 3 Forwardfacing DTU spinner LiDAR installed on turbine nacelle

Figure 4 Rearfacing DTU Longange WindScanner installed on turbine nacelle



2.YAW MISALIGNMENT TESTS

Theyaw misalignment tests were carried ot order to validate model predictions abotite
effect of yaw misalignment oturbine performanceand the behaviour of the turbmwake.
Thiswould beimportant in the context of using the turbine for wake sté®y control on a wind
farm.

Turbine yaw position is controlled by wind direction measurement on the nacelle. The nacelle
wind drection measirement is a record of windirection with respect to North. The signal from
the wind direction measurement is uden the turbine controller to control nacelle orientation.
The signal has an offset that can be set to account for any offsstden the meaured yaw
misalignment and he actual yaw misalignment. Yaw misalignment is the angle between the
incoming flow am the turbine nacelle orientation. Yaw misalignment and wake steering are
illustrated inFigure>5.

Figure 5 Yaw Misalignment and Wak8teering Imae

To artificially yawthe turbine with respect to the incoming wind flow the yaw misalignment
offset was adjuted. No further changes to the turbine controller were required.

Theaim of the tests was to determine theffect of different yaw misalignmets on turbine

power,rotorthrustAT A 1 T AAO AO x Al |1 ,shéthd wake Qefich is feate8y= T A6 O
the rotor thrust, and thavake itself isleflected laterally as a resudif the yaw misalignment.

Themeasuredeffect on theturbine powerand loads isiseful forcomparing to Bladed
predictions to validate the use of Blade Element Momentum the&oyyawed rotors and the
wake deflection isiseful for validatinghe predictions from engineering modets wakes.

2.1. Aeroelastic simulations

To qain approval for thesgaw misalignmentests, aroelastic simulationperformedusing
Bladedwere usedo showthat the yaw misalignments would ndite expected tacauseany
unacceptable increase in loading



2.2. Yaw misalignment test setup
The yaw misalignment tests aimed to:

1 misalign the turbine, to the incoming flow, by up to 30 degrees in both directions
1 operate inwind speeds up to rated wind speed (11m/s)
1 operate at a range of turbulence intensities15%)

The rearfacing LIDAR was set to perform repeating PPI (plan position indicator) scans at zero
elevationangleto provide horizontal cross sections of tiend field downstream of the turbine

rotor (i.e. measuring théurbine wakeeffects). The azimuth range was first set to-80 degrees
along the rotor centreline, which was expanded te 83 degrees durig the later stags of

testing. The pulsdength was set to 200 nanoseconds, FFT size of 128 points, accumulation time
of 500 milliseonds, sanning speed of 2 degrees per second, and range gates spanning 100 to
2000 meters spaced equally at intervals of 20 met&tgs provides an angular resolution of 1
degree andsampling rate (i.e. 1 complete PPI scan) of 2 Hz forth80 degrees scans, arddHz

for the +£ 60 degrees scans.

The test schedule for the yamisalignmenttests was owned and defined by the ORE Catapult.
Testing was undertaken by WOOBs per ORE Catapult instruction.

2.2.1. YawMisalignmentTest Stages

To reduce risk of damage to the turbine the tests were performed in a structured and staged
manner.The test stags for the yaw misalignment tests are outlinedTiable2.

Table 2 Yaw Misalignment Test Stages

Test Stage Yaw Misalignment Stage wind speed limit
Stage 1 +/- 10 degrees < 8 m/s average
Stage 2 +/- 10 degrees <11 m/s average
Stage 3 +/- 20 degrees < 8m/s average

Stage 4 +/- 20 degrees <11 m/s average
Stage 5 +/- 30 degrees < 8 m/s average
Stage 6 +/- 30 degees <11 m/s average

2.2.1.1. Yawmisalignmenttest stage limits

Before advancing to the next test day and test stage, previous test watanalysedo monitor
and compare blade loading with test stage limits. Stage gate limits were based on historic loading
andturbine design information, these were considered foetfollowing loads:

Maximum and mean blade flapwise bending
Equivalentfatigue fromflapwise bending
Maximum and mean blade edgewise bending
Equivalent fatigue from edgewise bending

= =4 4



If blade loadhresholds were exceeded, a full review of the test stagpuld be performed, and a
load analysis done to assess risk of advagdo the nex test stage.

2.2.2. Yaw MisalignmenDaily TestProcedure
The daily test process involved:

=

Review forecast and identifsuitable test period

2. Confirm target yawmisalignment for testing with Wood, recorded in Yaw Misalignment
test log

3. Set turbine mrameters toadjust yaw error signal to test stage yaw requirement, record

yaw offset in test log

Start-up turbine, record startime in test log

Test for 2hrs

Review wather forecast, record in log

Repeat steps 6 and 7 until end of test period

Shutdown tubine, recordtime in test log

Reset yaw error signal to default offset, checked by operator ddd¢@mpetent person,

record \alue set in the test log and sign and date

10.Test end

©xoNo O

2.3. Yaw misalignment data collected

Yaw misalignment tests were carried outtiaeeen June 200 and December 2020. These tests
were carried out first as a controller update was not required to implementeahests. Testing
wasinfluenced by suitable weather windows and operator availability.

SCADA and MET data were recorded fotedts. CLOWTNd LIDAR data were also recorded
during tests when the respective systems were not experiencing issues. Destgy accurate
measuement of yaw misalignment and incoming flow was taken by the installed ffaning
LiDAR. This informationvas used to alidate yaw misalignment readings.

For each of the yaw misalignment targets, the tests aimed to fill the bfrte@occurrence maitx
presented in Table 3, to monitor test progress. Bins shown in the table are bin centres, each bin
was 1 nfs wide. Bircounts were increased when a-fifinute period of data met the bin

conditions.

Table 3 Yaw Misalignment test contibn occurrence mats
Wind Speed bin centre (m/s)
3 4 5 6 7 8 9 10 11
Turbulence >
intensity 10
bin centre
(%) 15

Table 4 summarises the bin count and overall test time for each dfetstestagescarried out for
the yaw misalignment tests. Testing was not carried out for the target yaw misalignment angle of



+/- 30 degrees. fiis was due to the project timeline considerations, and it was agreed that it
would be more beneficial to the pregt to progess to the next test strategy. It was also agreed
that once the initial analysis of the test data was complete, thddlitional testing could be
carried out if the results suggested that it would be valuable to test at these additional yaw
misdignment andes, and if the project timeline allowed.

Table 4 Yaw Misalignment Test Summary
Test Stage Yaw Misalignment Binsof 10 mins Test time (hours)
Target (degrees) data
1&2 +10 109 26.25
1&2 -10 70 22
3&4 +20 109 36.5
3&4 -20 126 24.75
All Testing 414 109.5

2.4. Results

Thetest data waggrouped into experimental periodsorrespondng to all the test data collected
during eachday of testingfor this experimental modeThe experimental periods vary according
to the day of testing and how much data was able to be collected on the day. For each
experimental periodtherear facing Lidar data wasne-averaged over thever the whole
period, producing an individuapatialwind speed scan at hub heighehind the turbineThe
example inFigure 6is an averaged sca plot for one of the experimental periogdsvith 10° yaw
offset. Thelateral deflection of the wake is clearly visible.



Wind speed contour plot at hub height (m/s)
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Figure 6 Averaged lidar scan at hub heigfur yaw offset 10 degrees, run time 390 minutes, 744 LIiDAR scans
used

For each experimental periothe line-of-sight LIDAR wind speed data was resolved into the
mean wind directiorfassumng zero mean lateraflow) andtime-averagedoverthe period Wind
field Glicefrom one to eleven diameters downstream weeken, and aGaussiarprofile fitted
to each ske. The Gaussian parametedgfined the ambient wind spee@l{owing forany
underlyinglinear variaton), the centreline detiit, wake width and the centreline lateral
deflection.Figure 7belowshows the gaussian fafor a given experimental period. Tlistances
downstream are normalised in terms aitor diameters.Plots likeFigure 7belowfor the full set
of experimental periods usefr this analysis arehown inAppendix 3



Yaw Offset = 10deg, Mean inflow wind speed = 8.6m/s, Run time =198min, 382 LiDAR scans used
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Figure 7 Gaussian fits applied at eacltownstream distancdor a given experimental period

TheGaussian fits provide @entre deficit crosswind displacement at eadistance downstream
for each of the experimental periods usekhis crosswind displacement was extractadd binned
according tothe yaw offsetused For each yaw offset, therosswind displacement was plotted
against dowrstream distancego show theresultant wake deflectionFigure 8oelow shows the
wake deflection for eacljaw offset tested. The meacentredeficit crosswind displacement was
used for eaclilownstream distanceOnly a single experimental period for tleinus20-degree
yaw offset condition was collected. Tt@aussian fit error on this experimental period was
relatively high, therefore the resultant wake deflection for tgew offset conditiorhas high
uncertainty. Theother yaw offset conditions had multiplexpeimental periods witHow error
Gaussian fits Thisincreagsthe confidence irthe wake deflection observed for those
experimental conditions.

It can be seen thahe wake is indeed deflected as a result of the applied offEbese results will
be very useful for comparinpe measured wake deflecti@againstcandidatewake deflection
modelsso that the accuracy dfifferent wake deflection models can be validated.



Center line deflection as a function of downstream distance
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Figure 8 Centre line vake deflectionfor eachyaw offset tested

3.DELTA CONTROL TESTS

Here, eklta controlrefers to a delilerate reduction in power outpuby a given amounéat any
operational wind speedlhe name delta control originatesom the possibility tocontinually

generate less than physically possible O

AO Oi

EAOCA A

i AO@Hoithel £ OC

grid at short noticg(in situations where that might bealuable enough to compensad for the lost
generation).Howe\er, it also hasapplicationfor axial induction control on a wind farmince by
reducingthe power at an upstream turbine, thértust will abo decrease, weakening the wake,
and hence allowingvake-affectedturbines furthe downstream to experience high&rind
speeds potentially increasinghe total wind farm powerandlower levels oaddedturbulence

resulting inreduced fatige loading.

Delta control is achieved by a combination of increasing the fine pitch angle and changing the
torque control so that torque is increased and rospeed consequently reduced. For axial
induction control, it is advantageous to reduce the thrust as much as possible while reducing the
power as little as possible, as explained (and illustrated for the Lillgrund turbines) in deliverable
D2.3 [18], and #hough the settings tested here were not actually optimised in that way, their

effect should be similar.



Appendix Ipresents the design of the algorithm arlde Smulation results demonstrating its
operation.

The delta control tests are intended to demonstrate the correct operatioa délta contol
algorithm, andalsoconfirm model predictions ofeduced velocity deficits in the wak®/ making
use of measwements from the reaifacing LIDAR

3.1. Delta control test setup

The delta control tests aimed to:

1 Test at the following blade finpitch angle EPA) setpoints:
o -0.5 degrees (default)
0 2.9 degrees
0 5.7 degrees
o0 10 degrees

1 operate in wind speeds up to ratednd speed (11m/s)

1 operate at a range of turbulence intensities15%)

The test schedule for the delta control tests was owned defined by he ORE Catapult. Testing
was undertaken by WOOD. as per ORE Catapult instruction.

3.1.1. Delta ControlTestStages

Toreduce risk of damage to the turbine the tests were performed in a structured and staged
manner. The test stages for the delta coolkitests areoutlined inTable 5

Table 5 Delta Control Test Stages

Test Stage Fine Pitch Angle Stage wind speedimit
Stagel -0.5 degrees < 8 m/s average
Stage 2 -0.5 degrees <11 m/s average
Stage 3 2.9 degrees < 8 m/s average
Stage 4 2.9 degrees <11 m/s averge
Stage 5 5.7 degrees <11 m/s average
Stage 6 10 degrees <11 m/s average

3.1.2. Delta Control TesGtage Limits

Before advancing to the next test day and test stage, previous test data was analysed to monitor
and compare blade loading with testage limits Stage gate limits were based on historic loading
and turbine design information, these were considered fcg tbllowing loads:

Maximum and mean blade flapwise bending
Equivalent fatigue from flapwise bending
Maximum and mean blade edgese bending
Equivalent fatigue from edgewise bending

= =4 -4 4



If blade load thresholds were exceeded, a full review of thedtzgje would be performed, and a
load analysis done to assess risk of advancing to the next test stage.

3.1.3. Delta Control Daily TedProcedue

Before day delta control tests could proceed, commissioning tests were carried out to ensure the
necessary controlleupdates had been implemented correctly and ran without issue. These tests
were carried out successfully.

The daily test process inlged-

Reviav forecast and identify suitable test period

Confirm target FPA for testing with Wood, recorded in Deltan@ol test log

Set turbine parameters to adjust the FPA to test stage requirement, record FPA in test log
Start-up turbine, record startime in testlog

Test for 2hrs

Review weather forecast, record in log

Repeat steps 6 and 7 until end of test period

Shudown turbine, record time in test log

Reset FPA to default, checked by operator afitidmpetent person, record value set in
the testlog and sigrand date.

10.Test end

©CoNoOHwNPE

3.2. Delta Control Data collected

Delta Control tests were carried out between JW@21 and Febrary 2022. The test schedule
was influenced by suitable weather windows and operator availability. There was also significant
turbine downtimebetween October 2021 and February 2022 that prevented testing.

SCADA and MET data were recorded &l tests. COWT and LIiDAR data were also recorded
during tests when the respective systems were not experiencing issues.

For each of thdlade fine pich angle setpoints, the tests aimed to fill the bins of the occurrence
matrix presented in Table @.he occurrene matrix allowed test progress to be monitored and
informed the upcoming test schedule. Bins shown in the table are bin cergae$, bin wad m/s
wide. Bin counts were increased when arfiihute period of data met the bin conditions.

Table6 Delta Contol test condition occurrence matrix
Wind Speed bin centre (m/s)

3 4 5 6 7 8 9 10 11 12 13 14 15
Turbulence

intensity bin 10
centre (%) 15

Table 7 summarises the boount and overall test time for each of the test stages carried out for
the delta control tests.



Table 7 Delta Control Test Smmary

Test Stage Blade Fine Pitch Angle ' Bins of 10 mins Test time (hours)
Setpoint (degrees) data

1 -0.5 (default) 73 14.5

2 -0.5 (default) 1 10.5

3 2.9 34 6

4 2.9 11 7.5

5 57 42 11.25

6 10 39 7.5

All Testing 200 57.25

Power curves were plottkfor each othe fine pitch angles. This allowed for comparison with the
modelling work completed, to ensure the derating stegy was operating as expected and as a
check of test progress. FiguBeshows the power curves plottedsing 10-minute average®f data
gathered during the delta control test$igure 10shows the blade pitch vs windspeed for each
fine pitch angle tested.
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Blade Pitch vs Wind speed
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3.3. Results

The following section presents the results of tba@lected SCADA data following the procedure
outlined above The results include data from each of tfwur fine pitch angle configurations
outlined in the above sectiohe figuresbelow show themeasured powergollectivepitch angle,
rotor speedand computed thrust/s wind speed for both the collected SCAdata andBladed
simulationsusing the turbine model described Appendix 1The data points shown in each figure
are 1I-minute mean valuesand the linegepresentthe mean valusover windspeedbins of 0.5
m/sincrements As describedn Appendix lthere is aspeedexclusion zone included in the turbine
control algorithm,andin consequencegthere aretwo characteristic curves for speed and thrust,
oneabovethe speedexclusion zone andnebelow thespeedexclusion zoneTherefore two
figuresare presented for thrust and speed
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Figure 11  Measured powews wind spee@cr