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An analytical tool for the evaluation of wind power generation

Master 0s TBusmisablesEnergy Systamogramme
NELLY FORSMAN

Department oEnergy and Environment

Division of Electric Power Engineering

Chalmers Universitpf Technology

ABSTRACT

Based on a systereviouslydeveloped for district heating by Goéteborg Energi, a
tool for monitoring and evaluation of wind powgenerationhas been developed.
With the tool it is possible to detect lotgyrm trends of the turbides per f or manc e.

Parameters influencing the powggnerationwere identified to be wind speed, wind
direction and air density. These were combined to create muadhith represent
historical data from specific wind turbines and can be @sed reference gnature.

To get thesignature independent of air densayd comparableneasured data was
normalizedaccording to standard IEC 614Q@-1. With the too] it is possible to add

new dataand compare it with the reference signatuifenew datais deviaing more

than a specified valugom the reference, an alarm is initiated. It was found that a
method based on piecewise linear regression with seven pieces could be used to
parameterize the data. The method of bins, where average values of power and wind
speel in small intervals are interpolated to construct a curve, resuletenenmore
accurate representation of the historical datéhird method for parameterization was
investigated, polynomial regression. This method, however, returned lower accuracy
than the other methods.

Three concepts tgeneratalarmsin case of deviating wintlrbine performancerere
developed. Piecewise linear regression was combined with an alarm concept where
alarms are initiated when tlpresentdata deviates more thanpralefined threshold

from the reference signature. Anothalternative of parameterization and alarm
generationreturning satisfying results consists of the method of bins for both
parameterization and detectiond#viations For this model, a larger amounit data

is needed than for the other modeWith all aspect taken into account the
recommendation to Goteborg Enevgas to apply the piecewise linear regression, 7
pieces, combined with constdimhit methodfor alarm generation.

The models were develope usi ng data from G°teborg Ene
Risholmen in the harbour of Gothenburg. These turbines have a rated power of
600kW and are of the type Vestas V44

Key words: wind power,monitoringsystemperformance monitoring



Ett analysverktyg fo utvarderingav vinkraftproduktion
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SAMMANFATTNING

Goteborg Energi har sedan 2006 tillbagt system for kontroll av fjarrvarme
leveranser. Ett liknade system for kontroll och dvervakning av vindkraftsproduktionen
efterfragades. Vindhastighet, vindriktning och luftens densitet identifierades vara de
parametrar som paverkar produktionen mestsda parametrar kombinerades och
anvandes i tre olika modeller dar historisk data parametriserades for att anvandas som
en referenssignatur. | modellerna kan ny data laggas in och jamféras mot
referenssignaturen. Om den nyare datan avviker fran referitseras ett larm.

En metod dar styckvis linjar regression anvands for att parametrisera data visade sig
kunna anvandas. En annan metod som ocksa visade sig fungera bra var binmetoden.
Denna metod bygger pa interpolation av medelvarden for sma delihterval
Noggrannheten for denna metod blev nagot hogre. Den tredje metoden som
utvecklades bygger pa polynoegression, vilket dock visade sig ge lagre -nog
grannhet an dvriga understkta metoder.

For att kunna detektera fel och avvikelser utvecklades trégdlgangssatt. Styckvis

linjar regression kombinerades med en metod dar larm initierades om avvikelsen var
storre @nen fordefinierad grans for accepterade avvikel§sn tidigare namnda
binmetoden visade sig ocksa kunna anvandas fodktektering. Dersm kombination

kraver en storre mangd data men visade goda resultat. Med dessa metoder ar det
mojligt att identifiera trender och utvardera turbinens prestanda fér en langre period.
Med hansyn tagen till alla olika aspekter blev rekommendationen till Git&reergi

att tillampa styckvis linjar regression, 7 linjer, och konstanta granser basefad@rpa
larmgenerering.

For att utveckla modellerna anvandes data fran Goteborg Energis vindkraftverk pa
Risholmeni Goteborgs hamn. Dessa turbiner ar alla av typen Vestas V44 och har
maximal effekt pd 60@W. Mangden data tillganglig for analys var begransad och
mojligheterna att tillampa modellerna pa andra typer av turbiner kunde inte. testas.

Nyckelord: vindkraft, 6vervakningssystem, prestandadvervakning
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Preface

The thesishas been carried obietweenMay 2011and October 201lat Géteborg
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power.A first version of WindKasper has been implementadparallel to this work
by Therese Berge, Kentor.

The idea ad the first initiativeof the projectwere launchedby Ola Jobring affK,
Goteborg Energi. During thevork with the thesis, Oldasbeen thesupervisor and
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Fischer athe Department of Energy and Environment, Division of Electric Power
Engineering, whavasthe supervisor at Chalmers and assisted guthlified guidance
and supportThanks also to Professdiorbjorn Thiringerwho has contributed with
valuable specialigxpertise.

Goteborg October 201
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1 Introduction

The wind power production is growing significantly and the importance of an
efficient generationincreases since unpredictddssesin production can cause
substantialeconomicconsequences. The development of multiple megawatt turbines
placed inremote locations also requires better ways to control and monitor the
performance of the turbines to optimize maintenance and produclibe.
optimization of powerutput is complicated by the fact thiatis a multipleinput,
singleoutput signal. If the power production of the turbines carsuggervisedon
distance,better control and optimization will be possible. Therelgductions in
production which might indcate a deteriorated condition of whbarbine
componentscan be detectedearlier and measures che takenbefore any serious
failure occus. The economical revenue of this is increasing whiler#tted poweiof

the turbines is increasing.

1.1 Problem desciiption

Goteborg Energis planning for a reinforcement of wind power within the next years.
The objective is to set up 100 new turbines until 2015t@sdpply500 GWh of wind
energyin 2015 Therefore, there is a need to find an effective way to measute
monitor the performance of the wind turbinéscouple of years ag@ software for
monitoringandquality controlof district heatingvasdeveloped by Goéteborg Energi.
The purpose of thisoftware named Kasperwas to ensure the quality of the
measurements of district heating deliveries and to detect faulty mea3ines.
software monitorshe energy signature, thattie energysupplied to buildings versus
outdoor temperaturesand compees the hourly average luas with a reference
signatureThe systenhas been proven to be very efficient and reliable. thesefore
desirable talevelop and adaphis system to be applied to wind povirestallationsas
well.

Currently, Goteborg Energi haslevenwind turbines running within the area of
Goteborg Five of these are situated at Risholmienyr are Vestas V4 and have a
capacity of 60kW each and thelast one is a Bonus Mk3 with rated power of
450 kW. The study has been focusedthefour Vestas turbiness heavailable data
onthose wereanost comprehensiva@ndthe fact that thepave been operating during a
longer period. Today, there is no effectivperformancenonitoring system for those
and information concerning their production has to be gathered from different
sources. A new monitoring system will also support the monthly evaluations of the
production of the turbines as sachtool exisstoday.

A so calle power curve is usually supplied by thebinemanufacturerlt shows how
the specified type of turbine shall generate powederspecifiedconditionsin ideal
terrain. Thiscurveworks as aeference of th@erformancdrom the manufacturer but
as theterrain is barely ever ideal, its usefulnesdéinsted in practice It is therefore
desirable tohave an accurate turbmend locationspecific referencesignature
representing the historic performande which thepresent performancean be
compared.



1.2 Previous work

The first version of Kasper for district heating was developed in 2808 master

thesis in statistical mathematics behalf of Gétebag Energi. It was found that
piecewise linear regression should be used to represent the reference signature
(Munoz, 2006) The work contains a statistical analysis of data for the energy
consumptions 1090 buildings inGoteborgfrom May 2004to May 2005.The thesis

also contains a error detection methowhere alarms are initiatedf the deviation

from the reference line isigherthan 3.5 standard deviat®nf the data used for the
referenceBased orthe results from the thesis, ava application was implemented.

During autumn Q09 and spring 2010a second thesigvas conducted, aiming to
improve the current application Kasp&he result became a version of Kasper where
the total difference between the actsiapply of district heat and the expected demand
during alonger periodcan be calculated (Lindqvist, 2010). The application makes it
possible teevaluate energy saving actions and the energy efficiency of buildings.

1.3 Purpose

Thepur pose of t Is¢odavadopthiedasidfan dpplietsoifos analysis
and monitoing of wind power productionlhe system Kasper wibe developed and
adapted to handlenergysignaturs of wind turbinesWith the application it shall be
possible to detectudden performance degradations ahnortterm deviations e.g. due
to measurement errors and signal faults. Atswyrterm changes and trend$ the
productionshall be detected with the systeifhis is donethrough detection of
deviatiors from a referenceenergy signaturef the turbine.With these functions, the
system can be usexb an EariywWarning Systenmand the information obtaineavill
provide decision suppodoncerning maintenanc#.can also be used for evaluation
of optimization trials e.g. regardirgpntrol functions.

1.4 Scope andobjectives

Within the scope of the work is to identify the parameters influencing the wind power
production. Those parameters shall be used when alternative methods for
parameterization of historical data are developed. In order to enable detdction o
deviating dataproceduresvhich are compatible witthe parameterization methods,
shallbe developedThe methods andlarm procedureare combined to modelsere

the wind power production from one periodn be evaluated and compared véath
reference period-or construction and testing of the models, Maigalsed.

The study is limited to data available at Goéteborg Endbgie to difficulties of
obtainingvalid datg the data useth the modelss mainly limited to two periods of
time, June 2008 to Mar@009 and May 2010 to October 2010.

The studyis focused ondentifying a suitablenodeland algorithmfor a monitoring
and evaluationsystem which can be used at Goteborg Energhe software
implementatiorof the system is out of the scope of the wdtka result of the work,
a recommendation to Goteborg Energigiven with respect to the possibilities of
applying the existing system for district heatiig wind power with only minor
modificationsin order tofacilitate the implementation



2 Background

The energy which can be extractiedm a wind turbine is dependent on the wind
speed. A basic introduction tbhe governing equations given in sectior2.1

During the last years several different systems for monitoring and control of wind
power performance have been develgpeuich are described in section 2Many of
those are &sed on mathematical models am@ using large amounts of data for
prediction ofwind power production.

2.1 Theory

The power production of a wind turbine is thetecally determined by
0 -"®0 (2.1)

where” is the density of the aig is the rotor swept area, is the power coefficient

(the ratio between theower output of the wind turbine and the power available in the
wind, andv is the geed of the incoming affow. From(2.1) it can be seen that the
power output is a function of the cube of the wind speed, therefore, a doubled wind
speed will lead to elg times higher power productiomhe power is directly
proportional to the density of the air. The density is a function of air temperature and
atmospheric pressueecording to

" OATYY (2.2)

wherern is the atmospheric pressyiéis the gas constafor dry atmospheric air, 287

JIK kg, and’Yis the temperature cir in K. Thisimplies that the density will vary
according to the local and temporal atmospheric conditions and thus also affect the
power output from the turbine.

The value ofd varies with thewind speed whiclimpliesthat the power curve of a

turbine is not just a function of the cubic wind speéte power coefficient is
dependent on the sgqgveckyl |l ed tip speed rati o

— (2.3)

where] is the rotational speed in rad/s aRds the radius of the rotor. With a fixed
rotational s peed which leadseto thabdlso rwill vagy. Thel | | var )
maximum value 06 is usually around 03while a theoretical limit of 16/270.59)

is determined by Bet®Law At high wind speeds, around 18 m/s, the coefficient is
approximately around 0.1. At these wind speeds, the wind turbine is extracting its
rated power and the turbine is regulated to not extract rmoieigure 2.1 it can be

seen thathte Vestas V44 reaches its rated power of 600 kW at a wind speed of 16 m/s
hence called rated speéithe figure also shows th#te power coefficient reaches its
maximum 0f0.43 ata wind speed of 8n/s. All turbines, irrespectiveof size, have a
cutin speed ancut-out speed which arthe limits at which the turbine will start
generabn andthe wind speed at which the turbine is sliown For a Vestas V44,

the cutin wind speed is 4 m/s, meaning that the turbine will start to generate
electricity when the wind speed exceed®/4. It is interesting to note that, however,
when the turbine is operating and the wind speed decreasesyrtiine will stop
generating at &/s. Cutout speed for the same turbine isrd5s.
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Figure 2.1 Power curve (blue line) andthe power coefficient (red line) for Vestas V44600 kW

2.2  Existing systems forwind turbine monitoring

Currently, here are several different systems on the market for moniteving
turbines operation condition monitoring systems (CMSYlost of these systems are
based orvibrational analysis anthususe vibrations agnindicatorof condition.

The main part to consider for condition monitoring systems (CM&jeiglrive train:

The gearbox consisig of several critical components such as bearings and, dlears

main shaft the main bearingand the generator (Nilsson & Bertling, 207 ) . SKFOs
condition monitoring systemWindCon, is based onvibrational analysis. Other
techniques which can be used for condition monitoring are oil analysis, thermography,
physical condition of materials, strain measurement, acoustic measuremeritaglectr
effects, process parameters, visual inspections and performance monitoring. These
techniques allow the maintenance strategy called condition based maintenance (CBM)
to be applied onthe turbines This strategy implies that maintenance shall be
conduced before a fault occurs as the CMS shall make it possible to predict
impending faults.

Since the trend goes towardsgerturbinesbeing installedn moreremoteareas, the

cost for maintenance actions is increasifihe most coseffecive strategy for
maintenancediffers for different components within the turbine. CBM has been

proven to be effective and cost efficient for components such as gears and bearings
(Andrawus et al., 2009, Besnard & Bertling, 2010) Research has shown tkat th

strategy can optimize the maintenance for a whole wind farm and thereby, the cost of
maintenance can be reduced significantly (Tian et. al.,, 20Allarge project,
AAdvanced maintenance and r epm@adictionfandd of f s h
condtion monitoring techniques, -ordimated by ITES2005) advocates that the
conditionbased maintenance is most beneficial for offshore wind turbines.

Other strategies that can be applied are -tvsed strategy, implying that
maintenance is carried owt a predetermined time, and #gafailure strategy
(Nielsen& Sgrensen2010) Those strategies can be magpropriate omore cost



effective forsomecomponentsvithin the turbinee.g. in cases iwhich it is hard to
predict an impending fault.

For manitoring of wind turbine performanc&CADA (Supervisory Control And Data
Acquisition) system is used. This is used as a complement to CMS, which only
provide monitoring of technical component condition and not of the turbine
performance SCADA systens hawe during a longer period been a vital part for the
control system of wind turbine. These systems have during more recent times been
developed to collect, monitor and log much larger amounts of data. This has improved
the monitoring systems significantly. llAlarge turbines that are being installed
nowadays have sensors used to obtain large amounts SCADA data. The system is
aiming to control and monitor the entire process and the number of parameters
measured is usually more than fifty for each wind turbiferameters of interest in
particular, in addition to the wind speed and active power, are usually bearing
temperatures in the gearbox, gear oil temperature and temperature in the generator
windings. The sampling frequency is usually 1 Hz but most SCAD#esys store

only 10-minute averaged values.

Goteborg Energuses CMS for somef their turbines and some of the turbines at
Rishoimenare equipped with WaiCon for vibrational analysis. Larger, more recently

installed turbinesll haveCMS and are supervegl through it. The turbine in Gardsten

in the northeast part @é6teborgis equipped witta CMS andselecteddata from this

turbine is obtained via t hewneshaynGotelgt ur er 6 s
Energi for instance the recently installed (2603:22) turbines at To6ftedalsfjallet in
Dalslandalsohave CMS and tlee arebeingsupervised byexternal staff at a remote

monitoring centerSCADA data and CMS dat&om these turbinesan currently be

obtained through the web and by Vattenfalhere are plans for integrating the data

from these turbines into the operation management system at GoEgtsogyso that

alsothe performance of these turbines can be monitarethe Kasperapplication

under develoment The remainingurbines ownedby Goteborg energi can be
performancemonitored when connected to the server of the manufacturer, or for some
turbines, when connected to Vattenfall 6és w:

2.3 Mathematical models

The power curve of a wind turbine can be described by different matibama
models. In a study by Kusiak et. @009), threalifferent models were compared; two
parametric modelsnd one noifparametric. The study showed that a leagiars
parametric model and a rigmarametric model based orkaearest neighbouk-n)
algorithm gave the best result. The least squarethod is often used for regression
and data fitting and minimizes the sum of the squaredsereqy. the squaseof the
deviatiors from the parameterized curve, Eq. (2.4The data set, who |,

w ho , é oho , consist ofd data points wherev is the independent
variable andwis the dependent variable, in this case the wind spaddhe power
respectively The sum of the squared e calculated by

B o "Qwfo (2.4)

where"Qahb is the function of the curve searched abid the vector containg the
parameters determirg the cuve. A logistic functiorwas used to approximate the
curve:



. , T
w Quh— Oo—— (2.5
In this equationewderotesthe wind speed measured at the turbine nacelledisthe

power generated and-  Gfo FEft is a vector parameter of the logistic function
determining the shape.

In the k-nn mode] the wind speeds used as a predictor and the powseused as a
dependent variable. A residual contislused to eliminate residuals and thereby
achieve a more accurate model. The models wesignedfrom a test set of data

from one period of timeThe models were then compared wathother set of data
points and the result was satisfying and the models could be used as reference power
curves for online monitoring.

Another method which is commonly used for data fitting is the maximum likelihood
method (MLM). For the MLM, a knowrprobability distribution furction is used to
find the parameters which maximize the probability (likelihood) ofntleasurediata

For wind speed, the Vilaull distribution is often used as this distribution has been
proven to match the wind data well (Seguro & Lambert, 2000).

To corstruct a reliable model from data, automatic filtering of the data will be needed

to eliminate erroneousataand thereby prevent their influences on the result. Sainz et.

al (2009) propose a statistical technique of the least median squares combingd with
random search to detect and reject erroneous data points. The least median square
method is less sensitive to outliers than the least ssjoeetod as a single outlier can
destroy the fitting using the least square method. The least median square wasthod
applied to raw data and after filtering reference power cuneuld be constructed

using a exponential model which yieldeshtisfying results. The exponential model

took wind speed, wind direction and air temperature into consideratiorwasd

shown towork well throughout the whole range of wind speeds.

Another methodnvestigated by Sainz et. al (2009) it he met hod of bin
working well, at leat as far as there is sufficient data, covering the whole wind speed
range.An advantage of tsimodel is thathe level of rejection of data can be adjusted
easily, and thereby assure that no correct data will be rejected. Witabtve
mentionedeast median square method proposed by Sainz et. al. (2009%jection

of data might be extensivBThe methodo f  big als@déscribed irthe IEC 61400

12 st aRoden Pefornience Measurements of Electricity Producing Wind
Turbine® (IEC, 2005 for construction of a power curve for a wind turbifibée wind
speed range is split up into bins of ks for wind speed betweemt)s and the cut

out speed. For each bjnthe average of the normalizednd speedis calculated
using

(2.6)

The normalized wind speed tise measured wind speed recalculated for a reference
air density The normalization procedure is described in Sedtidof this thesisThe
average power and tretandard deviation of the power @ach binare calculatel
according to

0 —B 0, (2.7



~

" —B 05 O (2.9

wherev f is the normalized and averaged wind speed ifhin; is the normalized
wind speed of datpoint "(n bin Q0 is the number of datpointin bin Q0 is the

averaged power output in biQ0  is the power of datpoint ‘Gn bin ‘Cand,, is the

standard deviation of the power output in Te

Data sets deviating more than eug. can be rejected and by repeating the procedure,
recalculating ;, 0 and, the accuracyanbe increased. The averaged values can
then be used to create a power curve.

Catmull (2011) proposed to uS€ADA datafor the constructiornof Artificial Neural
Networks (ANN) whichthen can be used for prognos¥ component health
condition. ANN is a nonlinear mapping system for identifying pastenmlarge
amouns of data.From the study of Catmull (2011)wtas concluded that this ane of
the best methods so far for prediction of power from a wind turbine under certain
conditions. The Kohonen Sedlirganizing Map (SOM), which is an unsupervised
learning ANN, can successfully be applied to SCADA data toctiere impending
failure although it cannoprovide information about the type and location of the
problem (Catmull, 2011). The distanceetweenthe SOM and the point in space
described by the state of the turbine is used asvanall conditionindicator. An
increasing distance indicates an impending fault






3 Current systemat Goteborg Enerqgi

Goteborg Energi have developedsystem for cotrol and monitoring of district
heating.Preceding the project described here dedicatedsystemfor monitoring of
wind power exigtd at Go6teborg Energiand the monitoringwas considered
complicated and insufficient.

3.1 Kasper

The primary purpose of the tool Kasper was to ensure the quality of the measurements
of the deliveries of district heating, which previously hadnbdeficient. With the
program it is possible to identify faults and measurement errors. Since the start up, the
program has made it possible to debit costumers afterweanés they had been
paying for less than actualtielivered due to faulty measuremanPreviously,it was

not possible to debit afterwards athis led to losses of revenues where the measured
consumed energy was lower than the attusilippliedas the measurement error
could not be detected.

The system creates energy signatures,sogreature for a reference period where the
measuresare assumed to be correstd another energy signature for a period to be
studied The energy signature links a certain daily averaged temperatareettain
energy demand for a building by using higtal data. The referengeeriod is usually
one year in order to cover the whole temperature rahgew energy signature can
be created for another period and the periods can théebympared even though
the temperature is divergingetweenthe periods From the data of daily heat
deliveries (MWh) and data of daily averaged temperatdtd, @ regression linés
determinedcreating the energy signatuFeégure 3.1 is showing the energy signatures
of an examplebuilding, one for the reference periddyht blue) andthe other for a
more recent perio@daik blug). The horizontalaxis is showing the temperatuneCj
and thevertical axis is showing the dailgeliveries of heatThe energy signatures
consist of four linearegression lingscalculated using the least square methidde
positions of the four knots on the horizontal axis @redetermineénd are the same
for all buildings.

Each night, meter relings for delivered energy of district heating and daily averaged
temperature for all properties within the district heating network are collected. Those
values are compared to the reference signature and its expected delivery of district
heating for the arrent temperaturd he heatdemand can differ significantly between
different days since activity in the building might be different e.g. in an industrial
building or school where the demand is reduced during the weekends. Dug to this
Kasper can handleputo three different reference signatures and three different
signatures of a studied period. Each value is compuaidid the closest energy
signature.

There aretwo different kinds of alarmfunctions within the systenpoint deviation
alarm and sliding arm.

A point deviationalarm will be initiated wherhe differencebetween the measured
valugw, and the expected value for the actual temperatuke , exceeds a certain
deviation

ook w @ od, (2.9



where,, is the standard deation determined in the context of referersignature
calculation The magnitude and the number of alarms during the last 90 days are
counted by the systenThe properties cabe ranked according tilne magnitudeof

the deviationsneasured during the last dayaccording to the number of alarfos a
property during the last 90 daytm order b not ignore smaller properties, with a
relatively low heat demand, the deviations can also be normadigathstthe
reference value andnked according to this.

The sliding alarm identifies deviations in the energy signature over the last 365 days
compared to the energy signature of the reference péfltumke deviations can be
ranked according to the total deviation of energy deliveriesglthe periodr by the

rate at which the signature is changing. The worst alarms will be handled and
investigated first. The deviatiord signaturemight be causelly changesn the wse

of the building e.g. if the buildinghasnot beenin use during geriod. In cases when
the changescannot be explaineavith the use of the buildingit is likely that
something is wrong with thgaugeand that more, alternatively ledsgat has been
delivered than what the meter h&sorded The meter is then replacaed the old

one is sent ta laboratory where its accuracy can tentrolled If the meter has
registeredtoo low values of supplied heat during a longer period, Géteborg Energi
can debit the costumer afterwards. The amount of supplied heat that hasemot be
charged for can bestimatedy the software through comparing the measured values
to the reference line.
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Figure 3.1 Graph of supplied energy atdifferent temperatures for a certain building obtained
with Kasper. Dark blue dots are measured values from the last year. The dark blue line is the
regression lineresulting from the data points, the line of light blue dots is the reference line
obtained from historic data.

3.2 Available data for wind power generation

Many wind turbines owned by Goteborg Energi are today supenbgetie turbine
manufacturer oexternalstaff. Operational data for tee can be monitored from the
manuf act urbathas ot Iseenravadable for analysis in this ystliistead
datafrom four wind turbinesall of them of thelype Vestas V44 have been used for
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analysis. Thse are all placed &isholmenin the western part gsoteborg Figure3.2

shows a map ahis area The turbines are named with Swedish names, Boahd

Elida and Elin.Goteborg Energi owns a fifth turbine at Risholmen, Marta. Thés is
Bonus Mk 3turbine with lower capacity, 46 kW instead of 600 kW and another
control strategy, stall regulation instead of pitch regulatibne stall regulation
strategy prevents the same method of normalization to be used and since all newer
turbines are pitch regulated, the developed modehbabeen adapted to this control
strategy

Data forthe wind power production of the four turbinisscollected everysecond.
From these dataminute average and hourly averagee created All data, including
the momentary values, al@ng-term stored ira serverA selected part of data &so
available througlan operational management systenomentary valuefrom every

ten minute from the two last week and hourly average from the stap of
measurmentsareavailable and can @esented in time &iory plots The parameters
available foreach turbinere presented ifable3.1. The wind speed for each turbine
is measuredhy means of the anemometer on topghef nacellethusbehind the rotor.
Also the wind direction is measured at each wind turbine in order tdeeymlyangle
control but currently, the signal is not stor&tstead data of wind direction measured
at a wind mastocated close tdhe turbins has to be usegd A Measuring poin
Figure 3.2. Sincethe rotor is affecting the windpeed,t may be assumed thatt is
advantageusto use the wind direction measured at the measuring mast. This is also
the case for wind spee@he wind speedlownstreanthe rotor is alwgs lower than
upstreamthe rotorwhen the turbine is operating sineaergy is extracted from the
wind over the rotor. Other parameterof interest where no data measured at the
nacelle have been availaplrethe air temperaturand the atmospheric pressule
can be assumed thtte temperaturand pressurevill not vary significantly locally
within the area of the fivaurbines thus, ambient temperature and atmospheric
pressure dataollected at Rya heat goit located 5km eat of Risholmerhas been
used in this work.

During the investigation of data, it was found that tiwerage valuesof wind
directionhadbeenderivedincorrecty. Due to thishew valus for minute average and
hourly average had to be recalculated fromrtteenentary values order to make it
possible to use the direction dateasurenentseriesfor the pitch anglewerefound

but it wasconcluded that these values were incorrect as they were just a fraction of
the power produced and took unreasonableegallihese series could therefore not be
used for any analysis. GotebdEgergiis now aware of the problem and will measure
and store the correct values in the future.

The five turbines considered in the study started to operate in H99f&ver,data is
not available until July 2008 for Boel and Eiviadd untiiINovember 2008 for Elida,
Elin and Marta.
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Table3.1 Data available for the wind turbines at Risholm&dteborg

Boel | Eivind | Elida | Elin | Marta| Wind mast| RyaHP

Power X X X X X - -
wind speed X X X X X X -
Wind direction - - - - - X -
Generator temp. X X X X X - -
Gear bearing temp.| X X X X X - -
Gear oil temp X X X X X - -
Pitch angle - - - - - - -
Air temperature - - - - - - X
Air pressure - - - - - - X
g /i y b
A . . ] -
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Figure 3.2 Map of Risholmenshowing the locationand namesof the wind turbines and thewind
mastincluded in the study.
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4 |dentification of influencing parameters

The analysis of influencing parameters was performed using data from the database at
Goteborg Energi. A literature review of the field was also conducted in cases where
theavailabledata was insufficientaindin order tosupport the conducted analysis

The wind tubine should ideally be placed @ site without local topographic features
and obstacles which can affemeasurements. In other case, whichhis case at
Risholmen and most other sites, site calibration is needael criteria forthis are

stated in the IEC standard (2005) for wind power performance. Series for wind speed,
wind direction, atmospheric pressure, air temperature and power output shall be
measured.

4.1 Wind speed

As the power output is a function of the cube of the wind speed, thii isnost
important parameter determining the powarFigure2.1, theideal power curve of a
Vestas V44provided by the manufacturer has beaown

For obtaining caoect measurements wind speeds, the anemometer shall be placed
between 2 and 4 rotor diameters from the turbine and it must not be placed in the
wake of the turbine (Burton et. al., 2001).€Bk criteria areot fulfilled by the mast

at Risholmenthe dstance between the anemometer and the closest tuxbibe
investigated, Eivind, is 38& and thereby significantly more than 4 rotor diameters
(176m).

According to Cutler et al. (2011an average of the measured wind speed at the
nacelle and the wind speed at the mast gives the best fit to the power curve supplied
by the manufacturer. Importawhen measuring wind speed for wind power purposes

is thatthe measures are calibrated for treaght of the nacelle since the wind speed

will vary with the height abovéé seaAccording to the IE standard (2005), for test
purposes anthe elaboratiorf power curvesthe wind speed shall be measured with

a cup anemometer at a mast on the sagighhas the hulCorrection forheightcan

in theory be done by taking into account wind sl{ga increase of mean wind speed

with height)by usingthe wind profile power law relation

b v — (4.1)

whereU is the wind speed at height 0 is the known wind speed #te reference
heightd and| is a empirically derived coefficientvhich usually takes on values
around 0.14, bwaries dependent dheterrain (Burton et al., 2001 he importance
of measuring at the right height r&creasing when the surface roughness is Higb.
surface roughness is dependent on the topography ofsuh®undingsand if
obstacles, such as buildings, are present in the proxifitygh surface roughness
causes a high wind shear which implies tthat horizomal wind speed is reduced at
ground level and the nominalundisturbed,wind speed is reached higher in the
atmospheric layefPefia 2009).

Figure4.1 shonvsthe power generated by the turbines at Risholmen plotted against the
wind speed measured at thend mast Figure4.2 shows the power plotteahainst the

wind sped measured at theacelle of the turbinesVhen using data from the wind
mast the deviations of the power are significantly high¥hen data from the
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anemometer on top of tmacelleis used a clearer shape of the curveolstained An
analysis of the wids speeds showed that the wind speed at the mast was significantly
higher than at the nacelle for all the four turbines, approximate®p Bigher at the

wind mast.
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Figure 4.1 Power generated plotted against wind speed measured at ttvnd mast.
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Figure 4.2 Power generated plotted against the wind speed measured at respectively turbine.

4.2 Wind direction

The wind direction range, @asured from 0 360 degrees, was split up into twelve
sectorsas shown inFigure 4.3. The prevailing wind directianat the wind mast at
Risholmen were found to be soth-westand west (SSWWSW and W seeFigure

4.3). These three wind directions are all four times more frequent than northerly
winds. Thisis not surprising asouthwest is the prevailingvind direction in this part

of Sweden in gener@Wern & Barring, 2009).

Figure4.4 shows thathe rated power has not been obtainedliwiad directionsfor
Boel, e.g. northnorth-east (NNE) where the highest measured power is about
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500kW. It can therefore be concluded that difficulties will occur when trying to
parameterize the power curve for those dio&s, due to the lack of dat&ated
power is mainly reached irosthrwesterly (SSW and WSW) and westerly (Wihds

From Figure 4.5 it can be concluded that the wind direction influences the powe
output for a certain wind speethe directions that yield best power output swath
southwest (SSW) and southeasthile northwesterly winds are least beneficial. This
is displayedn the figure ashe same wind speed yields a higher productiorstarth
southwesterly (SSW) windsompared to e.g. nodfmorthrwesterly (NNW) windslts
power curve is therefore shiftedtteeleft.

Figure 4.3 Distribution of wind frequency over twelve sectors during dine 2008-March 2009.
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Figure 4.4 Distribution of wind directions of measured power from Boel during June 2008 until
March 2009.
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Figure 4.5 Power output for each wind direction from the wind turbine Boel.
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4.3 Turbulence

Turbulence is characterized by unstable flowwhich local speed and pressure
change unpredictablyn contrast to laminar flowThis gives rise to fast fluctuations
in wind sped. These fluctuations wind speedtan be caused by eithierction with

t he ear t hoteimpadt of abstaclesoch as buyldings or trees

Downstream of a wind turbine, a wake will always occur since some energy is
extracted by the turbin@urton et. al, 2001)In the wake, the turbulence is high and
this is a major factor when planning wind farms. The turbines affect each other and
the turbines behind the first row withcea lower wind speed with higher turbulence
than the first row. Powelosses due to wake effects in wind farms are on average
10% and the turbulence generated by wakeseasfatigue loads on the turbines and
thus redues ther lifetime (Barthelmie, 200) A distance of 2 4 rotor diameters
between turbines is suggestedaaminimum in wind farmsn order to reduc¢hese
effects (Petersen & Madsen, 2004)his is sustained between all turbines at
Risholmen, where the shortest distance between two turbi@é8 s, while the rotor
diameter is 44n.

Turbulence is measuredtarbulence intensity¥8Qand has a percentage value
88 , T (4.2)

Herein,, is thestandard deviatioof the momentarywind speed variation® , ata
specific location over a specified period of time

.,  -B 0 ® (4.3)

wherev is the meanvelocity at the same location at the same period of time. In the
ideal casef perfectly laminar flowthe valuewould be zero The turbulence intensity
may evenbe higher than 10%. Typical values at hubeight onshore are 112 %,
while offshore typical values are around® €6 (Barthelmie, 2007).

Gusts and urbulence affect the power generation negativ@hce it causeslarge
variationsin loads at the turbind he surfaceroughnes islowest over the sea, at least

in absencef high waves. Due to this, the turbulence intensity for the turbines placed
at the shore of Risholmen will vary around the turbihe.quantify the turbulence,
momentarydata at ms resolutionis required This has not been available and no
investigations coulde done to further analyse those effe€tse turbulence intensity
can be assumed to be relatively constant for a certain wind diretteoigiven wind
speed(Burton et al., 2001)By having sufficiently narrow wind direction sectptke
turbulenceeffects preventing the construction of a normalized powave can be
eliminated since ttee effects are constant for each direction.

4.4  Air density

The density of a gas is determined by itheal gas law An equation for this relation
was introducedh section2.1,

" OATYY 2.2

where” is the density of the gag,is the pressuraPg 'Y is the gas constafior dry
atmospheric ajr287 J/K kg and“Yis the temperature of the gas in Kence, the
density will decrease with an increasing temperatmd rise with an increasing
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pressure. This, iturn, implies that the power outputegpected to béower at higher
temperaturess the power is a functicof the density, see equation.X2 In Figure

4.6, power outputis shown for different temperature intervals and it can be clearly
seen that higheretnperatures yield lower power outpét the lowest terperature
during the period-64xC), the density of the air is approximately %7higher than

for the highest temperature during the period.@&9), and thus shall the power
output be 16 higher forthe lower temperature at a certain wind spddte data
used forFigure4.6 is hourly data from three years.

The influence of the variations in atnpberic pressure, which ike other variable
parameter in the gas law, was also investigated. The difference between the highest
and the lowest pressure during the same period was fB&8This corresponds to

8 % higher density for the higher pressurel an expected increase in power output

of approx. 8% When power is plotted against wind speed for different pressure
intervals, Figure 4.7, no correlation between higher pressure and higher p@ver
found confirming thatthe tempeatturevariationhas a greater influence ¢ime power
outputthan the pressunariation.

At high temperatures, also the relative humidity affects the density of thefrar. T
effects become significanat a temperature of around X80 (IEC, 2005). The
calculations for obtaining a density normalized regarding humidity as wethare
complicated than theultiplicative correctiomecessary for temperature and pressure
(IEC, 2005).1t can be assumed that seeeffectan be neglected in Swedish climate
as the temperatugnly exceeds 34C a few times a year

The IEC standard (2005) is suggesting thatdctive power controlled turbinga
normalized windspeedshall be calculatedccording to

T
b0 — (4.4)

where 0 is the normalized wind speed, is the averaged wind speed measured
during 10 minutes; is the averaged density calculatattording to Eq. (4) for data
measured during 10 minutes ahd is thereference densityThe measured power
output can thereby be compared to its normalized wind speed.

For stall regulated turbinesormalized power shall be calculatd@&C, 2005) by
means of

0 00— (45)

where0 is the normalized power output adds the averages power over 10 minutes.
In Figure 4.8, the two wgs of normalization, both normalized wind speed and
normalized power, has been appliedi&ba obtained at Boelhich isanactive power
controlled turbine For simplicity reasons,eference condition was set to X0
(283K) and 1 bar (100,00Pa).

" i 1.23kg/m’? (4.6)

It was found that the normalization of wisgeedresulted in aslightly narrower and
more accurate curve then for normalized poWweagure4.8.
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Figure 4.6 Power output from the wind turbine Boel for different temperature intervals.
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Figure 4.7 Power output for different pressure intervals.
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5 Model development

The objective is to develop taol where data of the production from one period of
time can be comparedith a data model representing raference signature. The
reference ignature shall be power curvecreated frondata obtained during a period
when theturbine is assumed toave operatewvithout any disturbancesr faults In
order to make data comparable, selection aonalization of dataare neededs
described irChapter4.

The datacontain erroneous values due to ggugeerrorsor data generated during
startup or shutting down of the turbin&uch values should not be included in the
construction ofthe reference signaturand thereforea filtering method forthe
rejection ofthis data is needed. After the filtering and selection of data have taken
place,a parameterization of data carried out in order tobtain a reference signature.
Three different rathods for parameterizati@reinvestigated using Matlaff-he data
used when developing the methods was 10 minute average vahieslatawas
created from minute average values, whichitsnturn was created from momentary
values of 1Hz. This is in lire with IEC standard (2005) which states that the sampling
rate has to be at least 1 Hz and that the data shall be presented as 10 minute averages.
Alternative averaging periods of ongnuteand hourhave beertonsidered buivere
rejected as the amount of data wolbéve becomeither too extensive or too smaltl.

was also found that minute averages resulted in significant higinetion of power

for each wind speed, which would aggravate the parameterization.

To comparedata fom two differentperiods, a signatureased on datbrom another
period shall be constructed using the same method as for the reference. /Thageby
term trendscanbe identified andn evaluation of thgperformancecan beconducted

The tool shall alsoinclude a function to detect data deviating from the reference
signature.When this occurs an alarm shall be initiated and hence, degradation of
turbine performance can be detected.

5.1 Model approach

In Chapter4, it was found that several variables affect the power generation. From
these results, the following variables were chosen to be included in the model:

q Wind speed

1 Power

q Wind direction

q Air temperature

f Atmospheic pressure

To getas high accuracy as possible, all relations found will be combined in order to
give a narrow range @fcceptablgower output for a certain wind speed

IEC 6140012 recommends using the wind speed measured at a wind mast but in
Section4.1it was found that when the wind speed measured at the nacelle was used,
the variations of power were significantly low&ince the performance of the wind
turbine will be compared to its own in the past, it is assumed to be of advantage to use
the wind speed at the nacelle even though this is lower than the actual free stream
wind speed at hub height.
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It was found that the peer output is different dependiran wind direction. It was
also found that high wind speeds are rareven absent in sontkrectionsthus, for
these directions a parameterization of the daanotbe fulfilled. Winds fromthe
four sectors, S, SSYWWSW and W,were found to be the most fjeentdirections
more than hal{54%) of the data was measuréedthese sectors. High wind speeds,
and thus rated power, were also found in these sectors. Therefore, the mecl
designed to include data measurethiese directionscreating separatggnatures for
the four directions.Due to the high frequency of these wind directions, it is
considered sufficiento base themonitoling procedure ornhese directionsnly. An
additional option,the monitoring based on data fromall wind directiors can ke
included in the application in order to visualize etteremainingdirections

The datgrocessingan be dividednto the followingsteps:

1. Validation to ensure that all viables exist for a givetime
2. Selection of wind directionto be included irthe analysis
3. Calculation of normalized wind speed, according to Eq. (8)

5.2 Detectionand rejection of erroneous data

When looking at any of the figures showing the power versus wind speed, it is
obvious that not all data should be in&ddin thecalculation ofthe reference
signature Only data representing normal operation should be inclubieete is data
measured at high wind speed when the turbine has not been in operation, having a
power output of zero. Such values will destroy attempts eétorg an accurate
reference signaturgsing regressiams the values to be used are average values, the
turbinemay be in operation for a part of the time when a value is formed, and out of
operation for theest of the time periadlhis phenomenon manly present, and has
effects, for wind speeds around the-out speed. lifrigure4.8, such data is found for
wind speeds abovéhe rated speed6m/s and isresulthg in a powerdatalying
between zero and the cumapresenting normal operation

The simplest method for rejection of erroneous valudsaged ot he fimet hod
bi nso whi ch Sedi2.3DThe rmethodeofdbing was applied to data set
obtained afterthe data treatment outlined ine@ion 5.1 It was found, that an
appropriate level for rejection was , where, is the standard deviatiaf the power
data in binCaccording to Eq. (2.8)Iwo curves, one upper limiEqg. (51), and one
lower limit, Eq. (52), serving as rejection thsholdswere created bynierpolation of
the bin mean poweslus respectively miny®, , versus the bin averaged normalized
wind speedp :
Y n RiQa Mo v, (5.1)
0¢0RIQA D v, (5.2)
The suggested orsep filtering based on the method of bins appeared to be
insufficient at high wind speeds where several data points are generated when the
turbine only has been in operation for a part of the ten minutes period. The amount of
data in eale bin at high speed is limited, hence these erroneous vaftexg the
average in the bin substantial and these points are not rejected even though they do

not represent normal operation. To make sure that such data is rejected, an extra
condition for regction is included;
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If 0y OAQGAGKID OA OARMD A AEOR7) data shall be rejected
This corresponds to 16 m/s respectively 500 kW for Vestas V44.

To further improve the data quality, the binning and filtration process is repeated for
only that data which was accepted in the first filtration, using the same condition for
rejection. The result after the whole filtering process of seatlihwesterly winds is
shown inFigure5.1. In the figure, there is still one obvious erroneous data among the
accepted value$, 17.8m/s,0 520kW. A third filtering would not have rejected

this data as no data in this bin was rejected in the second filterifgeand, the alarm
threshold would have remained the same after a third filtration.
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Figure 5.1 Accepted and rejected data after thdterative filtering process for data measuredin
SSW directionat Boel.

5.3 Parameterization ofthe reference signature

Three different methods have been investigated in order to create a suitable data
model representing the reference signature:

1 Piecewise linear regression
1 Polynomial regression
1 Linear interpolation based on the tmed of bins

In the current version of Kasper for district heatinlge method used for the
construction of the reference signature is piecewise linear regression, with three knots
and four different lines. In order to reduce the modifications necessaagdption to

wind power, it would be beneficial if the same method could be used. Two different
piecewise linear regressions, one with three knots and one including six knots, were
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compared to the two other alternatives to determine the most appropetaiedmAll
methods were implemented using Matlab.

5.3.1 Piecewise linear regressioii 4 pieces

The method used for district heating was adapted to the wind power data extracted
after accomplished filtration. The regression is found using -BEpsires
approximdion. The algorithms compute the slope of each line and also the location of
each knot at theerticalaxis (power). The locations of the knots at llogizontalaxis

(wind speed) are set beforehand. The algorithms are solving an equation system of
four equations, each representing one of the regression lines. It was found that a
choice of 3.5 m/s, 7 m/s, 12 m/s and the maximumvithin the amount of datas
locations of the knots provided the best model fit. These values were chosen to fit as
much as pssible ofconceivabledata and to minimize the sum of the total sum of
squared errofY® , for the four wind directions considered:

"Y'YO Y'YO Y'YO Y'YO  Y'YO with (5.3)
"YYOB 0y 00Ugf (5.4)

wherein these equatiofs; denotes the measured powar data point "‘Gin wind
directionQ ¢ is the number of data points in wind directi@and0 0 ; is the
expected value from the created regression line at datapoint ‘Gor wind direction
"Q For the data used to create the regressiigire5.2, "Y"Y'O= 2,760,500 k\¥. To
further get an overall measure of the goodness of fit agett@a measurt analyze
how well the knotsare compatiblewith all wind directions a weigheddeviation
measurg , over all wind directions was calculated,

1 1¢ 1 & 1 & 1 ¢ (5.5)

where] is a measure of deviatiofiom the fitted curve of data measured in wind
diredion ‘Q given by:

Weighting of allows] of the most frequent wind direction to be most significant,
hence the optimization reflects the total set of data.

From the figure, it seems like the poorest regression appears in the interval between
the two first knots, 3.5 and 7 m/s, where the power curve is stronglyneam. In this
region, linear regression is insufficient. This is also were much data is meéand

thus affecting’Y"Y'O most.
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Figure 5.2 Four-lines piecewise linear regression of data obtained from Boel in southerly
winds measured between 20087-01 and 200903-15. Knots are set at 3.57 and 12 m/s.

5.3.2 Piecewise linear regressioin 7 pieces

It was assumed that, by increasing the number of pieces in the piecewise linear
regression, the regression would be improved, thus a reQCé® and] would

be achieved as well. Witmancreased number of pieces, the amount of data for each
regression line is reduced; hence the sensitivity for erroneous data in the regression is
increased. Shortage of data for each piece is another factor limiting the number of
knots. It is desired thahe same points for knots shall be compatible with all wind
directions and for relatively small amounts of data. It was found that a number of
seven pieces was most appropriate as it gives a satisfying approximation while it at
the same time is compatibWwith smaller amounts of data. The algorithms for the four
pieces linear regression were modified to generate a seven pieces, piecewise linear
regression. Thereafter, the optimum location of the knots could be found using Eq.
(5.3) and (%) as measure® tcompare different alternatives of knots. The results of
the best alternatives found for knots are showrable 5.1. Figure 5.3 is showing
piecewise linear regression of data from Boel with knots according to the third
alternative inTable5.1.
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Table 5.1 Alternative locations of knots for a seven pieces linear regression.

Knot 1|Knot 2| Knot 3| Knot 4|Knot 5| Knot 6|"Y"YOkW? |1
(m/s) (m/s) (m/s) (m/s) (m/s) (m/s) (kW)
3.5 6 9.5 11.5 12.5 135 2,302,200 | 12.81
3.5 5.5 9 11.5 12.5 135 2,380,000 | 12.66
3.5 5 7 9 12 135 2,245,30 12.64
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Figure 5.3 Seven pieces, piecewise linear regression of data measured in southé8ywinds at
Boel between 20087-01 and 200903-15.

The improvement compared to the four pieces regression, is mainly obvious in the
regions 3m/s7 m/s and in the upper part of the curve. The reductioly &fO when

using seven pieces instead fofir is 515,20kW? (2,760,500kW?-2,245 30kW?).

Also is reduced, 12.6MW compared with 14.1BW when using four pieces
regression.

5.3.3 Polynomial regression

Based on the form of the power curve, it was expected that one singlortherd
polynomial could fit the wind power data obtained for wind speeds in the non
horizontal parts of the curve, i.e. between 3 anthis3for Vestas V44. Winds speeds
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below 3m/s and above 18\/s, do not need to be parameterized as the power in these
regions are dermined beforehand e.gk@V and approximately 60KWV.

The datausedpreviously, July 2008 January 2009 for wind turbine Boel, was used
again and the filter and detection method was applied in the same manner.-A least

squaresbased regression of the data was used to find the polynomial. The result is
demonstrated ifigure5.4.
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Figure 5.4 A polynomial of third order was used to parameterize the data obtained from Boel in
southerly winds between July 2008 and March 2009.
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Figure 5.5 Fourth order polynomial used for regression of wind power data measured at Boel
between July 2008 and March 2009.

The approximation turned out to be rather podf;YO  2,518,30(kW and

1 15.59kW?. A trial usinga fourth order polynomial instead was conducted; the
result is shown inFigure 55. Both "Y'YO and were slightly reduced,
YYO 2,339,800 kW ant 14.10kW?. Even higher order polynomials were
investigated, but the accuracy remained relatively constant and higher order
polynomials were therefore rejected as alternatives for parameterization.

5.3.4 Method of bins

As suggested bythe IEC standard (2005), the method of bins was used to
parameterize the data in order to obtain a reference signature. After the filtering
process, the bin averager and0 could be calculated from Eq. (2.6) and (2.7)
again. Linear interpolationfahe obtained mean values resulted in the reference
signature curve found ifigure 5.6. Using this method with a bin width ofri/s
provided values 6lY"YO  2,233,200kW? and| 12.62kW.

According to IEC standard the width of each bin shall bariss A modified model

was developed, striving to meet the standard. In order to interpolate, at least one set of
data is necessary for each bin. For some binhigh winds speeds, data was missing

in some of the considered directions, S and WSW. For these cases, the bin width of
the neighbouring bins was increased in order to enable a reference signature. This will
not affect the accuracy sincabovethe rated wind speed;the expected power is
relatively constant and independent of wind speed. A slightly higher accuracy was
reached;Y"YO  2,164,50kW? and 12.40kW.
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Figure 5.6 Parameterization of data for Boel,using the method of binswith bins of 1 m/s each
Data is measured in southerly (S) winds from July 2008 until March 2009.
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Figure 5.7 Parameterization of data for Boel, sing the method of bins with bins of 0.5n/s each
Data is measured in southerly (S) winds from July 2008 until March 2009.
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5.4 Generationof alarms

In the application for district heating, several alarms can be initiated. Many of the
alarm methods are based point alarms, which detect poindgviatingmore than

o®, from the reference line. By counting the numbepoint alarms during the last
90days or by calculating the total deviation in terms of energy of that@larms

the detection of point deafions is an essential part of the system for controlling the
district heat deliveries. A similar method for deviation detection usedtHer
generation ofalarns was therefore requested for winevger adaption as well.
Dependingon parameterization methodifferent detection methods can heed.

Three main concepts were developed and applied to the parameterization methods
although some concepts are just compatible with one or two of the parameterizations.

The three concepts developed were:

1. Alarmlimitsbased oh , constant limits a@ing the curve
2. Alarm limits basean piecewisg , piecewise limits
3. Alarmlimits based on method of bins

For each new dat@dded to the systerthe deviationy is calculated according to
Eq. (5.7). This is done irrespective of concept to be:used

Y 05 0Og; (5.7)

Herein,0 j is the measured power of data ‘st wind directionQand0 O gy is the

power of the reference signature at wind sp@eth wind directionQ The filtering

process will not be applied to the new data as erroneous data shall be detected and
alarmed. However,larms generated for data measured during-gfardr shutting

down are not desiredas these points may influentee regression of the new data
considerably. Terefore some of these data points can be rejected by apptiieg
additional criteriaused in thdiltration of the reference data, which was outlined in
Section5.2

If 0y OAGYHDAGKE OA OMAP A AETOR7) data is rejected.

During theinvestigated periodno severe deterioration of the turbine occurred and
therefore shall most of theath be considered as normal operation, hgumstea few
alarms are desiredo be able to compare the models and to analyse which model that
Is returning the most reasonable alarms, the thresholds were set todoggatarms

even forthe investigateddata.If the acceptedeviationis set t@ narrow, the number

of alarm will be enormous which wilhusprevent the possibilities to detect tteally
relevantdeviations. The acceptable range simglither be set too wide as this can
preventthe detectionof severeperformance lossA number of different levels of
threshold were tested for each model.

In addition tothe point alarms for monitoring of performance changesformance
degradation can bedetected by comparing the signature of the newer data with the
reference signature. The new signature is derived usingatimemethod as for the
reference signatureBy comparig the two signatures, lorgrm trends of
performance can be evaluated. If thenber of alarm is high during one period, it can
be expected that its signature will diverge from the reference.
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5.4.1 Constantlimits along the curve

In Kasper for district heating, theverall standard deviation along the entire range of
temperature is usketo define the limit for alarngenerationAiming to resemble this,

a similaralarm generatiortoncept was developed for wind pow&he developed
concepts compatible with all parameterization methods

After thewind direction separatigrthe deviatiorY is calculatedor all data From

the data used tderivethe reference signature, teviation measure for each wind
directionis calculatedAn upper andower limit for alarm initiatingcan therebybe
determined as a multiple jof. An approprate level wagsafter testingdetermined to

be4 . The interval of accepted power, not causing an alarm, will thereby be constant
along the whole wind speed range. The concept was applied to all of the three
methodsof parameterizationThe same referengeeriod and hence, also the same
reference signatures, as in secttoB wereused. The new datadded tolie system

was datafrom 20160501 to 201010-01. In Figure 5.8, the conceptis applied
together with the piecewise linear regression mefdopieces) The total number of
alarmsfor the four winddirectionsbecame25. Data points which generate alarms are
marked with red in the figures and the limits for alarms areesgmted by the thin red
lines.In Figureb5.9, the constantimit conceptis applied together with the polynomial

(3rd order) regression method.
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Figure 5.8 Piecewise linear regression (4 lines) with constafimit concept for alarm generation
The data displayed is measured in th&&SW direction, May 2010 - October 2010. Data points
outside of the upper and déwer limit would cause aralarm.
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Figure 5.9 Polynomial (3rd order) regressionwith constant limit concept for alarm initiating. The
data displayed is measured in th&&SW direction, May 2010- October 2010. Data points outside
of the upper and lower limit are considered as alarm.

5.4.2 Piecewisdimits

In somepartsof thewind speed rangdhe difference between timghest and lowest
powerin the historical dat#s just a fewkW, while in other regions the difference is
tenfold. Forthe piecewise linear regression, it is possible findalifferent regions.
Hence, thaleviation measufe can be calculated for each litgr regions with small
differences, smaller deviatiofiom the reference signatyré, will initiate an alarm
and vice versa for regions with larger differencéswas found thatthe most
appropriate level for alarm generatimas5 , for both the four pieces regression and
seven pieces regressiohen ugng four lines for regressiohence four levels of
alarms,alarms occurred in the regions around the knots, wherkevel of alarms was
changed for instance around 3r/s in Figure 5.10. Several of those should be
considered as normal operation but if the level for alarm is increased, the acceptable
range is too wide in regions with higherThis problem was almost eliminated when
the number of lines, and thusetnumber of differeft, wasincreased to seven.
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Figure 5.10 Piecewise linear regression (4 lines) with piecewitimits concept for alarm initiating
with an alarm threshold of 5#. The data displayed is measured in th&SWdirection, May 2010-
October 2010.

5.4.3 Method of bins for alarms

When themethod of binsis used for parameterization of the curve, #tendard
deviation of each bin can be used for detection of alarms. The appéhne lower

limit for alarm are created by interpolation of the values calculatetidoprinciples

in Eq. (4.1) and 4.2). For alarm initiatingalthough it was found thathe level for
alarms could be reducetb 2.5, when a bin width of In/s is usedFor bin width of
0.5m/s, the standard deviation of each bin is small and the level of alarms generation
has to be deast4, .In some regions, is very small, especially below cirt speed

and above rated speddue to this neither the uppemor the lower limit is visible for

these regions ifigure5.11. Alarms below cuin speed are not of interest and can be
neglected.

For the reference period, it ispected that period long enough to cover all wind
speeds, in all directions will be usdd.is likely that a shorter period of time, for
instance a couplef montrs during the summer, igesired tobe investigatedand
compared to the reference signatuinethese cases, it is not certain that the amount of
data will be enough if a bin width of OrB/s is usedWhen the regression line of the
new data is created, at least one set of data measured in each bin is Aseded.
mentioned in sectio®.3.4 in order to prevent lack of data in bins at high wind
speedsthe number of bins above rated power can be reduced to one since the
expected power in this region is comgtalo ensure that a regression line can be
obtainedalsofor shorter periods of time, it is suggested that the regression line of new
data added to the system shall lddup by bins of Im/s. Wherregressiorines of
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data from May 2010 October 201Q@vereconstructed, it was necessary to use bins of
1 m/s andall data for wind speeds above s wascollected in one common biiio
ensure a signature over the whole wind speed range, an extra datd sebeadded

for each wind direction) ; 20 m/s and)  600kW. Even though the bin width
for the new data is /s, it can still be comparedith the reference signature
constructed from bins of Ord/s.

Figure 5.11 Method of bins for parameteaization and method of bins for alarm generation with a
threshold set to 2.54. The bin width is 1 m/s for both the reference signature and for the
regression of new dataup to 16m/s. The width is thereafter enlarged for the new dataThe data
displayed s measured in theSSWdirection, May 2010- October 2010.
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