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Abstract—This paper discusses how a simple equivalent model
of a whole wind farm can be obtained using field nasurement
data for individual wind turbines at the site. The equivalent
model, which is formulated as a power curve, is spdically
intended for steady state performance assessment.iestimation
of annual energy production of the wind farm. Two @neral
approaches for building the equivalent steady statenodel of the
wind farm are analysed: a) aggregate-measured powecurve,
obtained as an averaged aggregate representation tife outputs
from all wind turbines, and b) cluster-measured power curve,
obtained using the support vector clustering techmjue. Recorded
measurement data from two actual wind farms are ugsk to
perform the analysis and to validate the results, here the
accuracy of both proposed methods is assessed byredt
comparison with the available recordings.

Index Terms—Distributed power generation, power curve,
steady state power system analysis and modelling,ind-based
power and energy generation, wind farm, wind turbire.

|. INTRODUCTION
HE European standard EN 61400-12-1 [1] specifies
general procedure for measuring

characteristics (i.e. output power) of a single dviturbine
(WT) connected to electrical network. The standa
acknowledges the fact that the actual performaficaeoWT
in a particular target application, representech dmeasured
power curve”, may be different from the one spedifby the
manufacturer (“manufacturer power curve”). The roead
power curve of an individual WT is determined bylecting
simultaneous measurements of input wind speedsoatmlit
powers for a long enough period of time, and camded to
estimate the energy production of a wind turbinee $tandard
[1], however, does not discuss how this approaah loa
generalized and used for modelling or representiegwhole

wind farm output data (e.g. [2], [3]). However, méacturer
power curves are obtained in controlled conditifg. in air-
tunnels), where the effects of short-term wind sdiesction
variations, presence of turbulence, overall dynanat WT
and other site/application specific factors areallgunot fully
represented [3], [4]. Consequently, if the manufeat power
curve is used for estimation of energy productithis will
typically result in overestimated energy outpufs [5

This paper addresses the problem of obtaining plsiand
accurate equivalent model of a wind farm, whichnsissue of
interest for both planning and operation of windnfa. The
methodology presented uses recorded input winddspee
output power data from two actual wind farms to alep
accurate steady state equivalent models for thieatsbn of
energy outputs. Section Il of this paper presentriaf
overview of the aggregation methods used in tleeditire and
proposes two methods for obtaining equivalent wfadm
models. Section Ill describes the equivalent poweves of
individual WTs (one from each of analysed wind faymas
well as of two considered wind farms. The resuftshe two
eQuivalenting methods are discussed in Sectiomptyiding

performanegmnarisons of estimated energy outputs for diffeets of

data, wind speed measurements at the mast, attieilenand
¥ recalculated wind speeds in front of the WTdels. The
last section of the paper provides discussion ef résults,
general comments and recommendations for furthek.wo

Il. AGGREGATION OPWT DATA AND EQUIVALENT MODEL

Various methods for equivalenting wind farms haeerb
presented in the literature and applied for stesidye and
dynamic analysis, with an overview of current meho
provided in [6]. It is recommended that smaller avifarms
should be modelled as a single lumped equivalesstiraing
that the power fluctuations from each WT more ossle

wind farm with one or more equivalent WTs andgincide. Larger wind farms, with a greater geobeg

corresponding measured power curve(s).

Power curves of WTs specified by the manufactueses
commonly used in network studies, e.g. to estimgie
production from a particular wind site during thiarqming or
general design phase, or when there are no otleilable
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spread, should be aggregated using one equivaledélnfior
each radial line (in cases where the wind farm uayis
arranged in a radial network) or group of WTs &t ¢md of a
major feeder. A single equivalent model has als@&nbe
developed in [7], while aggregation of WTs baseddamtical
incoming wind speeds has been carried out in [& E3.
Similarly, a coherency method has been implemeintgdO]
to identify groups of WTs with similar input wingeeds. In
[11] equivalent models have been obtained aftesidening
wind speed profiles affected by multiple wake etfeend wind
directions of individual WTs as input data for aistering
algorithm. Although these methods for equivalentingnd
farm have been verified as being acceptable foressmting
large wind farms with a reduced configuration, madests



would be needed to assess their performance incaftiphs to
wind farms with different characteristics.

A. Description of the wind farms used in the asigly
The first set of data is taken from a UK wind farm

Implementation of the developed equivalent windmfarconsisting of 6 x 3MW WT units with doubly-fed inction
models is an important question, where particularjenerators (DFIGs), sited on a relatively flat agmr The
applications of interest to investors and wind fargyailable input wind speeds and power outputs dividual

owners/operators have a high practical value. Atiogty, this
paper presents a simple, efficient and accuratdadetogy
for equivalenting a wind farm, which is specifigalhtended
for the calculation/estimation of annual wind famnergy
outputs. The equivalent wind farm model is giverthia form
of one or more power curves, obtained from the lalbkd
measurement data for individual WTs within the wiadn. A
“power curve representation” is selected as th@uiudf the
proposed modelling method, as power curve is net fu
simple and straightforward way for describing tleefprmance
of a wind-based generation system, but is also ranwmnly
used tool for estimation of corresponding energpots. Two
proposed methods for creating equivalent powerecanedels
of a wind farm are discussed below.

A. Aggregate-measured power curve

m ms - ﬂja 14
Perhaps the simplest way to model a wind farm is xgm\ s LI
m ]
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represent the whole wind farm with a single eq@aalWT
and corresponding equivalent power curve. This \edent
WT will have rated power equal to the sum of thedgowers
of all individual WTs within the wind farm. That pmach is

WTs are recorded as average 10-minute values operiad
of three years. The second set of data has bedecteal
during a period of around six months from a winarfdocated
in Italy on a very irregular and hilly terrain. Bhwind farm
consists of 32 DFIG-type WTs, each with a rated groef 850
kW. The whole wind farm is divided in three windrks the
first and second have 11 WTs, while the third h@sWITs.
The layout of both wind farms is shown in Fig. 1.
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denoted as “aggregate-measured power curve (AMPC)” 9

method in this paper, where the equivalent WT posweve is
established by averaging past simultaneous measatenof
input wind speeds and output powers of all WTs iimarm.

B. Cluster-measured power curves

The second approach proposed in this paper
equivalenting a wind farm is based on the applicatof
clustering technique for identifying one or moreuieglent
power curves. For that purpose, the support vedttering
(SVC) algorithm is used to create distinctive noertapped
classes of wind speed and/or power output profiggC
consists of the determination of the support vec{&Vs) and
cluster labelling characterised by the identifioatdf the final
clusters. During the first stage of the SVC aldomit[12], two
types of data features are identified, namely S lounded
SVs. At the second stage (cluster labelling stdgel clusters
are formed using a deterministic procedure desgrib§l3].

The first step in creating aggregate power cungisguthe
SVC algorithm is to assign the WTs with the samedfpower

Fig. 1. Layout of the UK (Wind Farm 1) and ltali@wind Farm 2) sites (not
to scale).

B. Measured power curves of individual WTs

for Based on the available recordings for individual $Vihe
measured power curves can be obtained and then tosed
compare estimated energy outputs with those olutairsng
manufacturer power curve. Fig. 2 compares manufactu
power curves with actual measurements (Fig. 2aZajdand
corresponding measured power curves for nacellanast
measured wind speeds for two individual WTs fronthbo
analysed wind farms (Fig. 2b and 2d).

In Fig. 2, WT4 is from the 18 MW wind farm, whereéng
speeds were measured both at the nacelle and ah-aite
anemometer mast. WT15 is from the 27.2 MW wind farm
where wind speeds are recorded only at the nadels. 2b
and 2d show measured power curves for two indivitids
obtained using the "method of bins" [1], where edgim”

profiles to clusters, where created groups of WTe a€Presents one specific wind speed from the selaetege of

considered to be aggregate models of the analygeti farm.

The corresponding cluster-measured power curvesRCHM
are formed by averaging the sum of the input winelesls and
power outputs of the WTs grouped together as dtresthe

clustering procedure.

I1l. EQUIVALENT POWER CURVE MODELS OFTWO WIND

FARMS

measured values:

Ni

Vo Vi )IN,

j=1

Ni
P.O R)IN; fori=1, ...,n (1)
=1

where:V,, P; - average values of all measured wind speeds and
power outputs allocated to hinV;;, P;; - measureg-th values
of wind speed and power output in bjrlN; - total number of

The performance of the two proposed methods fg}easured values in bin n — totals number of bins. The bin

obtaining accurate steady state equivalent winah fandels is
tested on two wind farms with total installed posvef 18 MW
and 27.2 MW, each with very different charactecsti

size used is 0.5 m/s, which gives a total of 51sHor the
considered range of wind speeds from 0 to 25 m/s.
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Fig. 2. Comparison of recordings with manufactumed measured power
curves for individual WTs at each site: a) manufest power curve and
recorded data for wind speeds measured at theleatelVT4 and mast for
the UK site, b) manufacturer power curve and meabsysower curves
reconstructed from the recorded data using thehadkeof bins" [1] for WT4,
UK site; ¢) manufacturer power curve and recordiaigthe nacelle of WT15
from the ltalian site; d) “method of bins” applieglWT15.

The differences between the measured power cuoes f
wind speeds recorded at the nacelle and at the (fst2b)
are as expected. WT4 is located at a distancembajnately
1 km from the mast, where the wind speed profilethet
turbine nacelle is different than at the mast. Addally, even
in cases when the mast is located in the vicinigy (n front of
the analysed WT), there will be differences betwden two
measurements, as the wind speed measured by timo@eter
at the nacelle is generally lower than the actuativepeed in
front of the WT blades due to changes in the aieash
characteristics when the air passes through tluebla

In order to illustrate this, the wind speed meaduatthe
nacelle is corrected to give an accurate representaf the
actual wind speed in front of the blades. For thapose, the
method outlined in [14] is used:

P 1
el —+ E wair,ACT Eg- |:DSUT |—‘7\"3\I,OU'|'
SW =3 ”gear |]7DFIG (2)
N T 1
E |$air,ACT |ﬂ4 EDZ

where: Py, v - aerodynamic power of the wind in front of the
blades;P,iour - aerodynamic power of the wind measured at
the anemometerp,, act - air density at the height of WTs;
calculated based on the standard air density @51k®)/nT at
the sea levelD - diameter of the blade&gyr - diameter of
the stream tube at the anemometer locati®g; electrical
power output,/yeas /Joric - gearbox and DFIG efficiencies;
Svour wind speed recorded by anemometer; ape s
recalculated wind speed in front of the blades.
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Fig 3. Measured power curves for wind speed cagckit front of the blades.
a) WT4 from the UK site; b) WT15 from the Italiaites

20 25



The changes in the results for measured power sfter
the wind speed correction are illustrated in Figa8ain for
WT4 from UK wind farm and WT15 from Italian windrfa. It
is clear that for the most of input wind speedg #ttual
power outputs (represented by the measured poweeuare
lower than those obtained using the manufacturelepaurve.
For example, the decrease in power outputs foremigkind
speeds is due to the occurrence of short-duratitiowt wind
speeds in the recorded average 10-min values.

C. Equivalent power curves of the whole wind farms

Using the basic principles outlined in the previsastions,
equivalent power curve models of the two considengut

4

In Fig. 4a (UK wind farm), the first set of datdudtrates
normalised aggregate power outputs as a functiorthef
average values of nacelle-measured wind speedsllat a
individual WTs, whereas the second set of data splot
normalised aggregate power outputs as a functiomadt-
measured wind speeds. Fig. 4b shows the corresmpndi
results only for average nacelle-measured wind dgeas
there was no mast in the Italian wind farm.

The power outputs for the nacelle wind speeds in #a
are much less scattered than the correspondingmesstured
values. This is due to the fact that the nacellesurements
represent the normalised mean of all WTs, henceagirey
effects remove some of the more outlying data poifihe

farms can be created using both AMPC and CMPC rdethonormalised aggregate-measured power curves (AMPCs),
As the equivalenting of the whole wind farm reqsireyhich can be used for equivalenting the whole warth, are
simultaneous measurements at all individual WTse thhen simply obtained using the "method of bins", @y. 5.
recorded data are filtered, and entries withoutliregs at all The normalised power output may not reach unityhigher

WTs are discarded. Additionally,
unrealistically high or low power outputs, dataluehced by

data entries  Withajues of wind speed due to effect of averaging gbeer

output across the whole site (Fig. 5b). This is ¢hee when

system faults, measurement errors or availabibsués are the site is located on very irregular terrain anel wind speed

also removed from the data set. Afterwards, thereaggion
process can be carried out in order to obtain thévalent
power curve models of the UK and Italian wind farms

C.1. Equivalent AMPC wind farm models

Fig. 4 shows normalised scatter plots of the pooeputs
from the two wind farms (1 p.u. corresponds toghm of the
rated powers of all WTs in each wind farm) obtaiadter the
recorded data has been filtered. These data atteglagainst
the normalised manufacturer power curves, where ul
corresponds to the rated power of the WT.
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profiles vary significantly between WTs.
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Fig. 5. AMPC equivalent wind farm model: a) UK sitg Italian site.
C.2. Equivalent CMPC wind farm model

The application of the CMPC method for obtaining
equivalent power curve model of a wind farm recglie
different approach. Instead of having just one ‘ement
power curve model, the clustering algorithm canvigl® one
or more equivalent power curves, as the numbenquoivalent
curves generally depends on the input wind andubuygpwer
patterns of individual WTs within the wind farm.

Fig. 6 illustrates a sample of the clustering ressitdr the
UK wind farm in a given time interval. This is teelution of



two clusters with the wind speed corrected in froftthe
blades. This is the case in which the smallestrésrachieved
when the estimation of the energy output is perémmrhe
first cluster contains WT 1 and 2, whereas therofiier WTs
are assigned to the second cluster.
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Fig 6. Clustering results for the UK wind farm, shiog the solution with the

smallest error in estimating the energy output.
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Fig. 7a shows some of the results for equivaleegso

IV. APPLICATION OFEQUIVALENT POWERCURVE MODELS

The equivalent power curve wind farm models presein
the previous section can be used for steady stafermance
analysis in a variety of applications where thesidered wind
farm should be represented by a reduced equivaledel.

In this paper, the performance of the two proposéed
farm equivalenting methods (AMPC and CMPC) is assts
by comparing measured and estimated annual energy
productions for both the UK and Italian wind farms.

A. Estimated energy outputs of the UK wind farm

The estimation of energy outputs using a power eusva
straightforward procedure, assuming that the citsedf and
measurements of input wind speeds are both availdar a
given set of input wind speed data, the active poougputs
are determined from the power curve, and energgumtion is
then estimated by considering the total period iofet for
which the specific outputs are available.

The results in Table | (second and third colummady

curves obtained using CMPC method for UK wind farghow that the annual energy output of a single WUK wind
represented by two clusters, while Fig. 7b shows tfarm (WT 4) are overestimated by around 10 % if the

corresponding results for Italian wind farm repréed by
three clusters and three corresponding equivaleswep
curves. In both cases, the corrected nacelle-medswind
speeds are used, and 1 p.u. corresponds to thefdhe rated
powers of all WTs within each cluster. For the U&se, the
difference between clusters is low, being thelsitated on the
regular terrain. However, the CMPC provides morféecént
clusters in the Italian case, due to the irregtylari the terrain.
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Fig. 7. CMPC equivalent wind farm model: a) UK sit Italian site.

manufacturer power curve is used to calculate/estirenergy
outputs. A more accurate estimation, with an eofdess than
1%, is achieved when the measured power curveed. (ghe
same conclusion can be drawn when the whole UK fanuh

is modelled as an equivalent power curve with tHdP&
method (fourth and fifth columns in Table 1). Thalaulated
annual energy outputs for three input wind speesttie
nacelle, mast and for corrected nacelle measurasarg very
close to the actual recorded values (all with kbss a 1 %
error), while an error of about 8 % is obtained whe
manufacturer power curve is used. The smallest &vith the
AMPC method is obtained when nacelle corrected wind
speeds are used. These results clearly demonshratean
equivalent steady state model of the wind farm d¢en
established using the AMPC method.

TABLE |
AMPC METHOD: ESTIMATED ENERGY PRODUCTION FORUK WIND FARM.
Calculation Individual: WT 4 \I/EV:(;)rIgmed Farm
Method 0 o,
Energy (GWh)| Error (%) (GWh) Error (%)
Actual Recordings 9.340 - 57.079 -
AMPC (Mast) 9.271 0.739 56.642 0.766]
AMPC (Nacelle) 9.269 0.760 56.990 0.154
AMPC (Corrected 9.341 0.011 57.066 0.023
Manufacturer 10.237 9.604 61.424 7.612
Power Curve

The energy output is calculated by summing up the 1
minute energy values gathered from the actual decgs. If

the wind speed values corresponding to the powedpubu
values were totally correct (i.e.,

representing tiokeal
information needed to build the power-wind speed/€)) the

total energy reconstructed by using these wind dpedues
would be exactly equal to the actual one. In thase¢ the
AMPC method (that uses only averaging functionsyldidoe
able to provide the exact total energy. The mismatcthe
total energy calculation depends on the fact that wind
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speeds are not “ideal” for our purposes. This hapfeecause in Table Ill. As in the case of the UK wind farrheterrors are

the wind speed is measured either at the mast (hea
different location with respect to the wind turtsheor at
nacelle (thus being subject to the wind speed damanghen
wind passes through the blades). From Table Iisenatch

less than 1 % and the best matching is obtainedtHer
corrected nacelle measurements, while use of metwuéa
power curve gives 5-7 % errors.

TABLE Ill

in these two cases is relatively low, but can béh&ir reduced  AMPC METHOD: ESTIMATED ENERGY OUTPUTS FORITALIAN WIND FARM.

by correcting the wind speed as indicated in SedtioB.

The CMPC method for representing the whole winanfar

with a different number of clusters produces rasuwiith
similarly small errors (less than 1% in all case#h one-
cluster CMPC results matching the AMPC results) the

errors slightly increase as the number of clusiecseases.

This is perhaps surprising, as it would be expethked the
error should decrease in the case of a more detaitzlel (i.e.
model with more clusters). A simple explanationthiat the

Calculation Individual: WT15 V\I/Er:;l:e Wind Eer\rrcr:
Method Energy (MWh)| Error (%) (Mwﬁ)y %)
Actual Recordingg 262.310 - 771.911 -
AMPC (Nacelle) 261.786 0.199 769.20p 0.391
AMPC (Corrected 262.5542 0.093 770.881 0.13
Manufacturer | 576 5367 5231 | 828.1545  7.28f
Power Curve

The results of the CMPC method (Table 1V), however,

energy production is overestimated by CMPC methdgnv show that the accuracy (in some cases slightlytgréiaan 1%)

data measured at the nacelle of each individualaréTused.

The above results demonstrate the importance of
correction of the wind speeds measured at the leafteese
results are marked as “corrected” in Table | and dk the
corresponding results for annual energy productjomide
an almost exact match with the actual measurements.

is influenced by a relatively small size of measudata set
thigh all individual wind turbines. In other word#dje CMPC
method requires a larger set of input data for ebett
representation of the whole wind farm with the eglént
power curve models.

TABLE IV
TABLE II CMPCMETHOD: ESTIMATED ENERGY OUTPUTS FORITALIAN WIND FARM.
CMPCMETHOD: ESTIMATED ENERGY PRODUCTION FORUK WIND FARM. . Energy | Error
Calculation Method| WT cluster components h o
Calculation Method Cluster components Energy ELror - (MWh) ()
(GWh) (%) Actual Recordings - 771.91 -
Actual Recordings - 57.079 - CMPC - 1 cluster {1-32} 769.204  0.351
CMPC - 1 cluster {1, 2,3,4,5, 6} 56.99¢ 0.1 CMPC - 1 cluster* (1-32} 770.881 0.133
CMPC — 1 cluster (corrected) ' '
(corrected) {1,2,3,4,5, 6} 57.066 0.022 (1-13, 1625, 27, 2937}
CMPC - 2 clusters| {i4 15 26 '28} | 763.682| 1.066
CMPC - 2 clusters {1, 2}, {3, 4,5, 6} 56.934 0.25p e
CMPC - 2 clusters| {1-13, 16-25, 27, 29-32}, 769.650 0.293
CMPC — 2t C('J“fters {1, 2}, {3, 4, 5, 6} 57.069 | 0.017 (corrected) {14, 15, 26, 28} ' '
(corrected) {1-6, 13, 17, 19-25, 30, 32],
CMPC - 2 clusters {1,2,3}, {4, 5, 6} 56.895 0.32p | CMPC -3 clusters| {10-12, 14-16, 26-29, 31}, 768.890 [ 0.391
CMPC - 2 clusters {7-9, 18}
(corrected) {1,2,3},{4, 5, 6} 57.055 0.041 CMPC — 3 clusters {1-6, 13, 17, 19-25, 30, 32},
CMPC - 3 clusters (13,12, 3,5}, {4, 6} | 56.843| @@ (corrected) | 1012 %;‘_5161'82}6'29* 31}| 769.262| 0343
CMPC -3 cléjsters (13,42, 3,5}, {4, 6} | 57.064 | 0.027 {6, 23}, {3, 16-22, 29-32},
(corrected) CMPC -6 clusters| {1, 2, 4, 5, 7-10, 12-14, 27}, 761.973 | 1.288
CMPC -6 clusters or | {1}, {2}, {3}, {4}, 56.637 | 0770 {11, 26, 28}, {24, 25}, {15}
detailed model {5}, {6} {6, 23}Y {3’ 16-22, 29_32}’
CMPC—6Clusters | v o0 oo o CMPC - 6 C'c‘fters (1,2, 4.5,7-10, 12-14, 27}, 773.896 | 0.257
(corrected) or detailed ee 57.084 | 0.009 (corrected) | 11 26, 28}, {24, 25}, {15}
model ' * best solution

* best solution

B. Estimated energy outputs of the Italian wirmainfa

The analysis from the previous section is repeétedhe
32-turbine Italian wind farm. However, availableoeded data
for individual WTs from the Italian wind farm havarge
series of inputs without simultaneous entries fbr VETs.
Although this suggested that the analysis of théah wind
farm, which consists of three wind parks, shoulcpbgormed
for each wind park separately, this is not donthigs paper due
to the space limitation (these results will be give a future
publication). The results for the estimated engrgyductions
with the AMPC methods for a single turbine from tkedian
wind farm (WT 15) and for the whole wind farm altestrated

C. Discussion of the results

Comparison of the results of the two proposed nuHor
equivalenting wind farms (AMPC and CMPC, with otthaut
the correction of nacelle-measured wind speedsjyvsibat
both proposed methods provide a very good matokitigthe
measured annual energy outputs (errors are lesotharound
1 %), which is significantly better than the resutiroduced
using the manufacturer power curve (up to 10 %rgribthe
nacelle-measured wind speed values are correctdif(ithe
actual wind speeds in front of the WT blades ateutated),
this will provide almost exact matching with the
measurements. After the correction of the nacedesured
wind speeds, the CMPC method is generally more rateu



than the AMPC method. However, the CMPC method mé&}
require more than one equivalent power curve toesgmt the
whole wind farm, whereas the AMPC approach requirdy 4]
one equivalent power curve. The error in the egtonaof the
energy outputs of a wind farm modelled with a sngl
equivalent machine (i.e. with a single equivalemver curve) [
may be higher for bigger wind farms with a largemer of
WTs, although the results for the Italian wind fada not
demonstrate that. Larger wind farms will also regunore
measurements and recordings in order to be act;ura{e
modelled with the CMPC method, as it is demonstirétethe
example of Italian wind farm.

(6]

[8l
V. CONCLUSIONS AND FURTHER WORK

Two methods for obtaining equivalent power curvelgeis
of a wind farm based on the field measurements Heen
proposed in this paper. Both methods and resuftiadels are
specifically intended for the assessment of thedwiarm
steady state performance. The first method, denutetthis
paper as the “aggregate-measured power curve” (AMP]
method, provides a single equivalent power curvdehof the
wind farm by averaging recorded input wind speedbsautput
powers for all WTs in the wind farm. The secondpmsed
method, denoted here as the “cluster-measured pouee”
(CMPC) method, applies the SVC algorithm to the sneed
data in order to identify distinctive clusters/gpswof the WTs,
which are then represented with the correspondipgvelent
power curves. In this way, the CMPC method may peced [14]
more than one equivalent power curve model. The
effectiveness of both methods is demonstrated atidated
by a direct comparison of estimated annual energglyctions
with the measured results for two wind farms (witery
different characteristics).

The results of the work presented in this papervstiat
both methods for equivalenting wind farms with angie
power curve model allow for an accurate and quitkretion
of energy production. Essentially, the proposed ei®dan be
used instead of a more detailed wind farm represient
relying on a higher number of equivalent machines.

Further work and research will be aimed at invedingy
other possible applications of the proposed eqentapower
curve wind farm models (besides the estimation érgy
outputs), where appropriate modelling of dynami
characteristics and performance of both
turbines and overall wind farm is of particularergst.

9]

[11]

[12]

[13]

R. Karki, P. Hu and R. Billinton, “A simplified wih power generation
model for reliability evaluation,IEEE Trans. on Energy Conversjon
vol. 21, pp. 533-540, 2007.

K. Kaiser, W. Langreder, H. Hohlen and J. Hojstrdpurbulence
correction for power curves”, Wind Energy, pp 1381 Springer
Berlin Heidelberg, 2007.

H. Holttinen, “Hourly wind power variations and thémpact on the
Nordic power system operation,” Licentiate Thesls|sinki University
of Technology, 2003.

CIGRE Technical Brochure 328, “Modelling and dynarbehaviour of
wind generation as it relates to power system obrand dynamic
performance,” Tech. Rep. CIGRE. WG C4.601 , AuQi7.

J.G. Slootweg and W.L. Kling, “Modeling of largend farms in power
system simulations’Proc. IEEE PES Summer Meetjrighicago, USA,
vol. 1, pp. 503-508, July 2002.

J. Usaola, P. Ledesma, J.M. Rodrigues, J.L. Feemnd. Beato, R.
lturbe, and J.R. Wilhelmi, “Transient stability dtes in grids with great
wind power penetration. Modelling issues and opanatequirements”,
Proc. IEEE PES General Meetingol. 3, pp. 1534-1541, July 2003.
V. A. Nunes, J.A. Pecgas Lopesl.H. Zurn U.H. Bezerra and R.G.
Almeida, “Influence of the variable-speed wind gerers in transient
stability margin of the conventional generatoregmated in electrical
grids”, IEEE Trans. on Energy Conversiowol. 19 (4), pp. 692-701,
December 2004.

K. Rudion, "Aggregated Modelling of Wind Farm®pctoral Thesis
Otto-von-Guericke-Universitat Magdeburg, Germar§0&

M. Ali, I.-S. llie, J.V. Milanovic and G. ChiccoProbabilistic clustering
of wind generations™Proc. IEEE PES General Meetingp. 1-6, 2010.
A. Ben Hur, D. Horn, H.T. Siegelmann, and V. VapniiSupport
Vector Clustering,"Journal of Machine Learning Researaful. 2, pp.
125-137, 2001.

G. Chicco and I.-S. llie, "Support vector clusteriof electrical load
pattern data"|EEE Trans. on Power Systerwsl. 24, no. 3, pp. 1619-
1628, 2009.

G. Chicco, P. Di Leo, I.-S. lie and F. SpertinoQperational
characteristics of a 27-MW wind farm from experita@rdata”, The
14" Electrotechnical IEEE Conference MELECOMb. 520-526, 2008.

VIIl. BIOGRAPHIES

Barry Hayes (S'09) received his Bachelor's degree in electriaald
electronic engineering from University College Colleland in 2005 and a
Masters degree from National University of Irelanthynooth, Ireland in
2008. He was with Intel from 2005-2009 at their @hean headquarters near
Dublin. He is currently working towards his Ph.D.tlhe Institute for Energy
Systems, University of Edinburgh, Edinburgh, UK.

Irinel-Sorin llie received his Dipl. Ing. degree in electric powegiaeering

and MSc degree in energy efficiency both from theversity Politehnica of
Bucharest, Bucharest, Romania, and his PhD degrekectrical engineering
from the Politecnico di Torino, Torino, Italy in 20. From May to November
2009 he was a visiting PhD student at the Universit Manchester,
Manchester, UK. Currently, he is a Research Felldgth the Institute for

I(E:nergy Systems, the University of Edinburgh, Edigiy UK.

individuwahd Antonios Porpodas received his MEng degree in mechanical engineering
from Aristotle University of Thessaloniki, , Theksaiki, Greece in 2008 and
a Masters degree in sustainable energy systems fr@mUniversity of

Edinburgh, Edinburgh, UK in 2009. He is currentlprking as a project

VI. ACKNOWLEDGEMENT

manager for Community Windpower, a wind energy tsper in the UK.

The authors would like to thank Dr. Filippo Spestifiom Sasa Djokicreceived Dipl. Ing. and M. Sc. degrees in eleatrengineering

Politecnico di Torino, ltaly, for his useful suggieas on
processing the recorded data.

from the University of Nis, Nis, Serbia, and Ph.d&gree in the same area
from the University of Manchester, Manchester, Biom 1993 to 2001 he
was with the Faculty of Electronic Eng. of the Usrsity of Nis. From 2001

to 2005 he was with the School of Electrical andcEbnic Engineering at

VIl. REFERENCES

Wind turbine power performance testiffuropean Standard EN61400-
12-1.2006.

(1]
[2]

the University of Manchester. Currently, he is aniSe Lecturer with the
School of Engineering at the University of Edinburgdinburgh, UK.

Gianfranco Chicco (M'98, SM'08)
T. Boehme, A.R. Wallace and G. P. Harrison, “Applyiime series to Electrotechnics Engineering from Politecnico diifior(PdT), Torino, Italy.

received his Ph.D. degree in

power flow analysis in networks with high wind peagion,” IEEE Currently, he is a Professor of Power and Energgte®ys at PdT. His

Trans. on Power Systeml. 22, pp. 951-957, 2007.

research activities include power system and distion system analysis,

energy efficiency, load management, artificial igence applications, and
power quality. He is a member of the Italian Fetienaof Electrotechnics,
Electronics, Automation, Informatics and Telecommoations (AEIT).



