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Abstract — The paper presents and compares four dif-
ferent methods for aggregation of wind farms (WFs)for
system dynamic studies. The methods compared include
single equivalent turbine model, cluster represention of
the WF, probabilistic clustering model and a compond
aggregation model. In the first method wake effectare
ignored whereas in the other methods these are takento
account. Probabilistic clustering technique has bee ap-
plied to a large 49 turbine WF. Dynamic responsesfdhe
WEF represented using different aggregation methodare
compared against responses of the full WF model forari-
ous wind scenarios to analyse aggregation methoditabil-
ity for system dynamic studies including the requied
simulation time.

Keywords: Wind farm modelling, model aggrega-
tion, transient analysis, clustering methods, stability
studies

1 INTRODUCTION

Energy targets for most European countries call for
massive increase in electricity supplied by rendgvab
sources in the coming years. Significant increase i
number of wind farms (WF) connected to power net-
works is expected both onshore and offshore. The ca
pacity of the WFs has increased dramatically oher t
last decade and most of the future supply of etdttr
will be through large-scale wind power (WP) progect
distributed all over power systems.

In order to carry out system dynamic studies releva
dynamic models of WF are needed. In general, skvera
differential equations are required to model a lsing
wind turbine (WT). For the entire WF this can egasil
exceed hundreds of differential equations which can
contribute considerably towards simulation time re-
quired to carry out dynamic system studies. Ireotd
efficiently perform transient stability studies aggate
models of WFs are used.

There are cases when WFs with a large number of
WTs have been aggregated in a single equivalent ma-

the entire year. The number of equivalent turbimes
cluster representation [4] of the WF is variabletigh-
out the year and depends on wind speed (WS) and/or
wind direction (WD) at the site. Therefore, thekeeé
types of aggregate models result in different nundie
equivalent turbines used to represent the entire d&/F
well as in different simulations times for variowsnd
conditions. Some aggregation methods may be saitabl
for studies of integration of large WF into the mow
system replicating a general dynamic behaviour\fra

at the point of common coupling (PCC), while other
might be useful when both accurate and fast arslgsi
needed.

This paper provides an overview of the four methods
for WT aggregation for system dynamic studies. The
aggregate models of WF include aggregation of con-
necting cables which was typically ignored in pstsid-
ies.

2 WF AGGREGATION METHODOLOGIES

Energy extraction by a WT from oncoming wind
causes reduction in energy at the back of the rarbi
Due to this reason wind leaving the turbine has les
kinetic energy and lower speed compared to incoming
wind. This deficit in WS and added turbulence (& t
back of the turbine) is called wake effect. Sincaver
production from a turbine is directly dependentupize
WS it receives, turbines in the wake of anothebihe
will produce less power than upfront ones. Turbulen
behaviour of a wake is ignored in this paper thoagtu
only the velocity deficit is considered. The wakéeet
is not only dependant on the WS but also on spacing
among the turbines as well as on design of ther roto
blades. A detailed wake model considering singse; p
tial and multiple wakes was used for this studytaided
description of the wake model used is given in [6].

2.1 Types of Aggregation
The main requirement for aggregation of a WF i$ tha

chine [1] and [2], or sometimes two or more reduced the active and reactive power output at the PCC ob-
models have been used to represent equivalent wind tained with aggregate WF model are the same a® thos
generators [3] and [4]. Some aggregation models use obtained with a detailed WF model. Another require-

identical incoming wind speeds (WSs) for all WTs
within the WF, others consider different input wind
speeds, but neglect wake effects.

The choice of an aggregation technique depends
largely on the type of study it will be used foin§e
machine equivalent model and probabilistic clusigri
[5] based aggregate model of the WF remain fixed fo

ment is that the aggregate model should be abdelde
quately represent the dynamic behaviour of a WF in
case of disturbance. Accuracy of aggregation mestligd
verified by comparison of resulting active and taac
power exchanges and responses with those obtained
with a full WF model. Four different types of WF ded
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aggregation used in this study are described inséie
quel.

211 Single Unit Representation

This method assumes that all wind turbines (WTSs)
inside the WF receive the same WS (normally WS com-
ing to the WF or an average value) therefore atidwi
turbines in the farm can be replaced by a singiéveg
lent wind turbine [7]. Rated apparent power of this
equivalent turbine is the sum of rated powers of al
individual turbines (1):

Seq_WT = Z Sndividua] _WTs (1)
i=1

where n is the number of turbines aggregat&lg.
vidual wrs 1S the rated apparent power of each WT and
Sy wr is the rated apparent power of the equivalent WT.
The equivalent transformer connecting the equivalen
turbine to the grid is also scaled appropriatelaffow
the rated power transfer of the aggregate generator
The equivalent WF model consists of all mechanical
and electrical components and controllers scalgaoap
priately. The advantage of this approach is thatifer
of WF model and required computation time can be
massively reduced. However, the disadvantage &f thi
approach is that it ignores the variation of WSdaghe
WF, i.e., the wake effect. Since different windbines
produce different powers based on their locaticridia
the WF, this method can over-estimate the total WF
power output which can affect the dynamics of the W
as well as total active and reactive power injedted
the grid. Details about aggregation of constantedpe
and variable speed wind turbines to a single edgita
turbine can be found in [1] and [8], respectively.

212 Cluster Representation

In this method, wind turbines in a WF receiving isim
lar wind speeds are replaced by a single equivaieint
Rated voltage at the terminal of the equivalenbing
should be the same as at individual turbines. Rafed
parent power of this equivalent unit is the sumatéd
apparent powers of the turbines that it replacdoe T
aggregation method assumes that turbines receiving
similar WS operate at the same operating point. The
number of equivalent turbines used to representaatV
a particular time depends on the incoming WS, WD,
WF layout and the level of accuracy required during
clustering. Multi-machine WF equivalent models are
generally more accurate [8]. The wind turbine hasfa
shaft system which accumulates potential energynwhe
twisted during normal operation and some of thisrgn
is released when a fault occurs in the network.sThi
potential energy stored in the turbine shafts ddpem
the operating point and a single turbine equivalent
model cannot accurately represent the WF during dis
turbances as it assumes the same operating poiatl fo
wind turbines in the WF.

The advantage of multi turbine equivalent model is
therefore its ability to account for different alaration
of individual turbines in the farm based on theitual
operating points. This method however, works best f

incoming wind speeds up to rated speed of the riarbi
At higher wind speeds all turbines can be groupéal &
single turbine equivalent because they work atstrae
operating point producing rated power.

A disadvantage of multi turbine aggregate models is
that a new set of equivalent turbines has to beeftexd
every time a WS or WD changes. This constant update
of equivalent model can be cumbersome for the dpera
as parameters of equivalent WTs would have to be
computed very often. Also in some cases this aggreg
tion method may result in many equivalent turbines
needed to represent WF which can result in longilsim
tion time and extra effort to develop aggregate ehod

Results about the number of equivalent turbines
needed to represent a WF for particular WS andiwD
this study are stored in a Coherency matrix whize s
is determined as in [4]:

Scoh_mal = n\/\IDi 'n\NTs r\NS (2)

where N, is the number of wind directiond},. is

the number of turbine inside a WR,q is the number

of wind speeds. The number of WDs and WSs are dic-
tated by a step size.

213 Compound Representation

This method is a compromise between the two meth-
ods discussed above. The method described in [®] ca
represent the entire WF consisting of DFIGs bynglsi
equivalent turbine taking into account the diffarenn
wind speeds and turbines operating at differentaipe
ing points. In this method, a WF is representedaby
single electrical generator with an appropriateticdn
system. The representation of mechanical system how
ever, is different. To take into account the véoiatin
WS at each turbine the mechanical torque produged b
aerodynamic rotor of each turbine is aggregatedthad
resultant torque is applied to the equivalent eileait
generator. One main disadvantage of using this ap-
proach is that in order to calculate mechanicadjues
for each turbine they must have rotor model, dtrad,
induction generator, rotor speed controller andhpit
angle controller. Even though simplified turbine dats
in this case can be used the number of differeatjab-
tions required to model all the components involied
still reasonably large. Secondly, the implementatd
this aggregation method in some commercial software
packages may not be straight forward as the uger ty
cally has limited possibility to adjust predefinemdels
in the package. This type of aggregate model can be
particularly useful in case of modelling very largés
at sites with significant WS fluctuation [10].

214 Probabilistic Clustering

In this method, a set of equivalent turbines are de
termined which would be used to represent the WF fo
an entire year. The number and rated power of each
equivalent turbine is dependant on the statistweally-
sis of the site. The method of probabilistic clustg of
wind turbines was originally proposed in [5] using
WF consisting of 9 WTs. The dynamic equivalent mod-
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els of wind turbines were not shown there. Mettod
ogy to determine most probable set of equivalemt ge
erators to represent the WF is described below.

Dynamic behaviour of turbines during a fault in the
system is influenced by the controller action whish
dependant on the WS faced by the turbine. If t@bin
are under less WS, the controller would try to krte
optimal point of operation whereas if facing high®s
the controller would attempt to keep angular speed
side acceptable range to maintain power production.
Therefore it can be expected that WTs facing thelai
wind speeds will also have a similar dynamic bebawi
during a fault in the system. Aggregation by wind
speeds [9] and [4] is also performed in ClusterrBep
sentation approach. Turbines with a similar windfije
are clustered and represented by a single aggrédate

Turbines facing free-stream wind receive wind &t fu
speed while those downwind receive reduced amount
due to wake effects. In order to identify turbifasing
similar wind speeds a clustering algorithm using-Su
port Vector Clustering (SVC) was employed. It is a
further step of support vector machine concept de-
scribed in [11]. The goal of the SVC algorithm & t
assign multidimensional data features to groups and
obtain accurate and non-overlapped clusters. Clogte
is performed for each incoming WS for all wind dire
tions (0 to 360) in steps of 1

Once clustering of WTs is achieved, these clusters
are further arranged into groups of clusters. Gsoane
found for each WS and WD. Groups formed can be
unique or non-unique (exist more than once at arfyy W
or WD). Most of the time the same group is valid
range of WS and WD while in other cases new groups
have to be formed. The main requirements for idienti
cation of unique groups are:

1) Number of clusters in any two groups are dif-
ferent
2) Number of clusters in any two groups are same,

but number of turbines in the clusters are differ-
ent

The ‘number of clusters’ inside a group represents
the number of equivalent turbine(s) needed for WF
representation while ‘number of turbines’ insidectea
cluster is used to calculate the rated power of the
equivalent turbine(s). Therefore, a group is unidfue
either the number of equivalent turbines it neeals t
represent the WF or the rated power of the equitale
turbines is different.

It was noticed that the same group can occur more
than once per year as WS and direction change®-the
fore identification of most frequently occurringogips
is performed to come up with most probable group to
represent WF for most time in a year. This would de
termine the number of equivalent turbines needed to
represent the WF during the year as well as tlaéadr
powers. Site information is necessary to estaltligh
probability of incoming WS and WD at a site.

Wind speed and direction data at the WF site is re-
quired for at least one year. Based on wind sitarina-
tion the frequency of WS and WD for the whole yisar

determined. In case study, data from a site in $wed
for years 1999, 2000 and 2002 was used and it was
evident from the measurements and from [12], thatlw
during the year is prevailing from two directioi®mi-
larly, the probability of different wind speeds atsite
can be found from wind data and represented asWeib
distribution as shown in Figure 3. Figure 2 shows a
wind rose at the site illustrating frequency of W&m
each WD. From this figure it can be seen that WD is
very probable from two sectors i.e. 200 18C and
from 280 to 360.

As described above the clustering of WTs is depend-
ant on the WD and WS therefore, groups of clusiees
formed based on these two factors. To find the glodb
ity of a group during the year, the probabilitytbé WS
and WD when that group should be used needs to be
determined first. For example, if a group X is usdten
incoming WS is 4, 5 and 6 m/s for WDs between®100
and 102, then the probability of occurrence of group X
during the year can be determined as follows:

Paroupx =(Z pws]-l%
i=1

where,gis the probability of a particular WS and

3)

Puo is the probability of a particular WD range.

Equation (3) can be employed if group X occurs at
several wind speeds but one WD range. If however,
Group X occurs with different combination of WS and
direction, i.e., once for WS is 4m/s and directi@’ to
101°, and then for WS is 6m/s and direction 1@4
102 then equation (4) should be used:

Poroupx = 2., (Pus-Puo) (4)
i=1

wheren is the total number of occurrences of group X.
By using (3) and (4), the probability of any group
during the year can be determined for any site. The
number of groups can vary based on size and layut
the WF, direction interval of the SVC and wind car

teristic at a site during the year.

Depending on the site’s wind characteristics and WF
layout one or more groups may have higher proligbili
of occurrence. If one group is found highly proleabl
then it becomes an obvious choice to represent the
whole WF for the entire year. If however, several
groups have comparable probabilities of occurrence,
then one of the following two scenarios can occur.

Firstly, identified groups may have the same number
of clusters. The WF can then be represented by same
number of equivalent WTs by any of these groups. In
this case any group can be chosen.

Secondly, identified groups may have different num-
ber of clusters. In this case any of the groups lwan
used to represent the WF. The preference however,
should be given to the group with smallest numifer o
clusters as it simplifies the representation of\ifie.
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2.2 Equivalent Turbine and Cable Representation

Equivalent turbines are connected to the bus bar us
ing cables having equivalent resistances and neaeta
calculated as shown below. Firstly, losses insidehe
string of WTs are calculated through detailed mddel
radial connection) as follows:

P S[IFRE+(1,+ 1) R4+ (#1441 )R]
(5)

Qo S[1EXZ+ (1 + 12X S+t (L] 4 1)K ]
(6)

PCC

Figure 1: Radial connection of WF

A 3-phase, 200ms, self clearing fault was simulated

Losses inside the whole WF are calculated as sum of at one of the transmission lines connecting WFhe t

losses inside each string. Equivalent current fignout
of the WF is calculated as:

v =—f7—é\“f (7)
Using total active and reactive power loss as asll

equivalent current the value of equivalent resistan

(Raq]WF) and reactance Xeq]WF) can be calculated

using:
F?0$VVF
=—=x 8
FL]M/F SI;YWF ( )
Q0$,
Xewr =517 ©
eq,WF

where B g e » Quesne are total active and reactive
power losses inside the detailed V\/1|§3q’WF is the cur-

rent flowing out of the WF,Seq’WF is the power pro-

duced by the detailed WF and is the rated voltage
used inside the WF.

Once values folR,, = and X, are calculated they

are used with aggregated wind turbines to accoomt f
loss inside the cables in all three methodolodtesther
details for cable aggregation can be found in [4].

3 CASE STUDY

A WF consisting of 49 wind turbines is used forecas
study. Turbines used are variable speed, pitclraited
Vestas V80 with doubly-fed induction generatorghea
with a rated capacity of 2 MW. The rated powerto$t
WEF is 98MW. It is assumed that all individual turbs

inside a WF are of same type with same parameters.

Distance between two turbines next to each othdr an
directly behind one another is 400m. A symmetrit/d
layout is chosen for case study as shown in Figure

however the methodology can be applied to any size

and layout of a WF. Simulations were performed gisin
commercially available power system analysis saftwa
DIgSILENT PowerFactory™ [13]. Built-in model of

DFIG inside this software package was scaled to 2MW

with appropriate scaling of mechanical and eleatric

parameters. Each turbine is connected to the ¢oflec

system by a tertiary 0.69/3.3/30 kV transformer for
modelling purposes.

PCC. Figure 1 shows the layout and electrical conne
tions inside the WF. The internal WF voltage is 80k
The voltage is then stepped up to 132kV through a
30/132kV transformer. The voltage at PCC (slack) bus
is fixed at 1 p.u.. Equivalent cables are usedlisimu-
lations and for all aggregation methods.

Figure 2: Plots of wind roselg for a site in Sweden for years
2000 (red line) and 2002 (blue line).

0.1

o
o

Probability
o o

10 15 20 25
Wind speed (m/s)

Figure 3: Weibull distribution of wind speeds at the site in
year 2000

3.1 Probabilistic clustering approach

Using a WF of 49 turbines arranged as shown in Fig-
ure 6, 321 unique groups were identified after gppgl
wake effects, clustering data and through probstluli
grouping. These results were obtained after anadysi
wind speeds received by each turbine for all incami
wind speeds within the operating range (4m/s to/2pm
and from all directions (0 to 380 Figure 4 shows pos-
sible ways to model a WF by number of equivalent
turbines. For instance, if number of equivalenbites
is 1 then there is only one unique way to represent
WF (by representing all WF by a single turbine)who
ever if the number of equivalent turbines is 4 tteare
are 90 different ways to represent WF with 4 aggreg
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WT. It can be seen from Figure 4 that a WF can be
represented by a maximum of 10 WTs.

In order to choose only one group, out of 321 e r
resent WF during the year, probabilities of eachehia
be analysed. Therefore, site analysis is brougta see
probability of usage of each group during the y&ay-
ure 5 shows that only four groups are found to have
noticeable probabilities whereas the rest of theaweh
probabilities of less than 0.001. Table 1 showsr fou
highly probable groups and their cluster informatio

90

No. of unique ways to model

1 2

3 4 5 6 7 8 10

No. of equivalent turbines

Figure 4: Equivalent number of turbines that can represent a
WF and number of possible ways to model them

Groups No. of Rated Probability | WTs Clus-
Eq. WTs powers tered (high
[MW] to low WS)
A 3 26; 22; 50 0.1028 13; 11; 25
B 3 38; 30; 30 0.089 19; 15; 15
C 2 38; 60 0.062 19; 30
D 1 98 0.0244 49

Table 1: Most probable groups to represent the WF

It is evident from Table 1 that probability of repr
senting a 49 turbine WF by 1, 2, or 3 equivalertines
is higher than representing it by up to 10 equivale
turbines.

0.12 T T T T T 1
| | | | | |
| | | | | |
| I+ | | | |
0lF-—-—-—" """ -— "3 - -~ 7- -~~~ ~~~ =1
T TTeowa |
«
(\‘G | | | | |
roup B
0.08F - --- BRSS R EEEEEEEEE R,
> | | | | | |
= | | | | | |
%006 . | | | | | |
g | lGroupC i 5 |
= | | | | | |
o | | | | | |
0.04- - - - - === -~ e e e e
_esowp
|
0.02 :
p l
150

Unique Groups

Figure 5: Probability of every unique group found

Groups A and B both have higher probability than
the others and suggest the use of 3 equivaleninesb
Since Group A has the highest probability, it iedisn
this paper to represent the WF during the whole.yea

3.2 Cluster representation

If coherency matrix approach is used, as proposed i
[4], it would require creation of a 22 x 360 x 49 =
388,080 entry matrix from which relevant clustered
information would have to be used every time WS and
WD change. If either or both WS and WD change this
would require a new number of equivalent turbines t
be selected from 7920 possible combinations. Afso i
different number of equivalent turbines is used/timay
differ in parameters and therefore those will hawée
adjusted every time.

@%@@
® o oloo e e
POO®®® 06
CRCICRRONONC
CRCICRCRONCONG
O R RCNONC
RN R RCNONC

Figure 6: Layout of a 49 turbine WF

Clustering algorithm proposed in [4] was run with
accuracy of 0.1m/s to identify turbines receivingikar
wind speeds. Results for two wind scenarios ar@veho
in Table 2 and 3.

3.3 Single Unit Equivalent representation

In this case, all 49 wind turbines are represebted
single equivalent turbine with rated capacity of\d®/.
Cables with equivalent parameters are used to ensur
that losses are similar and that powers flowingafuhe
aggregated WF are the same as with detailed WF Imode

4 RESULTS

Time domain simulations comparing active and reac-
tive power behaviour are performed. Two differeimav
conditions are considered and performance of each
aggregation method in terms of number of WTs needed
as well as simulation time for running transientdst
for 10 seconds, are shown in Table 2 and 3. Rinst,
wind entering WF at 10m/s from 10& considered to
model partial load operation. Secondly, the winteen
ing WF at 24m/s fromUis simulated to model full load
operation.

Model Sim Time (s) No. of WTs
Detailed WF 925 49
Single-Eq Turbine 14.6 1
Probabilistic Clustering 44.9 3
Cluster Representation 60 5

Table 2: WF modelling with incoming WS = 10m/s, WD
=100 deg. Using constant step size of 0.00075 sec

When WS entering the WF is low, wake effects have
major influence inside the WF and turbines canixece
completely different wind speeds and operate dedif
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ent operating points producing different amount of
power. Whereas at higher WSs (usually above rated)
turbines produce similar powers and run at nominal
operating points. Due to this reason at higher wind
speeds cluster representation and single-unit septe-
tion model the WF by a single turbine. Probabdisti
clustering however models WF using 3 equivalent tur
bines (most probable Group, A from Table 1). It b&n
seen from Table 2 that detailed modelling signiftba
adds to the simulation time.

Model Sim Time (s) No. of WTs
Detailed WF 925 49
Single-Eq Turbine 18.9 1
Probabilistic Clustering 34.8 3
Cluster Representation 18.9 1

Table 3: WF modelling with incoming WS = 24m/s, WD =0
deg. Using constant step size of 0.00075 sec

For both considered wind scenarios single-turbine
equivalent is the fastest. At higher WS clusterespn-
tation groups all WTs into one equivalent WT so the
simulation time is similar as in previous case.datul-
istic clustering, on the other hand, always represthe
WF by 3 equivalent WTs, therefore, the time of damu
tion in the second case (24m/s) is the longest eoatp
to two aggregation methods. At WS of 10m/s however,
cluster representation results in 5 equivalenttelssand
therefore the simulation time is longer than ineca$
probabilistic clustering which used 3. Number of
equivalent WTs for cluster representation depems o
the WS, WD and wake effects and therefore the simul
tion time can be different at different wind sceosr

4.1 Dynamic Response Analysis

Results of transient simulations for two wind saena
ios are illustrated in Figures 7, 8, 9 and 10. Wizian
represented by detailed model regains stabiliteraft
fault clearance in both scenarios considered. @@ak
real and reactive power responses observable ate2.2
are due to WF reconnection and then operationacr
bar protection to reconnect rotor-side converter.)

0.9
o0sl 0.4 : - )
0.7
s
s 0.6
3 o5t
2 0.5
[e]
Q04
o I
=
= 0.3
<
0.2 — Detd
—Prob
0.1 —Clust
—SEqQT
00 1 2 3 4 5 6 7 8 9 10

Time (sec)
Figure 7: Active power response for all three aggregation
methods and detailed model at WS=10m/s, WD=100deg

It can be seen that for lower WS (10m/s), single-
equivalent turbine over-estimates the power produce

and so the response is offset as compared to ettail
model. Probabilistic clustering and Cluster repres-
tion model on the other hand accurately capturé/ire
response. For higher WS (24m/s) when turbinesadper
at rated power all aggregation methods model the re
sponse of the WF with sufficient accuracy. Numbkr
equivalent WTs used in each case is given in Table
and 3. For all methods described in this analytis,
WS is considered to be constant during the timmdra
of the dynamic simulation.
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Figure 8: Reactive power response for all three aggregation
methods and detailed model at WS=10m/s, WD=100deg
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Figure 9: Active power response for all three aggregation
methods and detailed model at WS=24m/s, WD=0deg
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5 CONCLUSION

Reduction of WF models is required to reduce com-
plexity of the overall model and the simulation ¢éim
Four aggregation methods are discussed in thisrpape
namely, Single-Unit equivalent, Cluster Represéumat
Compound Aggregation and Probabilistic Clustering.
Three of these methods are tested and their resuits
pared with detailed model of a 49 wind turbine WHks
shown that a large WF can be represented by fewer
equivalent turbines by all three aggregation madels

From the computation time point of view and reduc-
tion in model complexity it is obvious that the glier
unit representation is the best. This method cansee
during system stability studies when a fault isnigei
simulated far away from the WF and a general respon
of the WF would be sufficient. It can however ostire
mate power flow into the grid for WSs below rated.

Compound aggregation can take long time to simu-
late (not illustrated in this paper) since the mafehe
mechanical part of the system does not get reduted.
also harder to implement using commercial software
packages as they typically provide limited user-pro
gramming flexibility.

Cluster representation gives accurate results and i
can be used for replicating dynamic behaviour ¥R
for any incoming WS and WD. But, it can (depending
on wind conditions) result in a higher number ofigg-
lent turbines which may lead to longer simulationets
and more complex aggregate model of the WF.

Probabilistic clustering gives sufficient level adcu-
racy at almost all wind conditions, but inherentlill
work more efficiently for highly probable WSs and
WDs. On the other hand, it does require initiatHlofé
analysis of wind data to determine the most prababl
equivalent model of the WF. This analysis may beeti
consuming but subsequently leads to simple aggregat
model and short simulation times.

Dynamic simulations with Probabilistic Clustering
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