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Abstract

The penetration of wind turbines (WT) connectedtih@ power system has increased
enormously in recent years. As a result, they eatonger be neglected during power system
planning and analysis. However, with over 1850Gwuim Germany alone, considering all of
the individual wind turbines during the preparatmina power system model is not possible
[1]. It could lead to an enormous burden of the wators on the one hand and cause
problems with the numeric stability of the simubation the other hand. Therefore, an
alternative method for aggregated representationaafe wind farms for power system
analysis is needed that would retain their dynaohiaracteristics. Such an approach is
especially conceivable for the off-shore wind faymvbich usually consist of a high number
of wind turbines placed in similar distance to eattier that are concentrated in one location.
The aggregation method presented in this papeased on the coherency analysis of the
input wind speeds for individual wind turbines innvénd farm. The input wind speeds for
individual wind turbines results from the farm’scaming wind profile and the mutual
interactions between wind turbines; the so-calledkeaveffect. In general, the intensity of the
wake effect depends on the type of wind turbinenfatructure, wind direction and wind
speed. Modern wind turbines vary their angular dpgeeorder to find an optimal operation
point according to the present wind conditions.c8imwind turbines represent non-linear
systems, their dynamic reaction for system faudfgethds strongly on the point of operation,
and this should be considered in the aggregatedlaiion of wind farms.
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. since WTs with DFIG have only the rotor of the
1 Introduction machine decoupled from the electrical grid through

Since the influence of wind energy on the systerfhe frequency converter, and the WTs with SG are
operation can no longer be neglected, an apprepriggompletely decoupled with power electronics.
representation approach of complex wind farms & thTherefore, in the case of WTs with converter
numeric simulations should be applied in order técilitated SG the behavior depends first and farsm
reduce the calculation effort. There are diffeddnts ©On the structure and parameterization of the contro
of system studies concerning wind farm behaviogystem as well as the protection system. Thus, for
Generally, they can be divided into two categor@s. analysis of the system operation adequate models of
one side there are the studies of short-time behaviWind farms are needed.
such as fault .caI(.:uIation, frequency c.ontrol and o petailed simulation of wind farms
protection coordination, and on the other sidegtsae
the long-time applications like control actionstiae One possibility to simulate the operation of wind
power limitation or voltage control and reactivengs ~ farms is the preparation of the model using indueid
compensation as well as network securityepresentation of each wind turbine. In this apphoa
management actions). Moreover, an important task féhe simulated wind turbines consist of the propelle
power system operation and also for designing gnergnodel, generator model, drive train model, power
markets is the forecasting of wind power generation €lectronics model as well as the model of the @bntr

) , o ) . and protection system. The general structure of the
Conswjeraﬂon of all of' the |nd|V|c'iuaI'W|nd turpspe WT with DFIG and converter facilitated SG is
(WT) in the aforementioned studies is not gfflClentpresented in Fig. 1 and Fig. 2, respectively. Mgl
Therefore, an aggregated representation of winddar the aforementioned wind turbines was often disalisse

has to be applied. in literature, e.g. [3] - [9], and will not be peegted in

In this paper the aggregation approach of wind farnihis paper. Such detailed representation, on the on
based on the coherency matrix will be presenteds THand, makes it possible to obtain satisfactory ltesu
matrix includes all information needed to create thffom the simulations. On the other hand, detailed

equivalent wind turbine models within the wind farm representation means that fast simulations of aever
wind farms interconnected to the power system ts no

In Section 2 the modeling of wind farms consideringossible because of the high model complexity.
all WTs will be discussed. In Section 3 the

aggregation approach based on the coherency matfig Solve this problem an alternative modeling
will be presented, and in section 4 the applicatitor approach_ will pe pre;ented in the next section,revhe
the introduced aggregation approach will pdhe detailed simulations serve as the reference for
discussed. In section 5 the chosen case studiebavil comparison.

introduced and analyzed.

2 Wind farm modeling

2.1 Wind turbine classification ij: @ | 0 55;;’/&*55
3 § el

In general, there are many different varieties afdw \ ! —

turbines depending on the type of generator an| SRSty

propeller, kind of operation, and kind of network T\

coupling. A complex survey of the wind turbine tgpe AC T be

can be found in [2]. CROWBAR

Currently, the two most commonly installed wind Fig. 1 Structure of the WT with DFIG

turbine types are:

e variable speed wind turbines with a doubly
fed induction generator (DFIG),

+ variable speed wind turbines with a convertel 7 Converter System

facilitated synchronous generator (SG). e @ T w | T | o
Both concepts use the pitch control system fortiimgi Sl T e —

the angular speed and amount of produced power. Tl
possibility of angular speed variation is used for
optimization of the wind turbine operation and
enhancement of the energy vyield as well as for Fig. 2 Structure of the WT with
limiting the harmful torque fluctuations. converter facilitated SG

The behavior of both wind turbine concepts andrthei
influence on the network operation is quite diffgre
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3 Aggregation approach for wind farm This shadow is cone-shaped and its parameters are

simulation dependent on the wind turbine type as well the tfpe
natural surrounding. In general, the wake effect ha
3.1 General information three dimensional character, but such representatio

As already discussed in the first section theretare too cqmplex to be mc:_ludQQ in_the power system

main kinds of studies that should be performed fori;nalyss. Therefore, a S|mpl|f|eq represgntgnomhef

wind farms. In the first category of studies thewake effect that can be considered within the one-
; .dimensional profile of wind speed has to be usad. |

emphasis is placed on the satisfactory representatlgﬂs paper the wake model according to Jensen was
of the active and reactive power production by th ployed [10], [11]. This approach uses the

wind farm and the simulated system has a quasef—nn:r inment constant for calculating the devel n
stationary character. In the second category afistu entrainment constant for calculating the developme

the transient behavior of wind farms is the fodus. of the wake. The value of this parameter is fougd b

both cases the behavior of a wind farm dependéen tcomparing ttheM S|mulat|otrr1] resul}s Id W'ftfh N the ¢
current point of operation of each wind turbine.isTh measurements. Moreover, the near-field etiects jus

Lo s : .__behind the rotor plane of the WT are neglected here
Eglrrf:\tm::te?se fgfet\:l/v_ll_);/ }iT(ee zl:gglgf lssggd maeé:t::/aem;ak? d the wake distribution has a linear charactaichv

reactive power level, and pitch angle. The value d']esults n the wind speed having a unlfs)rm pro{ite
these parameters is directly influenced by the dpée each distance downsFream, SO ca_IIed_ top hat’. The
the incoming wind. In the wind farm the wind Speedgtrqcture of the wake.ls presented in Fig. 4. Thiav

at the individual wind turbines can have differengadlus RSV(X) at any distance from t'he rotor plane of
values since there are strong interactions betwe rﬂe upwind WT can be calculated with Eq. (1).

WTs that are evoked by the wake effect. R,(¥) =k I[x+R, 1)

Due to the fact that the controllers of each WT Nhe entrainment constant k describes the wake
either to find the optimal point of operation foach expansion and is defined with Eq. (2).

wind speed within the partial load operation ofirtait
the produced power and angular speed to the k=tan( a) 2
acceptable value within the full load operation,
identifying wind turbines that are in the same ofts value is defined empirically and depends on the
similar operation point can be performed basedhen t kind of surroundings — offshore, onshore.
incoming wind speed of each WT. Thus, to find the-he wind speed in the wake at any distance x can be
Eomts of operation of individual WT the wake effec .g|culated with Eq. (3).

as to be considered.

2
3.2 Wake effect model
Vi, (X) =V, 1—(Lj (1—1/1—CT) 3)

The wake effect describes the mutual interactions KX+ Ry

between wind turbines within a wind farm. Becauke o

these interactions the wind speed incoming to the

wind farm is disturbed when passing through therrot where:

plane of the WTs. Therefore, the input wind spekd o ) ) ,

the individual wind turbines that are located iorfrof Vo — the incoming wind speed [m/s],

the wind farm, with respect to the direction of thex, _ the radius of the wind turbine rotor [m],
incoming wind speed, is higher than the input wind _

speed of the wind turbines in the middle and in thK — the entrainment constant [-],

back of the wind farm. The units located in thenfro ¢ _ the thrust coefficient [-], see Fig. 5.
induce the “wind shadow” for the following units as

shown in Fig. 3.

by
e N4

/,;:/"’ *‘\ Wake

Fig. 3 Visualization of the wake effect in a wirat

Fig. 4 Structure of the wake model by Jensen
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Fig. 5 Exemplary thrust characteristic of the wind
turbine [12]

The influence of the k — parameter on the wake
distribution is presented in [13]. It can be seeere
that for lower values of k the wake cone is narmowerhjs wind farm consists of 9 WTs with a rated power
and the higher wind speed deficit is observable fajf 1.5 Mw and rotor radius of 35 m. The individual
from the rotor plane-, when k has a higher valie thyTs are symmetrically placed within the farm ane th
opposite occurs. distance between any two neighboring units in each
row and column is 400 m. For the test calculatibn o
the wake it was assumed that the incoming winddpee
of the wind farm is constant and equal to 10 mi& an
* location of each wind turbine in the wind farmthe wind direction is changed in a range from 0° to

(X, y — coordinates), 360° with a step of 10°. The simulation results are
given in Fig. 7 as wake wind roses. It can be shah
depending on the wind direction the resulting input
» time series of the incoming wind profile to thewind speed of different units can vary significgntl

wind farm (wind speed and wind direction),

Fig. 7 Wake wind roses for individual WTs and
constant input wind speed (10m/s; 0°-360°)

As input for the calculation, the following pararmest
have to be defined:

* height and radius of each wind turbine,

3.3 Determination of coherent WTs within the
« thrust characteristic of the wind turbines, wind farm

e k= entrainment coefficient. The wake effect calculation provides information

) about the input wind speed for individual wind

The value of the k — parameter for onshore sites {§rhines within a wind farm depending on the wind
usually set to k=0.075 and for offshore applic&i®n gjrection and incoming wind speed. Based on these
should be set to k=0.04 [14]. wind speeds the coherency analysis can be performed

It can happen in the farm that the wake acting on Bhe goal of this analysis is to find the unitstie farm
downwind turbine is evoked by more than one upwinéat obtain similar wind speed as input and thegefo
turbine or that the downwind turbine is only pdiyia have a similar point of operation. All WTs with the
shadowed by the upwind unit. In this situation a$ame input wind speed are then replaced with desing
additional coefficient that results from the intaon €quivalent unit. The parameters of the equivalerit u
area of wakes of the individual upwind turbineshwit have to be adjusted in order to retain the same
the rotor area of the downwind turbine has to bBehavior at the point of common coupling (PCC).

introduced [10]. Thus, for each wind farm its characteristics with

The effect of the chosen wake model on the inpliegard to the influence of the wake effect on the
wind speed of each wind turbine was tested in th@reéation of equivalent units can be described with
exemplary wind farm shown in Fig. 6. coherency matrix presented in Fig. 8. This masiai
3-D object that includes all information necesstry

perform a wind farm simulation using its aggregated
representation. The rows of this matrix corresptind
the wind direction and their number depends on the
chosen step of the wind direction. For the standard
step of 10° the coherency matrix has 36 rows. The
columns of the matrix correspond to the number of
wind turbines in the wind farm. In the presented
example there were 9 WTs. The third axis of the
coherency matrix corresponds to the incoming wind
speed profile of the wind farm that was used in the
identification process.

Fig. 6 Structure of the test wind farm
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L E
WT Number Fig. 9 Definition of the input wind profile for
Fig. 8 Structure of the coherency matrix for thet te coherency analysis
wind farm Additionally, each coherency index in the coherency

Its dimension depends on the chosen step of the wifnatrix includes information about the resulting @in
speed and chosen wind speed range for the scannfiRged for each equivalent WT that can be calculated
process. Therefore, in order to describe the whoMith Ed. (5).

operation space of the wind farm an appropriate V.. =V -Av. [Cl.

profile of the incoming wind that considers the Gl INF =W i

relevant ranges has to be characterized. Thuspas i AN

for the wake model the wind profile as step funutio +—Y [&ign(Cl, -1) )
was defined. It means that the wind speed is clthnge 2

with the defined step within the range 4 — 25 riile +NOT {sign(Cl, —-1)} Liv,,

lower limit is defined by the cut-in wind speedtbé ) .
wind turbine and the upper by the cut-off wind shee Where:  ; — wind speed for group i [m/s],n¢ —
For each step of the wind speed the directionge alwind speed incoming to the farm [m/shvy —
changed from 0° to 360° with the defined step, sekssumed step size of the wind speeg~Qloherency
Fig. 9. In this paper the chosen step for wind dpedndex of group i. The number of different coherency
profile was equal to 1 m/s and for wind directian t indexes for the given speed and direction of the
10°. As a result of the wake calculation the inwitd ~ incoming wind provides information about the number
profiles for individual wind turbines within therfa  of groups with similar wind conditions and aboué th
are obtained. On the basis of these wind speeds thiémber of equivalent wind turbine models for the
groups of coherent units can be evaluategimulation. The algorithm of the identification
Furthermore, for each step of wind speed the wingrocedure is shown in Fig. 11. Before the
roses which graphically present the influence & thidentification process can be started the widthhef
wake effect on each wind turbine can be generateidlentification step — ¥rp has to be set. This parameter
see Fig. 7. To show the influence of the wind dicec  has to be carefully chosen because it is resp@nfibl
and the wind speed on the formation of groups dhe resulting number of groups with coherent wind
coherent wind turbines the box-diagram given in. Figurbines. If its value is too high it can happeattll

10 was prepared. This diagram depicts with theind turbines within the farm get assigned to tie o
different colours the decrease of the input windesp single group.

for individual wind turbines in the test wind farms

vV, =5m/ V,,=9m/
The values of decreases were calculated according Bt e N L 40
Gr. 1 BEaPEaEE EROOC0O0
Eq. (4) P T EEEEEEEE
Gr. 2 EEEEECCN EEERECOON
Gr.3 EECONOCE 35
soMENCCNCOCN 50 50
V. -\ 1 w1
Vpeg = ————-100% (4) =
] NE 100 100 100

12
Where: wr — wind speed incoming to the farm [m/s], 15000 150 :
vwrj — input wind speed for individual wind turbine
[m/s]. Thereby, the boxes with the same colour sho
the turbines that belong to the same equivalentigro
The cells of the coherency matrix are filled with — zsoEEmEsm
specific integers — so called coherency indexes-Cl

that are obtained from the identification procéss s 300
applied to the data derived from the wake modethEa
coherency index includes information about the grou  ssomEmESHSSES ssomEBESSSSSS 350 mESSsmmEE
to WhICh the_ WT bglongs. In th|§ way th_e groups o LR T Ve ® Vet
equivalent wind turbines, depending on wind dim@cti

and speed, can be quickly obtained for the discusseFig. 10 Representation of the coherent wind turbine

wind farm. depending on the wind direction and wind speed
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o
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If the chosen value is too low the number of
equivalent groups will be high. In this paper tlzue _
of this parameter was set tos¥=0.1. In each R

recurrence of the identification process the umpet oke suputdata
the lower limit of the wind speed interval -/ and

Lum - are evaluated for the current value of the

Calculate

incoming wind speed and its direction according to IEetSEd et @;E
Eq (6) IS L= Vi - (#1) Vg
et
. i=it1
P e 7 Vo © S
LLIM =Vine _(| +1) WSTP
Save in coh_erency
Where: we — wind speed incoming to the farm [m/s], aew ||
Vstp— width of identification step, i — iteration inde v SNO
reached 2

Then, the wind speeds incoming to the individual
wind turbines are checked to see if any of therorugl

E!
speed reached 2
to the current wind speed interval — gk, Uy ). If it

is true, than this turbine obtains the appropriate_. P . .
coherency index, which is saved in the coherencyF'g' 11 Identification algorithm fpr constructioh @
coherency matrix

matrix. If membership of all units to the currennd
speed interval is checked, the new interval limits However, the information then has to be implemented
Lum and Y,y have to be calculated. in power system simulation software, like

M . . .
The identification process runs until all wind tumbs PSS"NETOMAC [15]. .The |nf0rmat|on obtained
from the coherency matrix includes:

obtain the coherency index and the coherency matrix
i§ completely filled out for all wind speed and w@in « the number of equivalent wind turbines that
direction steps. represent the considered farm,

o : the number of single wind turbines integrated
4  Applications for the coherency matrix into each equivalent unit,
4.1 General information » the input wind speed for each equivalent wind
The introduced coherency matrix includes complete turbine.
information about wind farm characteristics thah €@ Jcing this information the dvnamic models. whick ar
be used for various simulations with high precision Ig ted in th y ¢ ol t b
and with the additional advantage resulting frora gh'mpiemented in the power system simuiator, can be
reduced model complexity. Originally this approachappmp”ately configured and thg analysis using a
; . reduced system model can be carried out.
was developed for the dynamic analysis of power
system operation with a high penetration of windApart from the dynamic simulations, where the
energy, and this is the most important applicatibn. coherency matrix is used for delivering necessary
results from the fact that dynamic simulations iegju information about system modeling, the coherency
detailed models of the system components and smailhtrix can be used also for the estimation of gnerg
time steps for the calculation. Other forms of gsis,  yield or in the dispatching process.
for example energy vyield analysis, use a ver L .
simplified representation of the wind turbines.x'2 Dynamic simulations
Consideration of all single wind turbines in theln order to perform the dynamic simulation of the
simulation leads to a complex model of the powepower system considering wind generation, the
system and results in a solution that is very timgllowing procedure has to be executed. At the
consuming and, in extreme cases, not possible. beginning it should be noted that it was assumed he
order to improve this situation wind farms can behat the coherency matrix for the considered wind
represented in simulation by the equivalent modefarm is already known. Further, the values of thedw

obtained from the coherency matrix. speed and wind direction incoming to the farm hiave

Furthermore, models obtained on the basis of tf%e defined. The§e_two signalslare used as inpuhéor
coherency matrix can also be used for the quasqpherency matrix in order to find the structurettug

) . . - teduced wind farm. The wind direction defines the
stationary time-domain load flow and energy yiel ﬂppropriate row of the coherency matrix and thedwin

analysis as well as analysis of actions of networ . . - -
security management systems. The application of tﬁgeed is responsible for the position on the thi.

coherency matrix in the aforementioned cases dsnve”:)hg}Encwei?\/ de();(g atrheelogglri]ztegilr? q tchoenr:alzggc%mc:?g
the required information about the structure of th y

: : e reduced model. The number of the equivalend win
equivalent wind farm model. . . ) .
q turbines that represents the entire wind farm urgler
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equal to the number of different coherency inderes the wind speed and direction. Based on this
the defined cells of the coherency matrix. Eacinformation the parameters of the reduced wind farm
equivalent wind turbine can integrate one or moreodel are obtained from the coherency matrix, in a
single units. The number of single units that wersimilar way as discussed in the previous sectidie T
replaced by the equivalent model is determinedhiey t values of the obtained wind speed for the equivalen
number of coherency indexes that have the saménd turbines are further used to estimate the powe
value. The equivalent model of the wind farm foe th produced by the wind farm. For this purpose the
power system simulator is prepared using a model pbwer curve of the wind turbine in the form of the
the single unit by rescaling its parameters. ThHedra lookup table is used. The energy yield of the wind
power of the equivalent wind turbine is assumelldo farm can then be calculated with Eq. (7).

equal to the sum of the rated power of single units .
integrated into the considered equivalent unit.c8in E :Z":
all other parameters of the model are specifiedgusi CMm

per unit notation, it was assumed that their vakres
not changed during the reduction process. ThisteesuWhere: Ey — energy yield of the farm obtained with
from the fact that all per unit quantities are rede to  coherency matrix [KWh]; f — power obtained from
the rated voltage and rated apparent power of thd w the power curve of the wind turbine for givéhvind
turbine. In the case of the equivalent model tHeera speed [kW]At — time step in wind profile time series
of the rated voltage is not changed and the rat¢l]; ny; — number of turbines integrated into one
apparent power results from the summation of thequivalent unit; g — number of equivalent units for
power of individual units. Each equivalent windgiven wind speed and direction; j — index descgbin
turbine obtains an appropriate input wind speetlitha the rows of the wind profile time serieg,t last row
calculated on the basis of coherency indexes atwprd of the wind profile time series.

to Eqg. (5).

4.3 Energy yield calculation

Although the analysis of the energy vield has caly In this section some gxemplary sjmulatiqns of the
stationary character, it is also significant in gomPOWer system with a wind farm using the introduced
cases, like wind farm planning. An inappropriatd€duction method will be presented.

calculation approach can lead to considerablg; Enpergy yield calculation

overestimations. Generally, such calculations are ) ] )
performed using the wind profile, which wasAt f|r§t the energy yleld' for the test.W|nd. farmhwh
measured for the considered site, and the stati@po CONSIStS of 9 WT and is characterized in sectid) 3.
curve of the installed wind turbines. Both of thesavill be calculated. To compare both approaches for
curves are combined together and the time curve 8Pergy vyield calculation, which were discussed in
the produced power can be obtained. The area und&ction 4.3, the test S|mulat.|on was performed. For
this curve gives the energy yield of a single windhis purpose the annual wind profile, which was
turbine in the simulated time period. For thismeasured on the chosen site, was used as input.
calculation it is often assumed that all wind tngs in  Moreover, it was assumed that all nine wind turbine
the farm obtain the same wind profile as input tad installed in the test wind farm are of the_ sam_eetapd

the resulting power of the whole wind farm is equal have the same power curve that is given in Fig. 12.
the sum of the powers of all individual units. Bag With these assumptions the energy yield was
already discussed, the mutual interactions between calculated using the simplified method and then the
wind turbines can cause significant differenceshim coherency matrix — based method. The results are
input wind speeds for individual units. Therefotlee ~ 9iven in Tab. 1. It can be seen that the annuaiggne
power produced by each unit can also be differadt a Yield obtained with the simplified approach is over
consequently the energy yield of the wind farm will3-3 GWh higher than the energy yield obtained using
deviate considerably from the energy yieldhe coherency matrix approach.

approximated using the simplified approach. Due to
this fact the wake effect has to be also considered
during the calculation of energy vyield. It is espdy
significant when the wind farm is in the planning
phase and the investment analysis is carried auteS
the coherency matrix includes all significant
information about wind farm characteristics, it can
also be directly used for the calculation of energy
yield. For this purpose the wind profile incomirg t 0
the wind farm in the form of the time series isdiss
input for the coherency matrix. Each row of the dvin
profile includes information about the current \abf Fig. 12 Power curve of the variable speed WT

G

i(Pﬁ [t [y, ) (7)

e
=1 i=1

5 Case study

Power Curve
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400
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This corresponds to 244 hours full load operatien p Tab. 2 Input wind speeds for individual wind turesn

year and, with the assumption that the remuneration

for wind energy is equal to 7 cent/kWh, resultsam
overestimation of the annual profit of more than
230000 Euro.

5.2 Dynamic simulation

In order to check the performance of the coherency
matrix based reduction method the dynamic
simulation of the short circuit in the discussedtte
system was carried out. For this purpose the aetail
wind farm model consisting of all nine units was
implemented using NETDRAW [16] — the graphical
editor for PSE"NETOMAC. The structure of this

system is presented in Fig. 13 whereby the disgnc X

and turbine types are the same as discussed
section 3.2. At node 3 of the system the threegha
short circuit was simulated. The duration of thaltfa
was set to 100 ms while the residual voltage wasileq
to ca. 0.5 pu. The input wind speed to the winanfar
was equal to 9 m/s and wind direction was set to 0
According to the wake effect model each individua
unit obtained adequate input wind speed as given
Tab. 2. Further, for the discussed test wind fahm t
equivalent model using the coherency matrix wa
created. For chosen wind speed and wind directien t
reduced farm model consists of three equivalertsuni
Each unit integrates three single wind turbinese Th

110

20 kV

Unit No. WmEdm?Sp]eed
Input to the farm 9
WT1, WT2, WT3 9
WT4, WT5, WT6 6.6
WT7, WT8, WT9 6.2
GRID
kv B " ia Nvza NV3s
S = O = o =
“Ejﬁ 1 = ) 1 wrs

Fig

parameters of the reduced system can be found in

appendix. Moreover, the test wind farm was also

ppppp

. 13 Structure of the test system for dynamic
simulation

represented as a single unit model that integetex
the individual units. The simulation results foreth
three discussed wind farm representations in tliat po
of common coupling — PCC are presented in Fig. 14
Fig. 17. It can be seen that the reduced modeirauta
by the coherency approach agrees quite well wigh t
detailed model for all observed parameters. Th
single-unit equivalent model shows significant
deviations in the case of active and reactive pawger
well as current. The values provided by this madel
considerably higher than those obtained with th

Active Power in PCC [MW]

Detailed Farm Model

Equivalent with Coherency Matrix

0,2 03 04
Time [s]

0,1 05

detailed wind farm model, what leads to
overestimations by the analysis. Fig. 14 Active power in point of common coupling
Tab. 1 Results of energy yield calculation
for the test wind farm _ 15 Dotaabd Farrr Hiodai
.5 10 4 ea_le arrrl lodel !
Energy FU” Load % 5 | /Ey:‘fljm with Coherency Matrix
Parameter Yield |Operation g ol T
[GWh] [h] é -10 1
- - 5 151
E_nerg)_/ yield using 30.8 2279 E :20:
simplified approach g ig !
g 20
Energy yield using -35 w w w w
coherency matrix 275 2035 0 o 0z 03 o4 02
Time [s]
Fig. 15 Reactive power in point of common coupling
ISBN 978-3-901608-32-2 8 Copyright © 2007 EUROSIM / SLOSIM



Proc. EUROSIM 2007 (B. Zupancic, R. Karba, S. Blazic) 9-13 Sept. 2007, Ljubljana, Slovenia

Networks for Offshore Wind Farms 7-8 April,
2005 Glasgow, Scotland.
Detailed Farm Model

Equivalent with Coherency Matrix [4] Buchholz, B. M.; Styczynski, Z. A.; Winter, W.:
\‘ Dynamic Simulations of Renewable Energy
kv

d
o

o
_\

e

[=]

2]
L

AR A A AAARAAAR AR AAARA A Sources and Requirements on Fault Ride Through

Y VYV VYV VYV YTV

(=]
I

Behavior. Proceedings of the IEEE PES General
Meeting. 18-22 June 2006, Montreal, Canada.

[5] Rudion, K.; Orths, A.; Styczynski, Z.: Modeling
| | | ‘ of Variable Speed Wind Turbines with Pitch
g Uit °v2Time[s]°v3 U 05 Control. Proceedings of the"® International
Conference on Critical Infrastructures, 25-
27.10.2004, Grenoble, France.

[6] Ledesma, P.; Usaola, J.: Doubly Fed Induction
12 Generator Model for Transient Stability Analysis.
IEEE Transactions on Energy Conversion, VOI.

Current in PCC [kA]
<)
o
(3]

'
o
.

'
e
o

Fig. 16 Current in point of common coupling

1 = =t

k=]
[
L

20, No. 2, June 2005.
\g;‘:ic::;z:;;;h“"gg;'e,enwMm [7] Lei, Y.; Mullane, A.; Lightbody, G.; Yacamini,
R.: Modeling of the Wind Turbine with a Doubly
Fed Induction Generator for Grid Interaction
Studies. |EEE Transactions on Energy
Conversion, Vol. 21, No. 1, March 2006.

0:1 0:2 0:3 0:4 05 [8] Achilles, S.; Pdller, M.: Direct Drive Synchronous
Time [s] Machine Models for Stability Assessment of
Wind Farms. Available at www.digsilent.de.

k=]
@
L

Voltage in PCC [pu]
o
E

o
[N]
L

o

(=]

Fig. 17 Voltage in point of common coupling , . )
[9] Akhmatov, V.: Analysis of Dynamic Behaviour of

. Electric Power Systems with Large Amount of
6 Conclusion Wind Power. PhD Thesis. April 2003, Denmark.
In this paper the reduction method for wind farmesw ISBN 87-91184-18-5.

introduced and characterized. The coherency based Available at  www.oersted.dtu.dk/upload/-
approach allows for dynamic simulations of complex institutter/_oersted/eltek/research/00-05/05-va-
wind farms using simplified models that achieve a thesis.pdf.

high level of accuracy. The significant advantade g[lo]Jensen N A Note on Wind Generator
this method is that the coherency matrix has to bé = . 0 1o hnical Report M-2411, Risg

createq and saved only once-fo-r the givgn wind farm National Laboratory, DK-4000 Roskilde, 1983.
Then it can be used to obtain information about the

structure of the reduced model for the dynami¢l1l]Beyer, H. G.; Waldl, H. P.: Modellierung des
simulation in the power system simulators. The tapu Leistungsverhaltens von Windparks. Final Report
for the coherency matrix are wind speed and wind at Carl von Ossietzky University Oldenburg, 15
direction. A comparison of the simulation results December 1995.

\?vri]t(mﬁetg?it iT;?sms;et;hn:d is very much in agreemeﬂz]WAsp - the Wind Atlas Analysis and Application
9 y : Program. http://www.wasp.dk/Download/Power-

Curves.html.
7 References o
[13]VanLuvanee, D. R.: Investigation of Observed

[1] Ender, C.: Wind Energy Use in Germany — Status and Modeled Wake Effects at Horns Rev using
31.12.2006. DEWI  Magazine, Nr. 30,  WwindPRO. Master Thesis at the Technical
February 2007. University of Denmark, 25 August 2006.

[2] Ackerman, T.: Wind Power in Power Systems[j4]ebioda, A.: Windmodell fiir die Berechnung der
John ~ Wiley & Sons 2005, Ltd. = ‘windverteilung in einem Windpark. Internal
ISBN 0-470-85508-8. Report at Otto-von-Guericke-University Magde-

[3] Duschl, G.; Pannhorst, H. D.; Ruhle, O.: Dynamic  Purg, June 2004. Not published.

simulation of DFIG for wind power plants using[15)PSSMNETOMAC — The Simulation Program for

NETOMAC. Proceedings of the Fifth  Electrical Power Systems. www.netomac.de.
International  Workshop  on  Large-Scale . ) .
Networks. www.netdraw.de.

ISBN 978-3-901608-32-2 9 Copyright © 2007 EUROSIM / SLOSIM



Proc. EUROSIM 2007 (B. Zupancic, R. Karba, S. Blazic) 9-13 Sept. 2007, Ljubljana, Slovenia

8.2 Parameters of the reduced wind farm model -

8 Appendix . :
using the coherency matrix

8.1 Parameters of the detailed wind farm model o )
Tab. 6 Parameters of the grid in the reduced faitm w

Tab. 3 Parameters of the wind farm grid three equivalent units

Parameter Value Parameter Value
L 0.45 km Leos 1km
R’ 0.1Q/km R'eo1 0.07Q/km
X 0.175Q/km X' eo1 0.1225Q/km
o4 300 nF/km Cen 405 nF/km

*) all cables in the farm were assumed to be theesa ) cable parameters of connecting equivalent umits

Tab. 4 Parameters of the step-up transformers

Parameter Value
Uusn 20 kv Unit No Wind Speed
' m/s
Utsn 0.69 KV [m/s]
Input to the farm 9
Sn 5 MVA
WTeo1 9
Group Yy00
WT 6.65
Ur 0.1% EQ2
WT 6.25
Ug 6 % EQ3

2 and 3 were assumed to be the same

Tab. 7 Input wind speeds for equivalent turbines

*) all transformers in the farm were assumed tdHhge

same

Tab. 5 Parameters of the wind turbine

The parameters of each wind turbine are the same as
in Tab. 5 apart from the rated apparent power, lhic
in this case has to be multiplied by three — adogrd

Parameter Value to the number of single wind turbines integratei in

each equivalent unit.

Un 0.69 kv

Sn 1.667 MVA _
8.3 Parameters of the reduced wind farm model —

Pn 1.5 MW single unit representation

Ry 35m

P 1.225 kg/m3 Tab. 8 Parameters of the grid in the reduced faitim w

Mrmax 19 rpm single unit representation

NTmin 10.6 rpm Parameter Value

Nrsyn 15.8 rpm Leg 1km

Cpmax 0.434 R'eq 0.0233Q/km

)\OPT 9 X' EQ OO408Q/km

H 05s Ceo 1215 nF/km

Rs 0.008 pu

Xso 0.08 pu The input wind speed for the single equivalent unit
was equal to Vw= 9 m/s. This value does not comside

Rr 0.008 pu the influence of the wake effect.

Xro 0.08 pu

[WIn 0.3274 pu

*) all turbines in the farm were assumed to be the

same
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