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ABSTRACT

Existing wake models used for power output and energy
yield calculation usually provide deterministic wind speed
values at wind turbines. However, wind inside the wind
farm can be affected by several factorswhich can alter the
wind speed at each turbine. A probabilistic wake model is
proposed in this paper considering dynamicsof windinside
thewind farm. The model can be used during prefeasibility
studies for energy yield calculations as well as for power
output estimation when wind speed and direction forecast is
available. Effect of variable turbine availabilitieson energy
yield is also investigated in this paper.

INTRODUCTION

Due to stochastic nature of wind it can vary agasses
through turbines (WTs) inside the wind farm (WF).
Physical constraints and flow conditions can aftecpeed
and behaviour making it difficult to predict. Fbig reason,
complex simulation methods such as Finite Element
Method, Navier Stokes equations and Computatiolodd F
Dynamics (CFD) are often used for simulating wimglde a
wind farm. These models can lead to reliable redult on
the other hand they are complex and cumbersome to
implement. Most of them can significantly increase
simulation time depending on the computing power
available.

Wind farms are becoming an increasingly popularcehio
many countries as a future source of electricigrrally,
wake effect models used by practitioners in winevgo
industry calculate mean wind speed (WS) incident at
turbines under wake. In reality however, this may lne
entirely realistic as dynamics of wind inside th& W very
complex and can influence ‘effective’ wind speecath
turbine. Effective wind speed is defined as the meand
speed that affects the power output of a turbinéndw
characteristics are dependant on the way windaotemwith
the group of turbines under certain atmospheriditimms.
Therefore, a better way would be to estimate aeanfg
possible effective wind speeds that a turbine eap.f

A novel way to approximate effective wind speedataon

at each turbine is presented in this paper. Theqeed
approach models stochastic effects inside a winu fay
using deterministic wake model and a turbulence ehod
This combined model is aimed to reduce computdime
while remaining simple in implementation. The
methodology is tested on a large wind farm and li®su
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validated through measurement data.
PROBABILISTIC WAKE MODEL

Wake effects

Kinetic energy of wind is extracted by the windhime
leaving wind downstream that is both reduced ired@and
turbulent, known as ‘wake’ of a turbine. Thrusefficient

of a turbine is vital to analyse reduction in vétpas well

as turbulence generated behind a turbine, sidetgtmines
the amount of momentum that is extracted from witichse
turbines that operate in wake of another turbinee fa
horizontal wind shear and reduced wind speeds. bftest
wake models employed in power industry and comragrci
software provide deterministic results. One suctodel is
shown in the following section. For instance, théwgare

will calculate mean wind speeds and hence mean powe
output from each turbine. In reality however, aorded by
site data [1] these wind speeds are variable |gattira
range of power outputs [2] from each turbine. Dgoraof
power output from mean value can occur becausevefal
reasons such as wind shear, turbulence, surfaghmess,
thermal effects causing vertical motion of windnsigy of

air [3], wake vortices, shear-generated turbulerared
overlap of wakes. To be able to simulate such devis
two models for wakes have been combined together.

A deterministic wake model is used to calculate the
effective mean wind speeds and a turbulence madel t
estimate deviations in effective mean wind speeds.
Normally, turbulence refers to variation of wincesg on a
relatively fast time-scale and it is levelled oubstly by
rotor inertia. In this study, however, range oéeffve wind
speed is estimated through a turbulence model,hndaa

be caused by any of the processes described abbee.
turbulence model is used to represent stochagéctsf(to
model wind behaviour inside WF) that cause these
variations.

Deter ministic wake model

A commonly used model for power calculations isséers
wake model [4, 5] and this is used in this papersfngle
wake calculation. The mean wind speed at turbirdeun
single wake is calculated using Jensen’s model as:

=11 o)) (1S @

wherec is the entrainment constant which represents the
effects of atmospheric stabiljty, is the radius of the WT,
u is the speed of free-stream wind received byuHgne
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with the thrust coefficiert, , andv; is the WS at a distance
X, from a WT.

Partial shadowing is a phenomenon that occurs wheior
more upwind turbine casts a ‘single’ shadow on the
downwind turbine. If the WT is under partial wake
condition the WS at the rotor disc of interestésedmined

by calculating the ratio (weighting factgf) between the
rotor area in wake and the total rotor area. W&time WT

is then given by [6]:

T

wherej is the WT under wakd,is the upwind turbineay is
the initial WS entering into the WK, vp,s 1« is the shadow of
WT k falling on WTj.

In a larger WF several WTs may be arranged onexti¢hé
other. Turbines downwind in the same row receiss le
wind due to two or more upwind turbines. This efffesc
referred as multiple wakes and WS approachingttind t
turbine and onwards in a row is calculated usirjg [7

=4 (6 0 (a4 +1 3)

where v, is the turbine of which wind speed is being
calculated and, ; andC™* is the wind speed of the turbine
immediately at front shading turbime

The value of wake decay constant (entrainment aotjst
depends on site location, it is usually set to 5.03r
onshore and 0.04 for offshore sites [8]. The magtedres
effects of wind shear on blades and other stoahasti
phenomenon and gives a mean value of wind spead at
turbine. These phenomenons are assumed to beeafmés
by a wake turbulence model.

(2)

Turbulence moddl

Generally, turbulence intensity is defined as asusaof
overall level of turbulence and is expressed by:

| =g/U (4)

whereo is the standard deviation of wind speed over a

period of 10 min andJ is the mean wind speed.

The model employed for wake turbulence calculatidghis
paper can be used with single, multiple and pantédes. It
is described [9] as:

| = IO(1+a)exp(—[x/,6’]2)
B 00.5(1807 .tan' ( fs)+ 1) = 25 [de

()
(6)

wheref is the characteristic width of the wake, s is the
distance between the turbines in separate raws,the
angle between line connecting two turbines andwntinel
direction (WD),« is a constant expressed Qy(ambient
turbulence) andl, (wake added turbulence):

a=y(1,/1,) +1-1 @)
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The prediction of wake added turbulence is usually
evaluated based on the wake model being uged.the
maximum wake added turbulence intensity at hubtteig
centre of the wake, which in this case can be asetas:

| =1/(15+0.3u) 8)

or if thrust coefficientC, of turbine is known for every wind
speed then the following formula can be used:

| =1(150.8) 9)

wheres is the distance between two turbines which wake
one or the otheny is the mean wind speed.

Results from the probabilistic wake mode

The effective mean wind speed at a turbine is tated
using (1)-(3) while the range of speed variatiazaisulated
using (4)-(9) whereg defines the width of this range. The
distribution is assumed to be Gaussian at eaclineids
shown for WT 21 in Fig. 1 (ii). Wind distributioroff
turbines arranged in a row is plotted using thisrapch in

Fig. 1.
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Fig. 1. Results for WS = 10m/s and WD = 2@ deg (i) Distribution of
wind speeds at each wind turbine (dots) and ré&suit deterministic wake
model (line) (ii) Gaussian WS distribution at WT 21

The results in Fig. 1 (i) are similar to realistilmd speed
per turbine data from Horns Rev reported in [1,TAjis
figure is plotted for a WS of 10m/s entering th@dvfarm
at a particular direction range. (The results balldifferent
for other WS and WDs).

CASE STUDY

The proposed method is applied to a wind farm &tingj
49 turbines as shown in Fig. 2 (i). Each turbine haated
power of 2 MW with hub height of about 80 m andorot
radius of 40 m. Rated power of the wind farm is\®@/.
The wind farm is located at sea with surface roegbrof
0.0002. Distance between two turbines in the sames
400 m.

Figure 2 (ii) illustrates probabilistic wind speetteived by
WT13 inside the WF from all directions. This shatvat
using deterministic model fixed results are obtiwbereas
if probabilistic method is used a spread is obgkrve
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Fig. 2. (i) WF layout (ii) Wind plot of WT 13 foncoming wind speed of
10m/s showing result of deterministic wake moddudbline) and
probabilistic model (red dots). Circles indicate e&vgpeed magnitude from
each wind direction

Power Output Analysis

In Fig. 3, Monte Carlo simulations are performeadlain
a possible range of wind power at each wind dioeotihen
wind speed entering the farm is fixed to 10m/s.
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Fig. 3. Total wind power output from the wind faatneach wind direction
for fixed wind speed of 10m/s, with deterministiced line) and

probabilistic wake model (blue dots)
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Fig. 4. Difference in power output for wind enteyifiom all directions in
the WF at WS of 10m/s

Deterministic as well as probabilistic power ougpate
shown. Difference in wind power output of the priolbstic
model is compared with deterministic approach m i It

is found that difference changes depending on timel w
direction; it ranges from kilowatts to several Meg#s. For
example, at a WS of 10 m/s and WD of 91 deg the
difference in power output is observed to varyaipliout 7
MW. A more valid range can be obtained if MontelGar
simulation is performed several times for every dwin
direction. This information is useful when operatas WS
and WD forecast for the next few minutes e.g. lfier hext
30-min and a range of power output from the WF is
required to adjust generation dispatch.
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Enerqy Yied Analysis

Traditionally energy yield (EY) is calculated bying
Weibull distribution and then power curves of WTrsifo
wind measurements at the site are available pofveaach
turbine is calculated for every WS and then mukiblby
total number of turbines. Both ways overestimatergyn
yield because wake losses are ignored. In thisrpajéde
effects are modelled by using both deterministia an
probabilistic models, the results are tabulate@iahle I.
Wind speed and direction measurements for a skiith
Sweden recorded with 10-min intervals were avadldbt
year 2000. Using probabilistic model, some powerthe
year were higher while some were lower than thermea
power (calculated using (1)-(3)), equalling out tise and
fall in energy yield. However, the difference ohseat after
several simulations is shown below.

TABLE I. ENERGY YIELD COMPARISON USING
DETERMINISTIC AND PROBABILISTIC WAKE MODEL

EY ignoring wake| EY with deter.| EY with prob.
effects wake model wake model
Reference -15.41% | -15.41%%* 0.2%

It can be seen that considering deterministic wedsdts in
energy yield losses of about 15.41% (comparedda#dse
when the wake is completely ignored) while inclusif
probabilistic nature of wind “converts” these lose® a
range of (15.41+ 0.2)%.

EFFECT OF WT AVAILABILITIESON EY

Turbines operating under wakes of other turbines
experience increased loads as compared to turiniriese
flow [9, 10] that can result in reduction in lifieté of turbine
components. As a consequence turbine may havelérgm
regular maintenance during the year preventingainf
producing any power for the time it is switched. off
Unavailability of turbines is assumed to be depenhda
how frequently it stays under wakes during the ydathod
presented in [11] is used to calculate frequendyigt and
low WS every turbine faces, this is to see how meeth
WT receives free-stream wind and how much it remain
under wake. WTs are then grouped into five clugteicgh

to low WS) based on level and frequency of WS flaeg

in a year. This is shown in Fig. 5 where turbirfest face
highest WS are placed in Cluster 1 while those #nat
mostly under wake and face lowest WS are in Cluster
Unavailability of WTs is dependant on which clustesy
belong to. Two steps of grading, 5% and 10% ard.=er
instance, in Case 1, turbines under least wakeifieg
most WS during the year) are considered to be 100%
available, this will decrease to 95% for those Wigch
receive slightly less WS, then to 90% for thosé theeive
even lower WS and so on. Similarly, Case 2 is peréal
with steps of 10%. Case O is the reference case alie
WTs are available. Wind speed measurements avaifiabl

3/4



CIRED

21st International Conference on Electricity Distribution

Frankfurt, 6-9 June 2011

Paper 0528

year 2000 from a site in North Sweden are usell gases.
Deterministic wake model was employed for this isect

a

gs
E

1

% 5 10 15 0 35 40 45 50

Wlndz'(l)'urbzlﬁe r\?umber
Fig. 5. WTs are placed into clusters based oneel ind frequency of
WS they receive

Conventional way to estimate EY is as describethén
previous section which is by ignoring all effeatsluding
wake and turbine availabilities. If say turbine itaailities
are considered, the same availability factor isiaesl for
all turbines which may not be realistic as difféNT's face
different wake loads.

TABLE Il. ENERGY YIELD DIFFERENCE FOR TWO CASES

Case0 Casel Case?2

EY difference (%) |Reference -8.65 -17.3

Results in Table 1l show reduction in EY in botlsea
where in Case 2 it is double that of Case 1.dhiswn that
if unavailability of WTs is estimated based on Vdldut,
position of WTs and wind site location the effest i
significant and cannot be ignored during EY caltafes.

CONCLUSION

A probabilistic wake model to account for WF powetput
variation due to stochastic nature of wind (instite wind
farm) is presented. Using this method, range of grow
output and energy yield can be estimated. It ist@mpt to
make wake effect models more probabilistic which ar
rather deterministic at present. The deterministiciels do
not take into account the dynamic characteristicthe
wind inside the wind farm. It is computationallfiefent in
comparison with complex models available. Main
advantage of this approach includes estimatinghgeraf
possible WF power output for an available forecd$¥/S
and WD of a few minutes ahead. This method is bieiaéf
since many large wind farms are installed in thevoek
and a range of power output from each WF is nedged
system operator to allocate spinning reserve andrgéor

dispatch. The results of the model are dependant on

location, layout and type of WTs installed insideviad

farm more precisely on distance between WTs, thrust [10]

coefficient, speed and direction of wind enterihg tvind
farm. Impact of different WT availabilities on E¥ also
presented. Such analysis is useful during pre{idagi
studies to estimate energy loss due to WT unavikiialt
considers unavailability of each turbine basedspasition
in the WF, layout of WF and site measurements.
Straightforward inclusion of wake effects reduced Iy
about 15% while additional modelling of stochastture
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of wind inside the WF (turbulence) contributed#dl.3%
variation in this value ot 0.2% variation in energy yield.
The probabilistic modelling of wake therefore imtuces
about 0.4% uncertainty in energy yield.

When variable unavailability of wind turbines iswsalered
EY loss varied between between 9% and 17% . Siotte b
wakes and turbine availabilities are actual fadiweisaffect
EY they cannot be ignored as they influence ongngeld
can be quite significant.
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