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(57) Abrege/Abstract:

he Invention relates to a method and a device for operating a wind farm comprising a plurality of wind turbines. According to said
method, operating parameters of the wind turbines of the wind farm are adjusted according to an optimization goal, said
optlmlzatlon goal being the maximum value of the total output of the wind farm produced from the sum of all individual outputs of
the wind turbines. The optimization goal differs from conventional optimization goals where the respective individual outputs of the
wind turbines are optimized without taking the overall output into consideration. The inventors were able to demonstrate that the
optimization goal according to the invention allows an improvement of the overall output.
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Abstract

The invention relates to a method and a device for operating a wind farm comprising a
plurality of wind turbines. According to said method, operating parameters of the wind
turbines of the wind farm are adjusted according to an optimization goal, said
optimization goal being the maximum value of the total output of the wind farm produced
from the sum of all individual outputs of the wind turbines. The optimization goal differs
from conventional optimization goals where the respective individual outputs of the wind
turbines are optimized without taking the overall output into consideration. The inventors
were able to demonstrate that the optimization goal according to the invention allows an

improvement of the overall output.
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Description

Method for operating a wind farm comprising a plurality of

wind turbines

The invention relates to a method and to a device for

operating a wind farm comprising a plurality of wind turbines.

In wind farms kinetic wind energy i1s converted into electrical

power with the aid of wind turbines in the form of windmills.

In the case of conventional wind farms the 1ndividual outputs

of the individual wind turbines 1s detected and operating
parameters of the wind turbines, in particular the angle of

inclination of the rotor blades of the i1ndividual turbines;
are adjusted in such a way that each individual output is

individually optimized, i.e. exhibits a maximum value in the

case of predefined wind conditions.

From document DE 10 2005 033 229 Al a network for controlling

wind turbines is known, sensors being provided on the wind
turbines for measuring purposes and the sensor values of a
wind turbine being transmitted via an appropriate network to

other wind turbines. Operating parameters, for example the

adjustment of the inclination of the rotor blades, can be

controlled using the sensor values.

Known methods for operating a wind farm control the operating
parameters of the individual wind turbines independently of
each other without checking whether the adjustment of the
operating parameters of each individual wind turbine to a
maximum output value also actually generates the best total

output of the wind farm.
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The object of some embodiments of the invention is therefore to
create a method for operating a wind farm with which the output

total electrical power of the wind farm is improved.

In some embodiments of the inventive method, bperéfiﬁg paiaﬁeters of
the wind turbines on the wind farm are adjusted during operation of

the wind farm according to an optimization goal, the optimization
goal being the maximum value of the total output of the wind

farm produced from the sum of all individual Outputs of the

wind turbines. This optimization goal is not known for wind
farms. In wind farms according to the pridr art an individual
optimization of the individual outputs of the wind turbines is
always made without taking account of the fact that an

improved total output can possibly still be attained by non-

optimal adjustment values of individual wind turbines.

Some embodiments of the invention are based in particular on the

finding that the individual wind turbines in wind farms interact and in

particular the slipstream of one wind turbine affects the wind .

- ...conditions -of the wind turbine located therebehind. According

to some embodiments of the invention it has been found that as a
result of these interactions the best total output of a wind farm 1is

achieved not by adjusting the individual operating parameters of the

wind turbines to a maximum value of the individual outputs,
rather better total output values are achieved if optimization
takes place with regard to the maximum value of the sum of all

individual outputs.
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In a preferred embodiment of the inventive method the
operating parameters, which are adjusted according to the
optimization goal, incorporate the respective angles of
inclination of the rotor blades of the individual wind
turbines. The angles of inclination of the rotor blades

prew

determine the slipstream of the individual wind turbines and

are therefore the preferred parameter via which changes in the

total output of the wind farm can be attailned.

In a further embodiment of the inventive method the respective

individual outputs of the wind turbines is detected during
operation of the wind farm and the angles of inclination of
the rotor blades are adjusted in response to the detected

individual outputs and according to the optimization goal.

Particularly good real operation of the wind farm 1s ensured
with this method as the individual outputs that really exist

are also always considered when adjusting the optimization

goal. Better results can be attained hereby than 1f the
optimization goal is only established by theoretical

calculations without consideration of real operation.

In a further embodiment of the 1nventive method the
optimization goal is given by an optimization of the wind
speed ratios of the wind turbines, the wind speed ratlio of a
respective wind turbine being given by the ratio of the
central wind speed (i.e. the wind speed 1n the center of the
rotor of the respective wind turbine) i1mmediately downstream
of the respective wind turbine to the central wind speed
immediately upstream of the respective wind turbine. The wind
speed ratio of a respective wind turbine is preferably

P

adjusted via the angle of 1nclination of the rotor blades of

the respective wind turbine, the dependence of the angle of

inclination on the wind speed ratio being known in advance for
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each wind turbine, or it being possible to easily determine

this.

In a preferred embodiment of the inventive method a linear
wind farm is operated which comprises one or more parallel
rows of, in particular structurally identical, wind turbines
arranged one behind the other. In the case of this kind of
wind farm, with a predefined wind speed parallel to the rows
of wind turbines arranged one behind the other, the
optimization goal is given by the maximum outputs of the rows
of wind turbines arranged one behind the other. This takes
account of the fact that in the case of a wind 1nclined
parallel to the rows, there ig no influencing of the wind
turbines by different rows, so for each row an optimlzation
can be made individually with regard to the maximum output of
all wind turbines in the row.

o

In a further embodiment of the inventive method the maximum

output of a respective row of wind turbines arranged one
behind the other is determined by optimization of the wind
speed ratios of the respective wind turbines of a row

according to the following equation:

iP,-(qf v,) '

i=]

{% }Opt = arg max

(
\

where N 18 the number of wind turbines in a row and the wind
turbines in a row are numbered 1n ascending order in the wind

direction;

where gq; 1s the ratio of the central wind speed immediately

downstream of the 1-th wind turbine to the central wind speed

v; i1mmedlately upstream of the i-th wind turbine;
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where P;(gi | vi) is the individual output of the i1-th wind

‘1

turbine as a function of the wind speed ratio ¢; in the case of

a given central wind speed v; immediately upstream of the 1-th

wind turbine.

The output P;(qg; | vi) 18 preferably given by the following

equation in this case:

Pz(q,e v:‘):gﬂszf (l+q’)2(1_qz'2)

where p 18 the alr density and R the radius of the rotor of the

i-th wind turbine and where v; 1s the central wind speed

immediately upstream of the i-th wind turbine.

The above correlation has been known for a long time to a
person skilled i1n the art of wind generation and can be used

1n the i1nventive method for determining the individual output

P; of a turbine with the aid of a computer.

In a particularly preferred embodiment of the inventive method

gr—

the central wind speed v; immediately upstream of the i-th wind

turbine is determined with the aid of the following formula:

r(R+xtanaf —R2)  +aR%q, v =rx(R+xtanafv, (i>2)

where R 18 the radius of the rotor of the (i-1)th wind

turbine;

where X 1s the spacing of the (i-1)th wind turbine from the i-

th wind turbine:;:
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where v';.; is the peripheral speed at the edge of the rotor

(RO) of the (i-1)th wind turbine;

where o 1s the angle of inclination of the slipstream of the

(1-1)th wind turbine.

The angle of inclination o 1s a variable that 1s strictly

predefined for a respective wind turbine.

The above-defined peripheral wind speed v ;., is estimated in
this case by a value which lies between the central wind speed
v ;.; immediately upstream of the center of the rotor of the (i-
1)th wind turbine and the central wind speed v; 1mmediately

upstream of the center of the rotor of the first wind turbine.

In a further preferred embodiment of the invention the
operating parameters are determined according to the
optimization goal with the aid of a numerical method, in

particular a gradient method.

In one embodiment of the inventive method the operating
parameters are predefined according to the optimization goal
for a predefined number of reference wind conditions.

Artificial intelligence is preferably used when adjusting the

operating parameters, in particular in the form of an

artificial neuronal network and/or a probabilistic network

(for example a Bayesian network). The artificial neuronal

network and/or the probabilistic network are learned in this

case with the operating parameters for the predefined number

of reference wind conditions. Optimal operating parameters for

ol

a maximum total output of the wind farm can thus always be

calculated with the method for any wind conditions that differ

from the reference conditions.
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In addition to the above-described method, some embodiments of the

invention also include a device for operating a wind farm comprising a

plurality of Wind'turbines, the device incorporating a control
unit with which operating parameters of the wind turbine can
be adjusted as a function of én optimization goal, the
optimization.goal being the maximum value ?f,the'total output
of the wind farm produced from the sum of éll individual
outputs of the wind turbines. This device is preférably
configured in such a way that operation of the wind farm is

possible according to any variant of the above-described

inventive method.

In a preferred embédiment the inventive dgvice comprises a
network, infparticular a wired and/or.wireless network, via
which the control unit 1is 6onnected to the wind turbines,
control commands for adjusting the operating parameters of the
wind turbines being transmitted to the wind turbines via the
network. Values of the individual outputs offthe wind turbines

can preferably also be communicated.to the control unit via

the network.

The invention also relates to a wind farm comprising a
plurality of wind turbines and which includes the device just

described for operating the wind farm.
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In some embodiments, the invention relates to a method for
operating a wind farm comprising a plurality of wind turbines,

wherein the wind farm 1s a linear wind farm comprising one oOr

more parallel rows of wind turbines arranged one behind the
other, in which: operating parameters of the wind turbines are
adjusted during operation of the wind farm according to an
optimization goal, the optimization goal being the maximum

— p—

value of the total output of the wind farm produced from the

sum of all individual outputs of the wind turbines, wherein the
optimlzation goal 1s given by an optimization of the wind speed
rati1os of the wind turbines, the wind speed ratio of a
respéctive wind turbine being given by the ratio of the central
wind speed i1mmediately downstream of the respective wind
turbine to the central wind speed immediately upstream of the
respective wind turbine, wherein the optimization goal in the
case of a predefined wind speed parallel to the rows of wind
turbines arranged one behind the other i1s given by the maximum
outpﬁts of the rows of wind turbines arranged one behind the
other, wherein the maximum output of a respective row of wind
turbines arranged one behind the other 1s determined by

ocptimization of the wind speed ratios of the respective wind

turbines of a row according to the following equation:

N

{q 1 }opt = aIg imax Z I (CL-IV,.)

i=]

where N 1s the number of wind turbines in a row and the wind
turbines 1n a row are numbered in ascending order in the wind
direction; where g; 1s the ratio of the central wind speed

immediately downstream of the i1-th wind turbine to the central
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pr——

wind speed v; immediately upstream of the i-th wind turbine;

F

where P;(gi|vy) 1s the individual output of the 1-th wind

turbine as a function of the wind speed ratio g; 1n the case of

a given central wind speed v; immediately upstream of the i-th

wind turbine.

In some embodiments, the invention relates to a device for

operating a wind farm comprising a plurality of wind turbilnes,

wherein the wind farm is a linear wind farm comprising one oOr

more parallel rows of wind turbines arranged one behind the
other, incorporating a control unit for adjusting operating
parameters of the wind turbines as a function of an

optimization goal, the optimization goal being the maximum

F

value of the total output of the wind farm produced from the

sum of all individual outputs of the wind turbines, wherein the

pr—

optimization goal is given by an optimization of the wind speed

F

ratios of the wind turbines, the wind speed ratio of a

respective wind turbine beling given by the ratio of the central

wind speed immediately downstream of the respective wind

F

turbine to the central wind speed i1mmediately upstream of the

respective wind turbine, wherein the optimization goal 1in the

case of a predefined wind speed parallel to the rows of wind

turbines arranged one behind the other 1s given by the maximum

outputs of the rows of wind turbines arranged one behind the

— p—

other, wherein the maximum output of a respective row of wind

turbines arranged one behind the other 1s determined by

optimization of the wind speed ratios of the respective wilind

turbines of a row according to the following equation:

4.}, =argmax| 3 P(q )

i=]
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where N is the number of wind turbines in a row and the wind

turbines i1n a row are numbered 1in ascending order 1n the wind

direction; where gi; 1s the ratio of the central wind speed

P

immediately downstream of the i1-th wind turbine to the central

P

wind speed v; immediately upstream of the i1-th wind turbine;

where P;(gilvi) 1s the individual output of the 1-th wind

)

turbine as a function of the wind speed ratio gi; 1n the case of
a given central wind speed v; immediately upstream of the 1-th

wind turbine.

In some embodiments, the i1nvention relates to a wind farm

comprising a plurality of wind turbilines, 1ncorporating a device

as described hereiln.

Exemplary embodiments of the invention will be described

hereinafter with reference to the accompanying figures, 1n

which:

pr—v

Fig. 1 shows a schematic diagram of a linear wind farm

comprising wind turbines arranged one behind the other and

griew

which is operated using an embodiment of the i1nventive method;
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Fig. 2 shows a graph which, for a linear wind farm comprising

five wind turbines arranged one behind the other, depicts the

P

adjustments of wind speed ratios of the individual wind

turbines on the basis of a method according to the prior art
and on the basis of two inventive embodiments of operating

methods; and

Figs. 3 and 4 show graphs which, for two embodiments of the

inventive method, compare the efficiencies of the inventive

method with a method according to the prior art in each case.

Fig. 1 shows a schematic plan view of a wind farm comprising a
large number of wind turbines T., .., Ti-1, T1, .. 1n the form of

individual, structurally identical generator turbines, which

are spaced apart from each other by a constant spacing x and

are driven by a corresponding frontal wind at speed v;. The

direction of the wind is perpendicular to the extent of the

rotors RO formed by the plurality of rotor blades in this

case, the radius of the 1ndividual rotor blades being

designated R. The angle of inclination o of the slipstream

downstream of the turbine T;.; is also shown in Fig. 1. The

regilon of the slipstream which is outside of the cross-section
of the rotor RO results in this case from the spacing x

between the adjacent turbines Ti;., and T; and covers the radial

section xXtando.

In the diagram of Fig. 1 the stream immediately upstream of

the (1-1)th turbine or the i-th turbine is designated v;., or

—

vi. The stream i1mmediately downstream of the (i-1)th turbine is

designated gi-.i1vj.1 moreover. The parameter q; (i =1, .., N)
therefore represents the ratio of the wind speed directly

downstream and directly upstream of the i-th turbine. This
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"

ratio qg; can be controlled via the appropriate angle of

inclination of the rotor blades of a turbine.

As already illustrated in the aforegoing, operating parameters
of the individual turbines are adjusted as a function of an

optimization goal in such a way that the total electrical

1

output, which represents the sum of the individual outputs of
all turbines, is maximal. In the embodiment of the invention
described here the angle of inclination of the rotor blades 1s
used as the operating parameter, and this can be appropriately

changed via suitable motors on the rotor blades.

The optimization goal will hereinafter be represented by
optimized wind speed ratios g;, where g; i1n turn depends on the
angle of inclination of the rotor blades. The optimal values
for g; are calculated by a mathematical optimization method.
Therefore, optimized wind speed ratios g; can be calculated 1in
advance using numerical simulations, and herefrom optimized
angles of inclination of the rotor blades for different
frontal speeds v;, so the optimized angles of inclination are
then optimally adjusted in real operation of the wind farm as
a function of the given wind speed vi. A corresponding control

unit S is provided for this purpose, and 1s preferably

provided with artificial intelligence in order to determine
optimized angles of inclination even for new wind speeds for
which no optimized angles of inclination have been determined

1in advance. This artificial 1ntelligence can be formed in

particular by neuronal networks or by probabilistic networks,

such as Bayesian networks, these networks being learned with
optimal angles of inclination and associated individual

outputs of the turbines.
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In the embodiment of the inventive method described here the

following correlation, based on Bernoulli’s equation, between

physical variables of the turbines of a wind farm 1s used:

7T((R + x tan a)2 ~ R’ )v:_, +aR*q_ v, = 7z(R + X tan a)2 v, (z‘ > 2)
(1) .

As already illustrated, R is the radius of the corresponding

rotor blade of a turbine, x the spacing between two adjacent

turbines and o the angle of inclination of the slipstream. vy
and v;., represent the central wind speeds (i1.e. the speeds 1n
the center of the respective rotor), moreover, directly
upstream of the turbines T; and/or Ti.i. J;-1Vi.; represents the
central wind speed directly downstream of the turbine Ti.,. Vv i,

describes the wind speed at the outer edge of the rotor of the

turbine T;.,, where the following two estimates are used for

*

Vo o{-1

v* v (upperesz‘imtion)
-1 v (lowerestimtion)

In the case of the lower estimation 1t 18 assumed that the

speed v';i.; at the edge of the rotor is as great asg the speed
vi-1 1n the center of the rotor immediately upstream of the
turbine T;.;. This estimation is valid for small spacings X

g—

between i1ndividual turbines. In the case of the upper

estimation it is assumed that the wind speed Vv';.; at the edge

of the rotor has already accelerated to the frontal wind speed

vi again. The lower estimation applies to wind farms with large

spacings x of individual turbines from one another. The value
* i "
of v ;.1 18 therefore chosen between v;.; and vy as a function of

the configuration of the wind farm in such a way that best
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reproduces the real conditions. Using the upper and lower

preu

estimation of v';.; the following speeds v; immediately upstream

of the center of the rotor of the i-th wind turbine can be

determined as follows by using equation (1):

! . ;
vi| 1] 1-q, J (upperestimation)
L\ vi A\ Rtxtana ) |
vi — ( 2
K (3)
L 1“(1“%—1 )( P J (lowerestimation) -
+x tan o

\ /

Using a formula that has been known for a long time to a
person skilled in the art for describing the individual output
P, of the turbine T;, this individual output P; can be
described as a function of the speed v; and the speed ratio qj

as follows:

2{ ) (4)
In equation (4) p represents the air density and the
coefficient C(g) = (1l+q) (1-g°)/2 assumes the maximum value in

gy

the case of g = 1/3. This represents the known conventional

result for optimization of the respective individual outputs
of the turbines in a wind farm. With this result the wind
speed v upstream of the turbine 1s decelerated to v/3
downstream of the turbine. The total output generated by the
wind farm results as follows herefrom by selecting g; = 1/3, i

= 1, ..., N for all turbines:

P

tot(qi xy’izlszi):i})i(Qi :% v;) (5) .

=1
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The total output according to equation (5) constitutes an

g

optimization of the individual outputs of the turbines without

mutual interaction of the streams generated by the turbines
being taken into account. The total output 1s therefore a
“gelf-serving” optimization for each individual turbine and a
result determined on the basis of this optimization will be

called a reference optimization hereinafter. According to the

invention it has been found that this reference optimization

e

does not provide the best total output of the sum of all

individual outputs of the turbines and instead an optimization
has been used in which the total output of all individual
turbines 1s optimized as the optimization goal. This takes
account of the fact that the streams of the individual
turbines interact, so the maximum total output cannot be
determined simply by the fact that the maximums of all

individual outputs of the turbines are ascertained.

According to the invention the optimum set of wind speed
ratios g;j(1i = 1, .., N) of N turbines 1s sought, i1t being

possible to mathematically i1llustrate this optimum set as

follows:

N

{qz' }opt = arg max Zpi(qz' Vz') (6) .

i=]

Here P;(qg; | viy) 1s the individual output of the i-th turbine
for a wind speed ratio gi under the condition of the central

speed value v; lmmediately upstream of the turbine T;.

In one embodiment of the inventive method a quasi Newton

optimization method was used for the wind farm in Fig. 1 to

determine optimum values for g;, a wind farm with N = 5

turbines arranged one behind the other with equidistant

spacing x/R = 20 and tana = 0.1 having been considered. As the
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slipstream of the last turbine Ty does not affect any further

turbines the optimum value for the individual output of this

turbine results for the speed ratio gy, namely gy = 1/3. For

all other turbines i = 1: N-1 the corresponding wind speed

ratios are gq; > 1/3, i.e. these ratios are always greater than

in the reference optimization. Fig. 2 shows a graph which

illustrates the individual optimized values gq; of the turbines

T, to Ts for the reference optimization and for the
optimization according to equation (6), wherein on the one
hand the upper estimation vi.; = v; (designated q;"® in Fig. 2)

and on the other hand the lower estimation have been used for

low

v i.1 = Vi.; (designated qgj in Fig. 2). The reference

ref

optimization is designated g As already i1llustrated, q; =

1/3 applies for all values qg; of the individual turbines in the

case of the reference optimization. By contrast, the values

for g; are always greater than 1/3 for the optimizations

according to equation (6); only the final value for turbine Ts

matches the value 1/3 again.

Figs. 3 and 4 show the calculated efficiencies of linear wind

farms with different numbers of turbines, the efficiency n

being given by the following formula:

n="P,lg.i=1 va ( ( /I"l)) ' . (7).

From formula (7) 1t emerges that the efficiency n is
represented by the total output of the turbines in the wind
farm divided by the sum of the individual turbines in the wind

farm, provided that all turbines are operated with full

frontal wind v; and each turbine i1s adjusted to the wind speed

ratio g = 1/3.



CA 02687308 2009-11-13
PCT/EP2008/055186 / 2007P03155WO

14

In Figs. 3 and 4 the efficiencies determined with the
reference optimization are respectively compared with the
efficiencies determined according to the invention for both
the upper estimation v ;.; = v; and for the lower estimation v ;_;
= Vi.1. Fig. 3 depicts the results for the upper estimation and
Fig. 4 the results for the lower estimation. Three triplets

BT1l, BT2 and BT3 consisting of bars can be seen in Figs. 3 and

4, each triplet representing a corresponding ratio x/R. In

particular x/R = 10 applies for triplet BT1l, x/R 15 for
triplet BT2 and x/R = 20 for triplet BT3. The left-hand bars B;

and B;’ 1n a respective triplet show the efficiency for the

reference optimization and for the optimization according to

equation (6) for a wind farm with N = 5 turbines. The middle
bars B, and B,’ 1in a respective triplet show the efficiency for
the reference optimization and for the optimization according

to equation (6) for a wind farm with N = 6 turbines. The

right-hand bars B; and B3’ 1in a respective triplet show the

efficiency for the reference optimization and for the

optimization according to equation (6) for a wind farm with N

= 7 turbines. As can be seen from Figs. 3 and 4, the

efficiencies which have been determined according to the

invention according to equation (6), i.e. the efficiencies

according to bars B;’, By’ and B3’, are always better than the

corresponding efficiencies according to the conventional

reference optimization which are depicted by bars B;, B, and

B;. This improvement is particularly great in Fig. 4 when using
the lower estimation v'i; = vi.;. According to the simulated
results in Figs. 3 and 4 it should therefore be assumed that
in real operation of a wind farm clear increases in efficiency
will result if the operating parameters of the individual
turbines are adjusted with regard to maximization of the total

output of all turbines.
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As emerges from Figs. 3 and 4, an improvement in the total

output by several percent can be achieved with the inventilve

method. In the case of a wind farm with 50 wind turbines with
an output of 2.3 megawatts respectively, which currently
generates about 500 gigawatt hours per year, an additional
profit of 500,000 euros is achieved with an increase 1n output

power of just 1 %.
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CLAIMS:
1. Method for operating a wind farm comprising a

plurality of wind turbines, wherein the wind farm is a linear

wind farm comprising one or more parallel rows of wind turbines

arranged one behind the other, in which:

operating parameters of the wind turbines are adjusted during

operation of the wind farm according to an optimization goal,

the optimization goal being the maximum value of the total

P

output of the wind farm produced from the sum of all individual

R—

outputs of the wind turbines,

wherein the optimization goal 1s given by an optimization of

the wind speed ratios of the wind turbines, the wind speed

—r

ratio of a respective wind turbine being given by the ratio of
the central wind speed l1mmediately downstream of the respective

wind turbine to the central wind speed immediately upstream of

the respective wind turbine,

wherein the optimization goal in the case of a predefined wind

speed parallel to the rows of wind turbines arranged one behind

the other 1s given by the maximum outputs of the rows of wind

turblnes arranged one behind the other,

#

wherein the maximum output of a respective row of wind turbines

arranged one behind the other is determined by optimization of

F

the wind speed ratios of the respective wind turbines of a row

according to the following equation:

N

{qz‘ }opt = arg max Z I (qiivf)

i=]
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where N is the number of wind turbines in a row and the wind

turbines in a row are numbered in ascending order 1in the wind

direction;

P

where g; 1s the ratio of the central wind speed 1mmediately

r—

5 downstream of the i-th wind turbine to the central wind speed

g

vi lmmediately upstream of the i-th wind turbine;

pri—

where P;(qgilvy) 1is the individual output of the 1-th wind

')

turbine as a function of the wind speed ratio g; 1n the case o:

P

a given central wind speed v; immediately upstream of the 1-th

10 wind turbine.

2. Method according to claim 1, wherein the operating

parameters, which are adjusted according to the optimization

P P

goal, 1incorporate the respective angles of inclination of the

rotor blades of the 1ndividual wind turbines.

15 3. Method according to claim 2, wherein the respective

individual outputs of the wind turbines are detected during

grim p—

operation of the wind farm and the angles of inclination of the

rotor blades are adjusted in response to the detected

individual outputs and according to the optimization goal.

20 4. Method according to any one of claims 1 to 3,

wherein the wind speed ratio of a respective wind turbine 1s

adjusted using the angle of inclination of the rotor blades of

the respective wind turbine.

o. Method according to any one of claims 1 to 4, wherein

25 Pi(qgilvy) 1s given by the following equation:
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Pz(qz lvi):: gﬂszg W

where p 1s the air density and R the radius of the rotor of the

i-th wind turbine and where v; is the central wind speed

immediately upstream of the 1-th wind turbine.

6. Method according to claim 5, wherein the central wind

speed v; i1mmediately upstream of the i-th wind turbine 1is

determined with the aid of the following formula:

n((R +xtana) —R* M, +2R%q, v, =x(R+xtana)v,  (i>2)

where R 1s the radius of the rotor of the (i-1)th wind turbine;

where x 1s the spacing of the (i-1)th wind turbine from the

i1-th wind turbine;

where v*;.; 1s the peripheral wind speed at the edge of the

ey,

rotor of the (i1-1)th wind turbine;

where o 1s the angle of inclination of the slipstream of the

(i-1)th wind turbine.

7. Method according to claim 6, wherein the peripheral
wind speed v*;.; 1s estimated by a value which lies between the
central wind speed v*;.; immediately upstream of the (i-1)th
wind turbine and the central wind speed v; immediately upstream

of the first wind turbine.

8 . Method according to any one of claims 1 to 7, wherein

the operating parameters according to the optimization goal are
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determined with the aid of a numerical method, 1in particular a

gradient method.

3. Method according to any one of claims 1 to 8, whereiln
the operating parameters are predefined according to the
optimization goal for a predefined number of reference wind

conditions.

10. Method according to claim 9, wherein the operating

parameters are adjusted on the basis of artificial
intelligence, in particular on the basis of an artificial
neuronal network and/or a probabilistic network, which are
learhed with the aid of the operating parameters for the

predefined number of reference wind conditions.

11. Device for operating a wind farm comprisihg a

plurality of wind turbines, wherein the wind farm 1s a linear
wind farm comprising one or more parallel rows of wind turbines
arranged one behind the other, 1ncorporating a control unit for
adjusting operating parameters of the wind turbines as a
function of an optimization goal, the optimization goal being
the maximum value of the total output of the wind farm produced
from the sum of all individual outputs of the wind turbines,
wherein the optimization goal is given by an optimization of
the wind speed ratios of the wind turbines, the wind speed

ratio of a respective wind turbine being given by the ratio of

the central wind speed immediately downstream of the respective
wind turbine to the central wind speed immediately upstream of
the respective wind turbine, wherein the optimization goal 1n
the case of a predefined wind speed parallel to the rows ot

wind turbines arranged one behind the other is given by the
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maximum outputs of the rows of wind turbines arranged one

behind the other,

iy

wherein the maximum output of a respective row of wind turbines

arranged one behind the other is determined by optimization of

P

the wind speed ratios of the respective wind turbines of a row

according to the following equation:

{q ; }opt = argmax 2}); (q ilvi)

where N 1s the number of wind turbines in a row and the wind

turbines 1n a row are numbered in ascending order in the wind

direction;

where g; 1s the ratio of the central wind speed immediately
downstream of the i-th wind turbine to the central wind speed

v; lmmediately upstream of the i-th wind turbine;

where P;j(gilvi) 1s the individual output of the i-th wind

&

turbine as a function of the wind speed ratio g; i1n the case o:

a given central wind speed v; immediately upstream of the i-th

wind turbine.

12. Device according to claim 11, which is configured in

such a way that the wind farm can be operated with a method

according to any one of claims 2 to 10.

13. Device according to claim 11 or 12, comprising a
network, in particular a wired and/or wireless network, via
which the control unit is connected to the wind turbines,

control commands for adjusting the operating parameters of the
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wind turbines being transmitted to the wind turbines via the

network.

14 . Device according to claim 13, wherein values of the

individual outputs of the wind turbines are communicated to the

control unit via the network.

15. Wind farm comprising a plurality of wind turbines,

-

incorporating a device according to any one of claims 11 to 14.
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