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DESCRIPTION

[0001] The present subject matter relates generally to wind turbine generators and, more
particularly, to control systems and techniques for use with wind turbine generators which
provide improved reactive power command distribution and resulting improved wind farm
performance.

[0002] Wind power Is considered one of the cleanest, most environmentally friendly energy
sources presently available, and wind turbine generators have gained increased attention In
this regard. A modern wind turbine generator typically includes a wind turbine and a generator.
The wind turbine typically includes a tower, gearbox, nacelle, and one or more rotor blades.
The generator Is typically housed In the nacelle. The rotor blades capture kinetic energy of
wind using known airfoil principles. The rotor blades transmit the kinetic energy in the form of
rotational energy so as to turn a shaft coupling the rotor blades to a gearbox, or if a gearbox Is
not used, directly to the generator. The generator then converts the mechanical energy to
electrical energy that may be deployed to a utility grid. Further, wind turbine generators are
typically grouped together in a wind farm, and may be onshore or offshore.

[0003] Wind power generation Is typically provided by a wind "farm” having a large number
(often 100 or more) of wind turbine generators. Each individual wind turbine generator typically
experiences a unique wind force. Various other factors may additionally effect the performance
of individual wind turbine generators during wind farm operation. Accordingly, the output power
for each Iindividual wind turbine generator may by individualized, and may vary from wind
turbine generator to wind turbine generator.

[0004] As Is generally understood, active power and reactive power are provided by each wind
turbine generator. A park-level controller provides reactive power commands to the wind
turbine generators, based on transmission grid needs. Typically, such commands are identical
for each wind turbine generator. Such approach, however, has disadvantages. For example,
due to apparent power limitations, an individual wind turbine which Is generating a substantial
amount of active power may be forced to curtail such active power generation in order to meet
a required reactive power level. On a wind farm level setting, many individual wind turbine
generators can be curtailled due to identical reactive power commands, thus resulting In
significant active power losses. See, for example, US 2008/0150283, WO 2014/071948, US
2011/0133461 and WO 2012/016585.

[0005] Accordingly, improved wind farms and methods for operating wind farms are desired. In
particular, improved methods and control systems which reduce curtailment and active power
losses due to reactive power commands would be advantageous.

[0006] Various aspects and advantages of the invention will be set forth Iin part in the following
description, or may be clear from the description, or may be learned through practice of the
iInvention.
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[0007] The present invention is defined by the appended claims.

[0008] Various features, aspects and advantages of the present invention will become better
understood with reference to the following description and appended claims. The
accompanying drawings, which are incorporated in and constitute a part of this specification,
llustrate embodiments of the invention and, together with the description, serve to explain the
principles of the invention. In the drawings:

FIG. 1 lllustrates a block diagram of a wind farm having multiple wind turbine generators
coupled with a transmission grid; and

FIG. 2 lllustrates a flow diagram of one embodiment of a method in accordance with the
present disclosure.

[0009] Reference now will be made In detail to embodiments of the invention, one or more
examples of which are Illustrated in the drawings. Each example 1s provided by way of
explanation of the invention, not limitation of the invention. In fact, it will be apparent to those
skilled in the art that various modifications and variations can be made In the present invention
without departing from the scope of the invention. For instance, features illustrated or
described as part of one embodiment can be used with another embodiment to yield a still
further embodiment. Thus, it is intended that the present invention covers such modifications
and variations as come within the scope of the appended claims.

[0010] In general, the present subject matter is directed to methods and wind farms which
provide individualized reactive power commands to individual wind turbine generators in a wind
farm. The reactive power command for each individual wind turbine generator i1s based on an
avallable reactive power value for that wind turbine generator. Accordingly individual wind
turbine generators which are providing relatively more active power will receive relatively
smaller individualized reactive power commands, and individual wind turbine generators which
are providing relatively less active power will receive relatively larger individualized reactive
power commands. This reduces and In some cases eliminates curtailment of individual wind
turbine generators which are providing relatively more active power, thus increasing the active
power produced by the wind park generally relative to increased farm level reactive power
commands for the wind park generally.

[0011] Individual reactive power commands are distributed to Individual wind turbine
generators proportionally to the available reactive power for each individual wind turbine
generator. According to the invention, when distributing individual reactive power commands,
distribution is determined first for the individual wind turbine generator with the largest available
reactive power value, and generally distributed to individual wind turbine generators from
largest available reactive power value to smallest available reactive power value, until the farm
level reactive power command has been fully allocated to individualized wind turbine
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generators.

[0012] Notably, in exemplary embodiments, methods and control system In accordance with
the present disclosure, such as the various steps disclosed herein, may occur when the farm
level reactive power command i1s greater than a sum of reactive power Iimits for each of the
plurality of wind turbine generators in the wind farm, such as only in this case.

[0013] Referring to the drawings, FIG. 1 illustrates a block diagram of a wind farm 100 having
multiple wind turbine generators 110 coupled with a transmission grid 190. Specifically, as
shown, the wind farm 100 Iincludes three wind turbine generators 110. However, 1t should be

appreciated that the wind farm 100 may generally include any number of wind turbine
generators 110.

[0014] Each wind turbine generator 110 may include a local controller that is responsive to the
conditions of the wind turbine generator being controlled. In one embodiment, the controller for

each wind turbine generator 110 senses the terminal voltage and current (via potential and
current transformers). The voltage and current sensed are used by the local controller to

provide an appropriate response to cause the wind turbine generator 110 to provide the
desired reactive power and voltage.

[0015] Referring still to FIG. 1, each wind turbine generator 110 Is coupled to a collector bus
120 through generator connection transformers 115 to provide real and reactive power
(labeled Pyg and Q.4, respectively) to the collector bus 120. Generator connection

transformers and collector buses are well known In the art and, thus, will not be described In
detail herein.

[0016] The wind farm 100 provides real and reactive power output (labeled Pys and Qy,

respectively) via a wind farm main transformer 130. A farm level controller 150 senses the wind
farm output as well as the voltage at a point of common coupling 140 to provide a farm level
reactive power command (Q.mqg) 155. As discussed herein, the farm level reactive power

command 153 is then divided into individual reactive power commands (Q¢mq()) 160 which are

distributed to the individual wind turbine generators 110.

[0017] Farm level controller 150 and the local controllers for each individual wind turbine
generator 110 may each correspond to any suitable computing device and/or any combination
of computing devices. For instance, a controller may include one or more processor(s) and
assoclated memory device(s) configured to perform a variety of computer-implemented
functions. As used herein, the term "processor” refers not only to integrated circuits referred to
In the art as being included in a computer, but also refers to a controller, a microcontroller, a
microcomputer, a programmable logic controller (PLC), an application specific integrated
circuit, and other programmable circuits. Additionally, the memory device(s) may generally
comprise memory element(s) including, but not limited to, computer readable medium (e.g.,
random access memory (RAM)), computer readable non-volatile medium (e.g., a flash
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memory), a floppy disk, a compact disc-read only memory (CD-ROM), a magnetooptical disk
(MOD), a digital versatile disc (DVD) and/or other suitable memory elements. Such memory
device(s) may generally be configured to store suitable computer-readable instructions that,
when implemented by the processor(s), configure the controller to perform various functions,
such as the steps disclosed herein. Referring now to FIG. 2, a flow chart illustrating various
steps of a method In accordance with embodiments of the present disclosure is provided. It
should additionally be understood that a suitable control system, such as farm level controller
150, Is operable to perform such steps. A method for operating a wind farm 200 accordingly
may include, for example, the step 210 of determining a reserve reactive power value (Qggjta(iy)

212 for each of the plurality of wind turbine generators 110. The reserve reactive power value
212 1s generally an indication of the amount of extra active power generation that a wind
turbine generator 110 1s capable of providing beyond a current level. Notably, for each wind
turbine generator 110, a rated reactive power value (Qateq)) 214 may be provided, which

establishes an absolute maximum reactive power level. Additionally, a reactive power [imit
(Qiimit(i)) 216 may be determined. The reactive power limit 216 is generally a limit for real time

reactive power production for a wind turbine generator 110 relative to an active power output
(Pactuam)) 218 and an apparent power Iimit (S“mit(i)) 220 for that wind turbine generator 110.

The reserve reactive power value 212 for each wind turbine generator 110 may be based on
the reactive power limit 216 for that wind turbine generator 110, and may further be based on
other suitable variables. For example, in exemplary embodiments, method 200 may further
Include the step 230 of determining the reactive power Iimit 216 for each of the plurality of wind
turbine generators 110 based on the active power output 218 and apparent power limit 220 for
that wind turbine generator 110. A reactive power Imit 216 may for example be determined
using the following equation:

2

o 2
Qlimit(i) - N Slimit(i)- o Pac-t-ual(i)_

[0018] It should generally be understood that the reactive power limit 216 for a wind turbine
generator 110 may fluctuate based on the current active power output 218. Because the
reactive power IImit 216 1s based on the active power output 218 and the apparent power Iimit
220, the reactive power limit 216 may represent a threshold for the reactive power. When the
Individual reactive power command 160 to an individual wind turbine generator 110 increases
above the reactive power Imit 216, the wind turbine 110 must begin curtailing active power
output 218. Notably, utilization of methods In accordance with the present disclosure reduces

or eliminates the need for such curtailment by distributing individual reactive power commands
160 to individual wind turbine generators 110 based on reserve reactive power values 212 for

the individual wind turbine generators 110, as discussed herein.

[0019] The reserve reactive power value 212 for each wind turbine generator 110 may In
exemplary embodiments be equal to a difference between the rated reactive power value 214
and the reactive power Imit 216 for that individual wind turbine. A reserve reactive power value

212 may thus be determined based on the following equation:
Qd'eljta(zi,) — Q?'atedi(i) - Qlim-i-t(_i)
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[0020] Notably, in exemplary embodiments, the determining step 210 may occur when the
farm level reactive power command 155 is greater than a sum of reactive power limits 216 for
each of the plurality of wind turbine generators 110, such as in some embodiments only In
these Instances. Accordingly, If the wind farm 100 generally Is required to produce excess
reactive power, methods Iin accordance with the present disclosure may be utilized to facilitate
such production while reducing or eliminating the need for curtailment of active power output

218.

[0021] Method 200 may further include the step 240 of distributing an individual reactive power
command 160 to each of the plurality of wind turbine generators 110. The individual reactive
power command 160 for each individual wind turbine generator 110 may be individually
tailored to that wind turbine generator 110 based on the reserve reactive power value 212 (as
well as the reactive power Imit 216 and other variables utilized to determine the reserve
reactive power value 212) for that wind turbine generator 110. Accordingly, for example,
Individual wind turbine generators 110 which have relatively greater reserve reactive power
values 212 may be distributed relatively higher individual reactive power commands 160, while
Individual wind turbine generators 110 which have relatively lesser reserve reactive power
values 212 may be distributed relatively lesser individual reactive power commands 160.
Accordingly, curtailment of individual wind turbine generators 110 which are providing relatively
more active power output 218, and thus have correspondingly less reserve reactive power,

may not be required.

[0022] Various additional steps may be utllized to determine the Individual reactive power
command 160 for each Individual wind turbine generator 110. For example, In some
embodiments, a method in accordance with the present disclosure may include the step 250 of
determining a reactive power margin (Qmargin) 292 for the plurality of wind turbine generators.

The reactive power margin 252 i1s generally an amount of additional reactive power required
for a farm level reactive power command 1595, based on the reactive power limits 216 of the
wind turbine generators 110. For example, In some embodiments, the reactive power margin
252 may be equal to a difference between a farm level reactive power command 155 and a
sum of reactive power limits 216 for each of the plurality of wind turbine generators 110. The

following equation may, for example, be utilized:

I
Q.margi'n =M ax (Qcmd B Z Qumit(i) | 0)
i—=(

[0023] A method In accordance with the present disclosure may further include, for example,
the step 260 of determining an available reactive power value (Qqistrj)) 262 for each wind

turbine generator 110. The available reactive power value 262 is generally a total amount of

reactive power that each individual wind turbine generator 110 would be capable of producing,
In proportion to the other individual wind turbine generators 110 in the wind farm 100, such that

the farm level reactive power command 155 Is satisfied. Such value for each wind turbine
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generator 110 Is generally proportional to the power output for that wind turbine generator 110,
with the available reactive power value 262 being relatively and proportionally smaller for a
wind turbine generator 110 that is producing relatively more active power output 218 and vice
versa. For example, in some embodiments, the available reactive power value 262 for each
wind turbine generator 110 Is determined based on the reactive power limit 216 for that wind
turbine generator 110, the reactive power margin 252, the reserve reactive power value 212
for that wind turbine generator 110, and a sum of like-signed reserve reactive power values
(Qqeltatk)) 212" of the plurality of wind turbine generators 110. The like-signed reserve reactive

power values 212" may be positive or negative. It should be understood that in exemplary
embodiments, such step 260 may be performed separately for positive and negative reserve
reactive power values 212', to account for all wind turbine generators 110 in a wind farm 100.
The following equation may, for example, be utilized:

Qdel‘ta(i) )

Tl
k=0 Qdelta(k)

Qaiser(n = Quimic) T (Qmargin ¥ <

[0024] Notably, in exemplary embodiments, the determining step 260 may occur when the
farm level reactive power command 155 is greater than a sum of reactive power limits 216 for
each of the plurality of wind turbine generators 110, such as in some embodiments only In
these Instances. Accordingly, If the wind farm 100 generally Is required to produce excess
reactive power, methods Iin accordance with the present disclosure may be utilized to facilitate
such production while reducing or eliminating the need for curtailment of active power output
218.

[0025] A method In accordance with the present disclosure may further include, for example,
the step 270 of determining the individual reactive power command 160 for each of the
plurality of wind turbine generators 110. As discussed, the individual reactive power command
160 for each wind turbine generator 110 is an individually tailored amount for each wind turbine
generator 110, based on the power output of that individual wind turbine generator 110 so as
to reduce or prevent curtailment of various wind turbine generators 110 in the wind farm 100.
In some embodiments, for example, the individual reactive power command 160 Is determined
based on the farm level reactive power command 1595, the available reactive power value 262
for that wind turbine generator 110, and a sum of like-signed available reactive power values
(Quistrk)) 262" for the plurality of wind turbine generators 110. The like-signed available

reactive power values 262" may be positive or negative. It should be understood that In
exemplary embodiments, such step 2/0 may be performed separately for positive and
negative available reactive power values 262', to account for all wind turbine generators 110 In
a wind farm 100. The following equation may, for example, be utilized:

Qaistr(o

Qcmd(i) — Q.Cmd * o Q o
k=1 < distr(k)

[0026] This written description uses examples to disclose the invention, including the preferred
mode, and also to enable any person skilled in the art to practice the invention, including
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making and using any devices or systems and performing any incorporated methods. The
patentable scope of the invention Is defined by the claims.

REFERENCES CITED IN THE DESCRIPTION

This list of references cited by the applicant is for the reader's convenience only. |t does not
form part of the European patent document. Even though great care has been taken In

compiling the references, errors or omissions cannot be excluded and the EPO disclaims all
liability in this regard.

Patent documents cited in the description

o UnLOU8B0ISLZ83A 10804
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KRAV

1. Fremgangsmade (200) til drift af en vindmgllepark, hvor vindmglleparken omfatter en flerhed af

vindmgllegeneratorer (110) og en parkniveaustyreenhed (150), hvilken fremgangsmade omfatter:
bestemmelse (260) med parkniveaustyreenheden (150) af en tilgaengelig reaktiv
effektveerdi for hver af flerheden af vindmgllegeneratorer; og
distribution (240) af en individuel reaktiv effektkommando (160) til hver af flerheden af
vindmgllegeneratorer (110), idet den individuelle reaktive effektkommando er individuelt
tilpasset til hver vindmgllegenerator (110) i flerheden af vindmgllegeneratorer (110)
baseret pa den tilgaengelige reaktive effektvaerdi for hver af flerheden af
vindmgllegeneratorer (110), hvor distributionen (240) er til individuelle
vindmgllegeneratorer (100), farst til vindmgllen med den starste tilgeengelige reaktive
effektvaerdi til vindmgllen med den mindste tilgaengelige reaktive effektvaerdi; og
tilvejebringelse, med hver vindmgallegenerator (110) i flerheden af vindmgllegeneratorer,
af en @gnsket reaktiv effekt baseret pa den individuelle reaktive effektkommando (160).

2. Fremgangsmdde (200) ifglge krav 1, hvor den tilgaengelige reaktive effektvaerdi bestemmes baseret
pa en reaktiv effektgraense for vindmgllegeneratoren (110), en reaktiv effektmargen, en reaktiv
reserveeffektvaardi for vindmgllegeneratoren og en sum af reaktive reserveeffektvaerdier med samme
fortegn i flerheden af vindmgllegeneratorer (110).

3. Fremgangsmade (200) ifglge krav 2, hvor den reaktive reserveeffektvaerdi for hver af flerheden af
vindmgllegeneratorer (110) er lig med en difference mellem en nominel reaktiv effektvaardi og den
reaktive effektgraense for vindmgllegeneratoren.

4. Fremgangsmadde (200) ifalge krav 2 eller krav 3, der yderligere omfatter bestemmelse af den reaktive
effektgraense for hver af flerheden af vindmgallegeneratorer (110) baseret pa en tilsyneladende
effektgraense og en aktiv udgangseffekt for vindmgllegeneratoren.

5. Fremgangsmadde (200) ifglge et hvilket som helst af de foregdaende krav, der yderligere omfatter
bestemmelse af en reaktiv effektmargen for flerheden af vindmgallegeneratorer (110).

6. Fremgangsmade (200) ifglge krav 5, hvor den reaktive effektmargen er lig med en difference mellem
en reaktiv effektkommando pa parkniveau og en sum af reaktive effektgraenser for hver af flerheden af
vindmgllegeneratorer (110).

7. Fremgangsmade (200) ifalge et hvilket som helst af de foregdende krav, yderligere omfattende
bestemmelse af den individuelle reaktive effektkommando for hver af flerheden af vindmgallegeneratorer
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(110).

8. Fremgangsmadde (200) ifglge krav 7, hvor den individuelle reaktive effektkommando er bestemt
baseret pa en reaktiv effektkommando pa parkniveau, den tilgaengelige reaktive effektveerdi for
vindmgllegeneratoren og en sum af tilgaengelige reaktive effektvaerdier med samme fortegn i flerheden
af vindmgllegeneratorer (110).

9. Fremgangsmade (200) ifglge et hvilket som helst af de foregaende krav, der yderligere omfatter
bestemmelse (210) af en reaktiv reserveeffektvaerdi for hver af flerheden af vindmgllegeneratorer
(110), hvor den reaktive reserveeffektvaerdi for hver af flerheden af vindmgllegeneratorer er baseret pa
en reaktiv effektgraense for vindmgllegeneratoren (110).

10. Fremgangsmade (200) ifglge et hvilket som helst af de foregaende krav, hvor bestemmelsen (260)
sker nar en reaktiv effektkommando pa parkniveau er starre end en sum af reaktive effektgraenser for
hver af flerheden af vindmgllegeneratorer (110).

11. En vindmgllepark (100) omfattende:

en flerhed af vindmgllegeneratorer (110); og

en parkniveaustyreenhed (150) i kommunikation med hver af flerheden af

vindmgllegeneratorer (110), hvor parkniveaustyreenheden (150) er indrettet til:
bestemmelse (260) af en tilgaengelig reaktiv effektvaerdi for hver af
flerheden af vindmgllegeneratorer; og
distribution (240) af en individuel reaktiv effektkommando (160) til hver
af flerheden af vindmgllegeneratorer, idet den individuelle reaktive
effektkommando er individuelt tilpasset til hver vindmgllegenerator |
flerheden af vindmgllegeneratorer baseret pa den tilgaengelige reaktive
effektveerdi for hver af flerheden af vindmgllegeneratorer, kendetegnet
ved at distributionen (240) er til individuelle vindmgllegeneratorer (100),
farst til vindmgallen med den starste tilgaengelige reaktive effektvaardi til
vindmgllen med den mindste tilgeengelige reaktive effektvaerdi.

12. Vindmgllepark (100) ifalge krav 11, hvor den tilgeengelige reaktive effektvaerdi bestemmes ud fra
en reaktiv effektgraense for vindmgllegeneratoren (110), en reaktiv effektmargen, en reaktiv
reservereeffektveerdi for vindmgllegeneratoren og en sum af reaktive reserveeffektvaerdier med samme
fortegn i flerheden af vindmgllegeneratorer (110).

13. Vindmgllepark (100) ifalge krav 12, hvor den reaktive reserveeffektvaerdi for hver af flerheden af
vindmgllegeneratorer (110) er lig med en difference mellem en nominel reaktiv effektvaardi og den
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reaktive effektgraense for vindmgllegeneratoren.

14. Vindmgllepark (100) ifalge krav 12 eller krav 13, hvor parkniveaustyreenheden (150) yderligere er
indrettet til bestemmelse af den reaktive effektgraense for hver af flerheden af vindmgallegeneratorer
(110) baseret pa en tilsyneladende effektgraense og en aktiv udgangseffekt for vindmgllegeneratoren.

15. Vindmgllepark (100) ifglge et hvilket som helst af kravene 11 til 14, hvor parkniveaustyreenheden
(150) endvidere er indrettet til bestemmelse af en reaktiv effektmargen for flerheden af

vindmgllegeneratorer (110).
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