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GENERATING A 3D WIND SPEED MODEL, AND WIND ENERGY INSTALLATION

(57) The invention relates to a method to control the
operation of a wind energy installation. Different wind
speeds of the wind in front of the wind energy installation
are measured in a given predetermined measurement
volume. Data are gathered, which reflect the measured
wind speeds. The data are used to generate a three-di-
mensional wind speed model. The three-dimensional

wind speed model is used to predict a wind speed change
at the wind energy installation in reference to a predeter-
mined point of time. A control command is generated
based on the predicted wind speed change and based
on an actual wind speed, which is measured at the wind
energy installation. The control command is used to con-
trol the operation of the wind energy installation.



EP 3 009 670 A1

2

5

10

15

20

25

30

35

40

45

50

55

Description

[0001] The invention relates to a method to control the
operation of a wind energy installation and relates even
to a wind energy installation.
[0002] The operation of a wind energy installation, like
a wind turbine, is managed by a controller. The controller
takes care for a controlled production of electrical energy
in view to a predicted live time of the whole wind turbine.
Thus the controller is even implemented for the protection
of wind turbines components against damages.
[0003] The controller uses different parameters and
signals for these tasks, such as

- actual wind conditions (like turbulences, wind speed,
etc),

- actual loads, which are acting on wind turbine com-
ponents like blades or the drive train,

- pitch angle of the blades,
- yaw angle of the nacelle,
- the electrical power, which is generated by the gen-

erator of the wind turbine,
- the rpm of the rotor of the wind turbine,
- etc.

[0004] Wind turbine controllers according to the prior
art are operated in a reactive manner as their control
actions are based on an evaluation of events, which hap-
pened in the past.
[0005] Thus the control actions are delayed in time as
those events and incidents needs to be evaluated over
a certain period of time to generate appropriate control
actions in turn.
[0006] The controller needs to manage the operation
of a wind turbine in view to rapid changes in the natural
environment of the wind turbine. For example the wind
turbine needs to cope with rapid changes in the wind
speed, in the turbulences, etc., thus specific controller
commands are generated by the controller.
[0007] The controller even needs to manage rapid
changes of wind turbine components. For example the
controller needs to address a sudden temperature rise,
which occurs in a wind turbine due to a fault of a compo-
nent, etc).
[0008] A control strategy is implemented in the control-
ler, while the strategy is based on so called "safety mar-
gins" of wind turbine parameters. The safety margins are
selected in a way that a stable wind turbine operation is
ensured.
[0009] Based on the control strategy an appropriate
equilibrium is kept between a guaranteed live time of wind
turbine components and a guaranteed electrical power
output performance of the wind turbine.
[0010] The controller actions are kept in certain and
given limits due to the predetermined and fixed safety
margins. Thus the controller operates in a not optimized
manner in view to reaction-time and in view to the specific
rapid changes.

[0011] It is the aim of the invention to provide an im-
proved method to control a wind energy installation in an
optimized manner and to provide an improved wind en-
ergy installation.
[0012] This aim is reached by the features of the inde-
pendent claims.
[0013] Improved configurations and embodiments are
addressed by the dependent claims.
[0014] The invention addresses the control of a single
wind turbine as well as the control of wind turbines of a
wind farm. Thus the common term "wind energy instal-
lation" is used.
[0015] According to the invention Method to control the
operation of a wind energy installation and wind energy
installation
[0016] The invention relates to a control of the opera-
tion of a wind energy installation. Different wind speeds
of the wind in front of the wind energy installation are
measured in a given predetermined measurement vol-
ume. Data are gathered, which reflect the measured wind
speeds. The data are used to generate a three-dimen-
sional wind speed model. The three-dimensional wind
speed model is used to predict a wind speed change at
the wind energy installation in reference to a predeter-
mined point of time. A control command is generated
based on the predicted wind speed change and based
on an actual wind speed, which is measured at the wind
energy installation, preferably at the pre-determined
point of time. The control command is used to control the
operation of the wind energy installation.
[0017] The measurement volume is arranged and di-
mensioned in front of the wind turbine in a way, that the
incoming wind passes the measurement volume before
it acts on the wind energy installation (wind turbine) and
its rotor.
[0018] The wind speed data are preferably actual val-
ues and they are used to generate the three-dimensional
wind speed model. The wind speed model uses these
data in real time to calibrate and learn in dependency of
the time about the development of the wind speed and
about the development of wind turbulences as well.
[0019] The measurement volume addressed above is
relative to predetermined distance which is in turn related
to a prediction time. The prediction time is used for the
determination of an event, which will hit the wind turbine
when the prediction time lapsed.
[0020] The prediction time is referred to a pre-deter-
mined point of time in the claims and describes thus even
a time interval between events happening in a close fu-
ture.
[0021] A prediction time of 10s up to 20s is preferred.
These time values are equal to distances of approximate-
ly 100m up to 400m. The distance is measured from the
front of the wind energy installation (i.e. the hub-position)
towards the incoming wind.
[0022] Additionally the distance and thus the size of
the measurement volume can be chosen in a way that
an increased amount of data and information is gathered
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to improve the quality of the prediction.
[0023] The three-dimensional wind speed model might
include time-, distance-, position and wind speed infor-
mation thus turbulence bobbles can be tracked and pre-
dicted in their development.
[0024] By predicting the development of the turbulence
bobbles precise prediction of wind gusts acting on single
wind energy installations can be made.
[0025] The three-dimensional wind speed model is
used to predict changes in wind speed and/or changes
in turbulences. These changes are predicted in reference
to a pre-determined time-period and/or distance as de-
scribed above.
[0026] In a preferred configuration the data are gath-
ered by using a LIDAR- ("Light Detection And Ranging")
and/or a SODAR-("Sound/Sonic Detecting And Rang-
ing") and/or a RADAR-system as remote-monitoring-sys-
tem and their respective signals.
[0027] As indicated by the "and/or" combination a pure
respective system or a combination of the given systems
above could be used to result in the remote-monitoring-
system.
[0028] The respective signal emitting/receiving part of
the respective system is preferably located at the hub of
a wind turbine or at the rotor-blades, which are attached
to the hub.
[0029] The signals are processed to generate a three-
dimensional grid for the wind speed model.
[0030] The model could include a information about a
grid of wind speeds or information about a so called
"mean wind speed" as well as information about a
number of detected turbulence bobbles, including their
size, their relative or absolute movement and their speed
in view to the wind energy installation site, etc.
[0031] In a preferred configuration the change in the
wind speed is predicted for a time-period, which is be-
tween 10 seconds and 20 seconds, which is equal to a
distance of approximately 100m up to 400m in reference
to the wind energy installation site.
[0032] If a single wind turbine is object of the controlled
operation the actual wind speed is measured at or at least
close to that respective wind turbine.
[0033] If a wind turbine of a wind farm is object of the
controlled operation the actual wind speed is measured
at or at least close to the wind turbine. Please note that
in case of a control of wind turbines of a wind farm data
are gathered, which reflect the wind speed development
in front of the whole wind farm. The data are gathered
starting from a given distance in relation to the front of
the wind energy installation (i.e. wind farm) and are even
gathered all along the way towards the wind energy in-
stallation (wind farm).
[0034] Thus the distance is a relevant parameter for
the size of the chosen measurement volume.
[0035] In a preferred configuration even wind speed
data are gathered for a measurement volume behind a
respective wind energy installation. Thus changes of the
wind speed in a wind front, which passed the wind energy

installation, can be tracked. That kind of information can
be used to predict the behavior of a wind front passing a
wind farm.
[0036] All these data are used in the three-dimensional
wind model to recreate, model and reproduce even big
wind structures, which are approaching and passing the
wind energy installation.
[0037] In a preferred configuration the three-dimen-
sional wind speed model, which is used to predict chang-
es in wind speed, is continuously aligned and trained by
taking into account the actual and effective wind speed,
which is experienced by the wind energy installation.
[0038] The term "effective wind speed" describes the
normalized wind speed acting on the rotor of the wind
energy installation. The effective wind speed will result
in a specific power production. The effective wind speed
is that wind speed which corresponds to a specific power
production on a power vs wind curve.
[0039] Thus an improved and quite precise prediction
model is reached by the self-training capability.
[0040] The invention allows the harvesting of an addi-
tional amount of "extra" wind energy by the wind turbine
as the control is even based on predicted wind conditions
(i.e. wind speed). Thus the control actions are as close
as possible to the actual wind conditions, taking into ac-
count expected future wind conditions and their changes.
[0041] The invention results in a reduced time of reac-
tion for the controller, thus control actions are generated
in due time. They are generated as close as possible to
changes in the wind conditions, even if they are rapid.
[0042] The invention results in improved and actual
control actions, which are generated by the controller.
Thus the live time of wind turbine components is pro-
longed while even the amount of produced electrical pow-
er is optimized.
[0043] The invention results in harvesting more energy
in that transition region, where it goes in and out of sat-
uration, by using the rotor as an energy buffer.
[0044] Before a wind gust the invention allows taking
out of kinetic energy from the wind energy installation.
The kinetic energy can be restored some seconds after
by the gust. Just before the wind speed drops (where the
turbine is in saturation at nominal power), it increases
the rotor speed to capture more kinetic energy, and here-
by it can keep the production and nominal power longer
than today.
[0045] The invention is shown in more detail by help
of figures.

FIG 1 shows the steps of the invention as a signal
flow chart,

FIG 2 shows signals and parameters of a wind tur-
bine, which is equipped and operated with
the invention, while

FIG 3 - 7 describe the basic principle of the predictive
control and show details of the measure-
ment volume.
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[0046] FIG 1 shows the steps of the invention as a sig-
nal flow chart for wind turbines WT1 to WTn of a wind
farm WF.
[0047] The wind speed WS over the entire wind farm
WF is measured by radar, which is used as remote mon-
itoring system 1.
[0048] The radar signals are processed by a prediction
unit PU and results in a three-dimensional grid of a model
of wind speeds.
[0049] The predicted model of wind speeds is used at
the wind turbines WT1 up to WTn in respective predictive
controls PC1 up to PCn. These predictive controls PC1
up to PCn use the wind speed model as well as actual
wind speeds WS1 up to WSn, which are measured at
each of the wind turbines WT1 up to WTn. Based on them
the change in the wind speed over the entire wind farm
within the next 10 up to 20 seconds can be predicted.
[0050] The prediction of the wind speeds is continu-
ously aligned and trained by help of the actual respective
wind speeds WS1 up to WSn sensed at the wind turbines
WT1 up to WTn. Thus a self-learning system is provided,
which is based on the remote sensed wind speed WS as
well as on the actual wind speeds WS1 up to WSn.
[0051] The predictive controls PC1 up to PCn of the
wind turbines WT1 up to WTn calls for certain changes
at the standard turbine controllers SC1 up to SCn.
[0052] The applied rules for those changes are quite
simple, i.e. just before a gust hits the respective wind
turbine WT1 its rotor speed is decreased. Accordingly its
rotor speed is increased just before the wind speed WS1
is going down.
[0053] The applied rules for those changes even might
be more advanced and sophisticated, i.e. an optimum
rotational speed of the rotor and an optimum power de-
mand can be found for a wind turbine model by using an
optimized and accurate three-dimensional wind speed
model.
[0054] The standard controllers SC1 up to SCn, which
are respectively aligned to the wind turbines WT1 up to
WTn, control the pitch angle and the generator torque or
the electrical power of the dedicated wind turbine with
respect to the actual states of the wind turbine and taking
into account the changes, which are requested by the
predictive controls PC1 up to PCn.
[0055] FIG 2 shows signals and parameters of a wind
turbine, which is equipped and operated with the inven-
tion.
[0056] The simulation below, shows how the controller
before the wind speed drops, increase the rotor speed
to harvest more energy, and decrease the rotor speed
just before the wind speed increases, to take out kinetic
energy.
[0057] The horizontal axis of all graphs show time in
seconds while the vertical axis

- of the first graph on the top shows the pitch angle of
the rotor blade of a wind turbine,

- of the second graph shows the generator torque Mg,

- of the third graph shows the rotor speed wr,
- of the fourth graph shows the effective wind speed,

and - of the fifth graph shows the electrical power P,
which is produced by the wind turbine.

[0058] FIG 3 up to FIG 7 describe the basic principle
of the predictive control and show details of the meas-
urement volume.
[0059] Fig 3 show a wind turbine and a plane, which
is defined by the turning rotor blades.
[0060] For a predictive wind turbine control, which is
based on a three dimensional wind model, there is the
problem that the temporal development of wind condi-
tions in the plane of the turning rotor blades has to be
predicted.
[0061] Thus volume elements (i.e. cubical elements)
are considered in the respective plane and time evolution
is predicted for the element for the point of time t and for
the point of time t+Δt.
[0062] FIG 4 shows the wind turbine of FIG 3 with local
wind-variabilities.
[0063] The wind conditions at t= t+Δt depend on the
so called "v_background", thus these effects needs to be
taken into account:

- Effects from general flow conditions (larger scale
wind conditions in the turbine surroundings),

- Local effects (small scale turbulence, environmental
conditions etc.)

- Local effects are "transported by the background
flow".

[0064] Based on this relevant predictors for a time ev-
olution of volume elements at rotor are identified.
[0065] FIG 5 shows details in view to the local effects
and dependencies.
[0066] It is noted that a volume element is influenced
by its direct neighbours.
[0067] For example the state of a volume element at
the point of time t+Δt depends on the state of its neighbor
volume elements and of itself state at the given point of
time t.
[0068] The states of the volume elements at the point
of time t are known from wind radar measurements for
example.
[0069] FIG 6 shows effects from environmental flow
conditions - the so called background flow.
[0070] The local variability in view to the wind turbine
and its site is transported by the background flow. It is
the task to identify volume elements that are relevant for
predicting wind conditions in the volume element at the
point of time t+Δt. The resulting identification function is
depending on wind speed, wind direction, vertical wind
profile etc. in the volume element, which is in front of the
wind turbine. The exact flow conditions at the point of
time t are known from radar measurements in the whole
observation area.
[0071] FIG 7 shows the model setup. The modeling is
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done by a neural model (likely multi layer, deep feed for-
ward network).
[0072] Conditions COND1 (t) refers to the conditions
in view to the "wind-speed-prediction" volume.
[0073] The conditions COND2(t) refers to the condi-
tions close to the wind turbine (i.e. the wind speed con-
ditions which occur in a volume, while this volume is close
to the hub of the wind turbine). Thus the conditions
COND2(t) are preferably based on actual wind speed
measurements, which are done at the hub.
[0074] Both conditions COND1 (t) and COND2(t) are
combined to result in a common condition COND_Vol
(t+Δt) of the respective volume element(s).
[0075] The wind turbine controller operates the wind
turbine based on the common condition COND_Vol
(t+Δt).

Claims

1. Method to control the operation of a wind energy
installation,

- wherein different wind speeds of the wind in
front of the wind energy installation are meas-
ured in a given predetermined measurement
volume,
- wherein data are gathered, which reflect the
measured wind speeds,
- wherein the data are used to generate a three-
dimensional wind speed model,
- wherein the three-dimensional wind speed
model is used to predict a wind speed change
at the wind energy installation in reference to a
pre-determined point of time,
- wherein a control command is generated
based on the predicted wind speed change and
based on an actual wind speed, which is meas-
ured at the wind energy installation, and
- wherein the control command is used to control
the operation of the wind energy installation.

2. Method according to claim 1,

- wherein the data are gathered by using LIDAR-
signals and/or SODAR-signals and/or radar-sig-
nals, and
- wherein the signals are processed to generate
a three-dimensional grid for the wind speed
model.

3. Method according to claim 1 or to claim 2, wherein
the change in the wind speed is predicted for a time-
period, which is between 5 seconds and 20 seconds.

4. Method according to one of the preceding claims,
wherein the wind energy installation is a wind farm
or a wind turbine.

5. Method according to claim 4,

- wherein the actual wind speed is measured at
or at least close to that respective wind turbine,
which is object of the controlled operation, or
- wherein the actual wind speed is measured at
or at least close to one wind turbine, which is
part of the wind farm and which is object of the
controlled operation.

6. Method according to one of the preceding claims,
wherein the three-dimensional wind speed model,
which is used to predict the wind speed change, is
continuously aligned and trained by taking into ac-
count the actual wind speed thus an improved pre-
diction model is achieved.

7. Wind energy installation, which is prepared and ar-
ranged to perform the method according to one of
the claims 1 to 6, comprising:

- a controller, which is prepared and arranged
to control the operation of the wind energy in-
stallation,
- a remote monitoring system, which is prepared
and arranged to gather data, which reflect meas-
ured wind speeds as measured in a pre-deter-
mined measurement volume,
- a prediction unit, which is prepared and ar-
ranged to generate a three-dimensional wind
speed model based on the data, and which is
prepared and arranged to predict a change in
the wind speed based on the three-dimensional
wind speed model, while the change in the wind
speed is predicted in reference to a pre-deter-
mined point of time,
- wherein the controller is prepared and ar-
ranged to generate a control command, which
is based on the predicted wind speed change
and which is based on an actual wind speed
being measured at the wind energy installation.

8. Wind energy installation according to claim 7,

- wherein the remote monitoring system is a
LIDAR-system and/or a SODAR-system and/or
a radar-system, while
- signals of the respective system are processed
to generate a three-dimensional grid for the wind
speed model.

9. Wind energy installation according to one of the pre-
ceding claims, wherein the wind energy installation
is a wind farm or a wind turbine.

10. Wind energy installation according to claim 9,

- wherein an anemometer or a sensor is mount-
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ed at or at least close to that respective wind
turbine, which is object of the controlled opera-
tion, to measure the actual wind speed, or
- wherein an anemometer or a sensor is mount-
ed at or at least close to one wind turbine, which
is part of the wind farm and which is object of
the controlled operation, to measure the actual
wind speed.
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