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(57) Abstract: A method of determining a blade clearance during operation of a wind turbine is provided, the blade clearance corre-
sponding to a distance between a rotor blade and a tower of the wind turbine. The method comprises (a) detecting a rotor blade velocity,
(b) emitting a first signal from an observer location, the first signal having a first frequency, (c) receiving a second signal at the observer
location, the second signal being reflected from the rotor blade when the first signal impinges on the rotor blade, (d) determining a
Doppler shift of the second signal relative to the first signal, and (¢) determining the blade clearance based on the first frequency,
the Doppler shift, the observer location, and the rotor blade velocity, wherein the step of determining the blade clearance utilizes a
mathematical model. A corresponding system and a wind turbine comprising such a system are also provided.
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DESCRIPTION

Detecting rotor blade clearance in a wind turbine using Dop-

pler shift and a mathematical model

Field of Invention

The present invention relates to wind turbines. More specifi-
cally, the present invention relates to a method of determin-
ing a blade clearance during operation of a wind turbine, the
blade clearance corresponding to a distance between a rotor

blade and a tower of the wind turbine. The present invention
further relates to a system for determining a blade clearance
during operation of a wind turbine. Furthermore, the present

invention relates to a wind turbine comprising such system.

Art Background

In the above defined technical field, systems are known,
which comprise a plurality of radar units operatively config-
ured to emit and receive radar signals. The radar units are
typically mounted on and around the wind turbine tower, the
radar units being positioned so as to measure reflections of
an emitted radar signal from the turbine blade. A processing
unit is configured to receive measurement data from the radar
unit and to determine, by analysis of Doppler shift, time of
flight, phase and amplitude in received radar signals rela-
tive to transmitted signals due to movement of the blade to-
wards or away from the turbine tower, the velocity of the
blade in the direction towards or away from the turbine tow-
er. This permits calculation of the trajectory and, in par-

ticular, the absolute speed and position of the blade.

Using radar units to measure blade position based on the Dop-
pler Effect is for example described in EP 2864632 and per-
mits to avoid the installation of other types of sensors on

the blades or nacelle of the wind turbine. This reduces manu-
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facturing and maintenance costs of the wind turbine, since
sensors positioned on the tower are easier to replace in the
field.

However such a solution is not yet optimal considering that
for rotating objects, like the rotor blades or the nacelles,

installation of a plurality of radar units is required.

A single radar unit may in fact be used but only for detect-
ing the passage of the blade at a single location. At least
two radar units (horizontally mounted) are required for fol-
lowing the position of the blade around the nacelle yawing.
One radar unit is able to detect the revolution of the blade
at a specific position. More than two single radar units may
be used for improving redundancy, resolution and confidence
of the detection. However, this further increases costs and
the need for software resources. FEach radar unit requires a
dedicated processing unit for analyzing the signals and de-

riving the position and speed of the blade.

Furthermore, using the Doppler shift requires a huge amount
of turbine individual empirical data (see e.g. US 7 246 991
Bl, column 4, lines 36-39).

There may thus be a need for an easier and improved way of
efficiently utilizing the Doppler shift to determine rotor
blade clearance, in particular without costly and time con-
suming acquisition of empirical data for each single wind

turbine.

Summary of the Invention

This need may be met by the subject-matter according to the
independent claims. Advantageous embodiments of the present

invention are set forth in the dependent claims.

According to a first aspect of the present invention, a meth-

od of determining a blade clearance during operation of a
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wind turbine is provided, the blade clearance corresponding
to a distance between a rotor blade and a tower of the wind
turbine. The method comprises (a) detecting a rotor blade ve-
locity, (b) emitting a first signal from an observer loca-
tion, the first signal having a first frequency, (c) receiv-
ing a second signal at the observer location, the second sig-
nal being reflected from the rotor blade when the first sig-
nal impinges on the rotor blade, (d) determining a Doppler
shift of the second signal relative to the first signal, and
(e) determining the blade clearance based on the first fre-
quency, the Doppler shift, the observer location, and the ro-
tor blade velocity, wherein the step of determining the blade

clearance utilizes a mathematical model.

This aspect of the invention is based on the idea that a
mathematical model providing a relation between blade clear-
ance, the first frequency (i.e. the transmitting frequency),
Doppler shift, the observer location, and the rotor blade ve-
locity 1s utilized to determine the blade clearance based on
current measurement data (Doppler shift and rotor blade ve-
locity) and known parameter values (first frequency and ob-
server location). Thus, the method can be used for any wind

turbine without the need for collecting empirical data.

According to an embodiment of the invention, the step of de-
termining the blade clearance comprises a lookup in a data
array stored in a memory unit, the data array being computed

using the mathematical model.

In other words, a data array with pre-computed values of
blade clearance for a wide range of parameter values 1is used
for looking up the corresponding blade clearance value in-
stead of computing it on the fly using the mathematical mod-
el. In this way, processing resources and time can be saved.
The data array may in particular constitute one or more
lookup tables or LUTs. Since the static parameter values are
known for a given wind turbine, the data array can be pre-

computed and stored in a memory unit, e.g. of a wind turbine
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controller without having to rely on empirical data collec-

tion.

According to a further embodiment of the invention, the meth-
od further comprises determining a relative blade velocity

based on the blade velocity and the observer location.

In this context, the term “relative blade velocity” denotes
the magnitude of the blade velocity in a direction from the
observer location towards the part of the rotor blade that
reflects the first signal. In other words, the “relative
blade velocity” is the change in distance between the re-

flecting part of the rotor blade and the observer location.

The relative blade velocity may be calculated as the magni-
tude of a projection of the detected rotor blade velocity
vector onto a vector extending between the observer location
and the part of the rotor blade (e.g. tip of the rotor blade)
that reflects the first signal.

According to a further embodiment of the invention, the data
array comprises a blade clearance value for each of a plural-
ity of combinations of first frequency values, Doppler shift
values and relative blade velocity values. The latter is in-
fluenced/defined by the blade/turbine data (in particular
blade length, nominal rotor RPM, position of observer loca-

tion, e.g. on wind turbine tower).

The data array may in particular comprise a plurality of
lookup tables, each lookup table corresponding to a certain
value of the relative blade velocity and providing blade
clearance values for a plurality of combinations of the first

frequency and the Doppler shift.

According to a further embodiment of the invention, the first
signal 1s emitted by a leaky feeder arrangement at the ob-
server location, and the second signal is received by the

leaky feeder arrangement.
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The leaky feeder arrangement may comprise one or more leaky
feeders, i.e. elongate cables or wave guides with leaky sec-
tions that allow emission of the first signal and/or receiv-

ing of the second signal.

In this case, the observer location (i.e. where the signals
are emitted and received) will be a point (leaky section or

slot) on a leaky feeder.

According to a second aspect of the invention, a system for
determining a blade clearance during operation of a wind tur-
bine is provided, the blade clearance corresponding to a dis-
tance between a rotor blade and a tower of the wind turbine.
The system comprises (a) a velocity detector configured to
detect a rotor blade velocity, (b) a signal emitter config-
ured to emit a first signal from an observer location, the
first signal having a first frequency, (c) a signal receiver
configured to receive a second signal at the observer loca-
tion, the second signal being reflected from the rotor blade
when the first signal impinges on the rotor blade, (d) a sig-
nal processor coupled to the signal emitter and the signal
receiver, wherein the signal processor is configured to de-
termine a Doppler shift of the second signal relative to the
first signal, and (e) a determination device configured to
determine the blade clearance based on the first frequency,
the Doppler shift, the observer location, and the rotor blade

velocity utilizing a mathematical model.

The system according to this aspect is essentially based on

the same idea as the first aspect described above.

The velocity detector may in particular be capable of detect-
ing the rotor speed of the wind turbine and derive a vector

representation of the velocity of a certain part of the rotor
blade (the part of interest, such as a tip section of the ro-

tor blade) from the rotor speed (using relevant parameters of
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the wind turbine, such as blade length, location of the part

of interest, etc.).

The signal processor and/or the determination device may be
separate entities, e.g. included in a wind turbine control-
ler, or may form part of control electronics located together

with or close to the signal emitter and receiver.

According to an embodiment of the invention, the determina-

tion device comprises a memory unit storing a data array com-
puted using the mathematical model, and wherein the determi-
nation device is configured to determine the blade clearance

by performing a lookup in the data array.

In other words, a data array with pre-computed values of
blade clearance for a wide range of parameter values 1is
stored in the memory unit and used for looking up the corre-
sponding blade clearance value instead of computing it on the
fly using the mathematical model. In this way, processing re-
sources and time can be saved. The data array may in particu-
lar constitute one or more lookup tables or LUTs. Since the
static parameter values are known for a given wind turbine,
the data array can be pre-computed and stored in the memory

unit without having to rely on empirical data collection.

According to a further embodiment of the invention, the de-
termination device further comprises a velocity calculation
unit configured to calculate a relative blade velocity based

on the blade velocity and the observer location.

As above, the term “relative blade velocity” denotes the mag-
nitude of the blade velocity in a direction from the observer
location towards the part of the rotor blade that reflects

the first signal. In other words, the “relative blade veloci-
ty” is the change in distance between the reflecting part of

the rotor blade and the observer location.
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The velocity calculation unit may calculate the relative
blade velocity as the magnitude of a projection of the de-
tected rotor blade velocity vector onto a vector extending
between the observer location and the part of the rotor blade

(e.g. tip of the rotor blade) that reflects the first signal.

According to a further embodiment of the invention, the data
array comprises a blade clearance value for each of a plural-
ity of combinations of first frequency values, Doppler shift

values and relative blade velocity wvalues.

The data array may in particular comprise a plurality of
lookup tables, each lookup table corresponding to a certain
value of the relative blade velocity and providing blade
clearance values for a plurality of combinations of the first

frequency and the Doppler shift.

Thus, after determining the relative blade velocity, the ap-
propriate lookup table can be selected and the value of the
blade clearance that corresponds to the values of the first

frequency and Doppler shift can easily be looked up.

According to a further embodiment of the invention, the sig-
nal emitter and the signal receiver are comprised by a leaky

feeder arrangement.

The leaky feeder arrangement may comprise one or more leaky
feeders, i.e. elongate cables or wave guides with leaky sec-
tions that allow emission of the first signal and/or receiv-

ing of the second signal.

According to a further embodiment of the invention, the leaky
feeder arrangement comprises at least one leaky feeder form-

ing a loop shape around the tower of the wind turbine.

In other words, at least one leaky feeder is arranged as a
loop around the tower. Thereby, the at least one leaky feeder

is capable of emitting and/or receiving signals relevant for
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detecting the rotor blade for any yaw angle, i.e. for any

wind direction.

In some embodiments, the leaky feeder arrangement does not
extend all the way around the tower but only forms an arc
shape or an arc segment around a part of the tower circumfer-

ence.

According to a further embodiment of the invention, the at
least one leaky feeder is a leaky coaxial cable or a leaky

waveguide.

A coaxial leaky cable may in particular be suitable in imple-
mentations where the first and second signals are RF signals.
A leaky waveguide or a leaky stripline or microstrip may in
particular be suitable for embodiments where the first and

second radar signals have higher frequencies.

According to a third aspect of the invention, a wind turbine
comprising a tower and a least one rotor blade is provided.
The wind turbine further comprises a system according to the

second aspect or any of the above embodiments.

This aspect is essentially based on the same idea as the

first and second aspects discussed above.

According to a further embodiment of the invention, the ob-
server location is positioned on a loop shape extending

around a circumference of the tower.

In other words, the observer location is a position on the
tower surface at a predetermined height above ground level

and thus at a predetermined distance from the rotor axis.

The blade clearance determined in accordance with the aspects
and embodiments described above may also be used to determine
rotor blade vibrations by determining the time derivative of

the blade clearance.
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Brief Description of the Drawings

The aspects defined above and further aspects of the present
invention are apparent from the examples of embodiment to be
described hereinafter and are explained with reference to the
examples of embodiment. The invention will be described in

more detail hereinafter with reference to examples of embodi-

ment but to which the invention is not limited.

Figure 1 shows a block diagram of a wind turbine control sys-

tem utilizing an embodiment of the present invention.

Figure 2 shows a block diagram of another wind turbine con-

trol system utilizing an embodiment of the present invention.

Figure 3 shows a side view of a wind turbine comprising a

system according to an embodiment of the present invention.

Figure 4 shows a schematic front view of a rotating rotor
blade, in particular with regard to a relation between tan-
gential and radial velocity of the rotating rotor blade in
accordance with a mathematical model utilized by embodiments

of the present invention.
Figure 5 shows a schematic side view of a wind turbine model
as used to establish a mathematical model utilized by embodi-

ments of the present invention.

Detailed Description

The illustrations in the drawings are schematic. It is noted
that in different figures, similar or identical elements are
provided with the same reference numerals or with reference

numerals which differ only within the first digit.

Figure 1 shows a block diagram of a wind turbine control sys-

tem utilizing an embodiment of the present invention. More
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specifically, Figure 1 shows a control system for blade
clearance, i.e. for assuring that a rotor blade of a wind
turbine keeps a certain distance (clearance) from the tower

of the wind turbine during operation.

The depicted system comprises a subtraction point 110, a con-
troller 120, a pitch drive 130, a load (or disturbance, e.qg.
wind) 140, a Doppler shift determining device 150 (or radar
unit), and a lookup array device 160. The system receives a
clearance set point di,.r at one input of subtraction unit 110.
The other input of the subtraction unit 110 receives a meas-
ured blade clearance d. The difference (dref - d) is supplied
to controller 120 which provides a corresponding control sig-
nal to pitch drive unit 130. The load 140 represents an indi-

cation of the current load on the wind turbine.

The Doppler shift determining device 150 (which will be de-
scribed in more detail below) 1s configured to determine a
Doppler shift fp based on a signal emitted towards a rotor
blade and a signal reflected from the rotor blade. The deter-
mined Doppler shift is supplied to lookup array device 160
which also receives inputs relating to the rotor speed v, an
observer location P; and a frequency f: of the signals emit-
ted to determine the Doppler shift. Using these parameter
values, the lookup array device 160 determines the value d of
the blade clearance and supplies it to the subtraction unit
110 as described above. The subtraction unit 110 thus calcu-
lates the difference between the clearance set point d,.r and

the actual (measured clearance) d.

Figure 2 shows a block diagram of another wind turbine con-
trol system utilizing an embodiment of the present invention
in a different way in comparison to the system shown in Fig-
ure 1 and discussed above. More specifically, the control
system depicted in Figure 2 comprises an empirical lookup
unit 161 (as known in the art and discussed in the introduc-
tion) to determine a clearance value based on the Doppler

shift obtained by Doppler shift determining device 150. Addi-
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tionally, the lookup array unit 160 is used to check the wval-
ues provided by the empirical lookup unit 161. Although the
drawing shows that values for both d and fp are output by the
lookup array unit 160 and supplied to respective summation
points 163, 162, it should be understood that only one of
these values are used in a specific implementation. The idea
is to have the mathematical model 160 running in the back-
ground such that the expected values of either d or fp can be
compared with the measured value output by either the Doppler
shift determining device 150 or the empirical lookup unit
161. In case of a deviation exceeding a predetermined thresh-
old, an error message may be output. In other words, the mod-

el based device 160 provides a kind of plausibility check.

Figure 3 shows a side view of a wind turbine 1 comprising a
system according to an embodiment of the present invention.
More specifically, the wind turbine 1 comprises a tower 2,
which is mounted on a non-depicted fundament. A nacelle 3 is
arranged on top of the tower 2. In between the tower 2 and
the nacelle 3, a yaw angle adjustment device (not shown) is
provided, which is capable of rotating the nacelle around a
vertical yaw axis Z. The wind turbine 1 further comprises a
wind rotor 5 having one or more rotor blades 4 (in the per-
spective of Figure 1 only two blades 4 are visible). The wind
rotor 5 is rotatable around a rotational axis Y. In general,
when not differently specified, the terms axial, radial and
circumferential in the following are made with reference to
the rotational axis Y. The rotor blades 4 extend radially
with respect to the rotational axis Y. The wind turbine 1
comprises an electric generator 6 having a stator 11 and a
rotor 12. The rotor 12 is rotatable with respect to the sta-
tor 11 about the rotational axis Y to generate electrical
power. The electric generator 6 and the generation of elec-
trical power through the present invention is not a specific
object of the present invention and will therefore not be de-

scribed in further detail.
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Figure 3 further shows a Doppler shift determining device 150
of a system according to the present invention. The device
150 comprises a leaky feeder arrangement 20 mounted at the
tower 2, and a transmitter 30 and a receiver 40 coupled to
the leaky feeder arrangement 20. The transmitter 30 is con-
figured to supply a first signal to the leaky feeder arrange-
ment 20 which emits (leaks) it from the observer location Pl.
The receiver 40 is configured to receive a second signal from
the leaky feeder arrangement 20, e.g. a signal reflected from
point P2 on the rotor blade 4 when the first signal hits the
rotor blade 4 and received at the observer location P1l. The
apparatus further comprises a processing unit (not shown)
configured to determine the Doppler shift fp. The leaky feed-
er arrangement preferably surrounds the entire circumference
of the tower 2. The radial distance from the rotor axis Y to
the blade tip P2 is R while the radial distance from the ro-

tor axis Y to the leaky feeder arrangement 20 is L1.

Figure 4 shows a schematic front view of a rotating rotor
blade 4, in particular with regard to a relation between tan-
gential velocity v and radial velocity (also referred to as
relative velocity) vp of the point P2 on the rotor blade 4 in
accordance with a mathematical model utilized by embodiments
of the present invention. The observer location Pl is located
at the bottom of the drawing. Thus, when the rotor blade 4
rotates and the point P2 moves correspondingly, the rotating
movement will cause a radial movement of P2 with a relative
velocity vp given as the projection of the tangential veloci-
ty v (i.e. the rotational speed of the rotor 4 at P2) on the
vector L extending between Pl and P2. This radial movement
will influence the measured Doppler shift fp and will there-
fore have to be taken into consideration as shown in the fol-

lowing.

Figure 5 shows a schematic side view of a wind turbine model
as used to establish a mathematical model utilized by embodi-
ments of the present invention. As can be seen, the model de-

picted in Figure 5 corresponds essentially to the view pre-
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sented in Figure 3 and introduces a number of angles, vectors
and other parameters. The angle 6 is the rotational angle
(around the rotational axis Y) of the rotor while ¥ is the
yvaw angle (around the axis of the tower 2). The distance be-
tween the central tower axis and the rotor plane is h. Simi-
larly, the distance between the central tower axis and the
observer location Pl (i.e. the radius of the loop-shaped
leaky feeder arrangement 20) is 1. The distance from the ro-

tor axis Y to the observer location P1 is L1.
For given values of transmitter frequency (first frequency)

fy, radial (or relative) velocity vp and speed of light cy,

the Doppler shift fp is given as
v
ﬁ)::ZﬁzQ
[4]

The relative velocity vp is given as

e~
U

Vp =

=

It can be shown that the scalar product in the numerator of

the above equation is given as
L% = —Rw(L, sin 6 cos?y + L, sin 6 sinyp — I cos O sin 1)

and that the denominator is given as

|Z| = \/(Ll + Rcos8)? + (hsin@ + Rsin 0 cosy)? + (hcosyp — | — rsin 6 sin )?
Referring still to Figure 4 and Figure 5, the following rela-

tion between Doppler shift fp and radial velocity vp is es-
tablished:

v VUp
fo =2f—cosa =2f,—
Co Co

Using the above formulas, a data array for looking up the

blade clearance d for a large number of combinations of val-
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ues for Doppler shift fp, radial velocity vp, and transmis-
sion frequency fi: can be calculated and stored for a given
wind turbine (where the observer location Pl is given by the
distances I; and 1 in Figure 5). The resulting data array is
stored in a lookup array device 160 (see Figure 1 and Fig-
ure 2) and allows easy, cheap and precise determination of

the blade clearance during operation of a wind turbine.

It should be noted that the term “comprising” does not ex-

w w 144

clude other elements or steps and “a” or “an” does not ex-
clude a plurality. Also elements described in association
with different embodiments may be combined. It should also be
noted that reference signs in the claims should not be con-

strued as limiting the scope of the claims.
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CLAIMS

1. A method of determining a blade clearance during opera-
tion of a wind turbine, the blade clearance corresponding to
a distance between a rotor blade and a tower of the wind tur-
bine, the method comprising

detecting a rotor blade velocity,

emitting a first signal from an observer location, the
first signal having a first frequency,

receiving a second signal at the observer location, the
second signal being reflected from the rotor blade when the
first signal impinges on the rotor blade,

determining a Doppler shift of the second signal rela-
tive to the first signal, and

determining the blade clearance based on the first fre-
quency, the Doppler shift, the observer location, and the ro-
tor blade velocity,

wherein the step of determining the blade clearance uti-

lizes a mathematical model.

2. The method according to the preceding claim, wherein the
step of determining the blade clearance comprises a lookup in
a data array stored in a memory unit, the data array being

computed using the mathematical model.

3. The method according to any of the preceding claims,
further comprising determining a relative blade velocity

based on the blade velocity and the observer location.

4, The method according to claim 2 and 3, wherein the data
array comprises a blade clearance value for each of a plural-
ity of combinations of first frequency values, Doppler shift

values and relative blade velocity wvalues.

5. The method according to any of the preceding claims,
wherein the first signal is emitted by a leaky feeder ar-
rangement at the observer location, and wherein the second

signal 1s received by the leaky feeder arrangement.
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6. A system for determining a blade clearance during opera-
tion of a wind turbine, the blade clearance corresponding to
a distance between a rotor blade and a tower of the wind tur-
bine, the system comprising

a velocity detector configured to detect a rotor blade
velocity,

a signal emitter configured to emit a first signal from
an observer location, the first signal having a first fre-
quency,

a signal receiver configured to receive a second signal
at the observer location, the second signal being reflected
from the rotor blade when the first signal impinges on the
rotor blade,

a signal processor coupled to the signal emitter and the
signal receiver, wherein the signal processor is configured
to determine a Doppler shift of the second signal relative to
the first signal, and

a determination device configured to determine the blade
clearance based on the first frequency, the Doppler shift,
the observer location, and the rotor blade velocity utilizing

a mathematical model.

7. The system according to the preceding claim, wherein the
determination device comprises a memory unit storing a data
array computed using the mathematical model, and wherein the
determination device is configured to determine the blade

clearance by performing a lookup in the data array.

8. The system according to claim 6 or 7, wherein the deter-
mination device further comprises a velocity calculation unit
configured to calculate a relative blade velocity based on

the blade velocity and the observer location.

9. The system according to claim 7 and 8, wherein the data
array comprises a blade clearance value for each of a plural-
ity of combinations of first frequency values, Doppler shift

values and relative blade velocity wvalues.
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10. The system according to any of claims 6 to 9, wherein
the signal emitter and the signal receiver are comprised by a

leaky feeder arrangement.

11. The system according to the preceding claim, wherein the
leaky feeder arrangement comprises at least one leaky feeder

forming a loop shape around the tower of the wind turbine.

12. The system according to the preceding claim, wherein the
at least one leaky feeder is a leaky coaxial cable or a leaky

waveguide.

13. A wind turbine comprising a tower and a least one rotor
blade, the wind turbine further comprising a system according
to any of claims 6 to 12 for determining the blade clearance

during operation.

14. The wind turbine according to the preceding claim,
wherein the observer location is positioned on a loop shape

extending around a circumference of the tower.
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