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(57) Abstract: The invention relates to a method for detecting wind power plants using a radar system, wherein a. a number N of
specifiable trains By, where x=1,...,N, of K modulated transmitted pulses, each having a specifiable pulse train frequency, 1s emit-
ted consecutively; b. a specifiable number of pulse train frequencies 1s used; c. after each emitted train, cyclically a switch to ano-
ther pulse train frequency 1s made; d. transmitted pulses retlected by an object are received by the radar system and processed such
that received pulses corresponding to the transmitted pulses are created, wherein for each transmitted pulse a number R of recei-
ved pulses 1s received; e. the received pulses associated with the trains Bx of modulated transmitted pulses are used to determine
the distance from the object by way of signal propagation time measurement, and a distance Doppler matrix having R lines and
N*K columns 1s produced; f. in an azimuth region cyclically a number M of measurement processes 1s carried out 1in an azimuthal
direction, wherein during each measurement process N trains By of modulated transmitted pulses are emitted in the respective azi-
muthal direction, and for each measurement process M a distance Doppler matrix 1s produced, g. sampling values ot Z, where
/=2...N, trams By of modulated transmitted pulses from M measurement processes are strung together using a specifiable correcti-
on term and are processed, wherein by way of a maximum likelihood estimator a harmonic oscillation having the least square de-
viation from the sampling values 1s calculated; h. by applying the maximum likelihood estimator, a results matrix having R lines
and N/Z columns 1s calculated from the distance Doppler matrix having R lines and N*K columns, wherein for each cell the signal
strength, phase and Doppler frequency of the object 1s known; 1. atter the steps a)-h) consecutively two results matrixes E1, E2 are
produced, which are compared to each other, wherein a distance Doppler cell 1s marked as the site of a wind power plant if 1. the
signal strength of a distance Doppler cell in both results matrixes (E1, E2) 1s above a specifiable threshold value, and 11. the Dopp-
ler frequency shift in a distance Doppler cell in both results matrixes (E1, E2) 1s within a value range customary for a wind power

plant, and 111. the difference of the Doppler frequencies in a distance Doppler cell in both results matrixes (E1, E2) 1s below a spe-
cifiable threshold value.

(57) Zusammenfassung:
[Fortsetzung auf der ndachsten Seite/



CA 02752099 2011-08-10

WO 2010/0997:73 A1 NN 0HDF D0 HV! R0 RO R A0

Die Erfindung betriftt ein Vertahren zur Detektion von Windkraftanlagen mittels einer Radaranlage, wobel a. zeitlich nacheman-
der werden eine Anzahl N vorgebbarer Folgen By, mit x=1,....N, von K modulierten Sendeimpulsen mit jeweils einer vorgebbaren
Pulstolgefrequenz ausgesandt, b. es wird eine vorgebbare Anzahl von Pulstolgetrequenzen verwendet, c. nach jeder ausgesandten
Folge wird zyklisch aut emne andere Pulstolgefrequenz umgeschaltet, d. von einem Objekt retlektierte Sendeimpulse werden von
der Radaranlage emptfangen und verarbeitet derart, dass den Sendeimpulsen entsprechende Emptangsimpulse entstehen, wobei fiir
jeden Sendeimpuls eine Anzahl R Emptangsimpulse emptangen werden, €. aus den zu Folgen Bx von modulierten Sendemmpulsen
gehorenden Emptangsimpulsen wird mittels Signallautzeitmessung die Entternung zu dem Objekt ermittelt, und emne Entfernungs-
Doppler-Matrix mit R Zeilen und N*K Spalten erzeugt, f. in einem Azimuthbereich zyklisch eine Anzahl M von Messvorgingen
in eine Azimuthrichtung durchgefiihrt wird, wobei bei jedem Messvorgang N Folgen Bx von modulierten Sendeimpulsen in die je-
wellige Azimuthrichtung ausgesendet werden, und fiir jeden Messvorgang M eine Entternungs-Doppler Matrix erzeugt wird, g.
Abtastwerte von Z, mit Z=2... N, Folgen Bx von modulierten Sendeimpulsen aus M Messvorgangen werden mittels eines vorgeb-
baren Korrekturterms anemandergereiht und verarbeitet, wobel mittels eines Maximum Likelihood Schétzers eine harmonische
Schwingung mit der klemnsten quadratischen Abweichung zu den Abtastwerten berechnet wird, h. durch Anwenden des Maximum
Likelihood Schatzer wird aus der Entfemungs-Dopplermatrix mit R Zeilen und N*K Spalten eine Frgebnismatrix mit R Zeilen
und N/Z Spalten wobel fiir jede Zelle die Signalstarke, Phase und Dopplerfrequenz des Objekts bekannt ist, 1. nach den Vertah-
rensschritten a)-h) werden zeitlich nacheinander zwei Ergebnismatrizen E1, E2 erzeugt, welche miteinander verglichen werden,
wobel eine Entternungs-Dopplerzelle als Standort emer Windkaftanlage markiert wird, wenn 1. die Signalstarke einer Entfer-
nungs-Dopplerzelle in beiden Ergebnismatrizen (E1, E2) oberhalb emes vorgebbaren Schwellwertes liegt und 1. die Dopplertre-
quenzverschiebung in einer Entfernungs-Dopplerzelle in beiden Ergebnismatrizen (E1, E2) mnerhalb emes fiir Windkrattanlagen
tiblichen Wertebereichs liegt und 111. die Difterenz der Dopplerfrequenzen in einer Entfernungs-Dopplerzelle in beiden Ergebnis-
matrizen (E1, E2) unterhalb emes vorgegeben Schwellwertes liegt.
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Method for detection of wind power installations by means of a

radar installation

The invention relates to a method for detection of wind power

P

installations by means of a radar installation.

pre=—
—

A wind power installation (WPI) converts the kinetic energy of

the wind to electrical -energy. Installations having a

horizontal rotation axis through which the wlind passes have

g

been implemented, comprising a large number of different types

P— o d

of concept. They generally consist of a cylindrical steel

tower with a hub at the end, from which three aerodynamically

shaped rotors originate. The height of the tower, the height

F

of the hub and the rotor length vary depending on the power of

F
p—

the turbine and/or the 1installation location. A summary of

typical dimensions 1s shown below:

Category 1.5 3 5

Rotor length (m) 38 45 62

Hub height (m) 60-110 80-105 100-120
Overall height (m) 98-148 125-150 162-182
Speed of 17 16 12
revolution (rpm)

Blade tip speed 68 76 79

(m/s)

The maximum speed of the rotors is measured at the rotor tips,

and 1s calculated using the formula:

where

u: speed at the rotor tip
A: tip speed ratio

v: wind speed
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The tip speed ratio A 1s dependent on the type of wind
power installation and i1is 7 to 8 for the installations
which are normally used nowadays. Modern wind power
installations operate only 1n the range between a
minimum and a maximum wind speed. Furthermore, they are
turned to the optimum position with respect to the wind
direction by means of actuating motors, and their
rotation speeds are regulated, that 1s to say the speed
of revolution 1s kept approximately constant, and 1is

varied only continuously.

Fundamentally, the following typical circumstances are

known for wind power installations:

a) Fixed position
A wind power installation is always located in the same

range cell (x,y), that 1s to say the range and the

azimuth angle are constant.

b) Rotation speed regulation of the rotors

Modern wind power 1nstallations vary the rotation speed
of the rotors only continuously, that 1s to say there
are no sudden changes 1n the rotor speed, and therefore

1n the Doppler frequency shift.

¢) Constant operating range

Modern wind power 1installations require a minimum wind
speed for operation, and are switched off above a
maximum wind speed. This means that the rotor speed,
which depends on the wind speed, varies within a

defined range.

d) Physical constraints

The minimum distance between individual installations
1s predetermined both technically and by physical
effects. Phenomena such as wind shadow effect and

measures to minimize bird strike, noise production,
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etc., result 1n a certain minimum distance between

individual wind power installations.

Furthermore, wind power 1installations are distinguished
by a large radar cross section (RCS). The radar cross
section 1in S band (2.7-2.9 GHz) and L band

(approximately 1.3 GHz) from wind power installation

turbines that are currently 1in use may be up ¢to
300 000 m°. Considered individually, the rotor blades
may achieve a peak value of up to 30 000 m*. 1In
comparison to this, a multi-jet commercial aircraft has
an RCS of 5 to 20 m°. The RCS values mentioned above
for wind power 1installations refer to peak values,

which are dependent on the position of the rotor blades

and on the aspect angle of the radar. The RCS of the

wind power 1installation therefore varies continually

and suddenly. [C.A. Jackson, Windfarm Characteristics
and their Effect on Radar Systems, Proc. International

Conference on Radar Systems, Edinburgh, October 2007]

The continuing and sudden change in the RCS of a wind
power installation results 1n the so-called ™“glint”
effect. This means that echo signals appear completely
randomly. When there are a plurality of wind power
installations 1n a wind farm, this leads to mutually

independent, random glints in this area. These randomly

occurring echoes are 1n the same range as the Doppler
shift in which a large number of possible targets for

the radar are also located. This “glint” leads to a

series of problems:

a) Clutter:

Increased number of detections in the area of
windfarms, caused by the echoes from the wind power

installation rotors.

b) Desensitization:

Reduced probability of detection of an airborne target
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above or in the vicinity of windfarms, both 1n the azimuth and

in the range direction.

c) Trajectory loss:

H

Tracking of a target in the area of windfarms i1s 1mpossible.

The object of the invention 1s to specify a method by means of

P

'}

which a wind power installation can be reliably detected,

while avoiding the disadvantages from the prior art.

According to the present invention, there 1is provided a method

P

for detection of wind power installations by means of a radar

installation, the method comprising:

d.

transmitting a number N of predetermined sequences By

F

of K modulated transmission pulses at a predetermined

pulse repetition frequency successively 1in time, where

x=1,...,N, wherein after each transmitted sequence a

cyclic switching 1s performed to a different pulse

F P
-

repetition frequency of a predetermined number of

pulse repetition frequencies;

receiving and processing, by the radar installation,

transmission pulses reflected by an object, wherein

the processing creates received pulses corresponding

to the transmitted pulses, wherein a number R of

received pulses are received for each transmission
pulse;

determining a range to the object wusing a signal

delay—-time measurement from the recelved ©pulses

belonging to the sequences By of modulated
transmission pulses, and producing a range Doppler

matrix with R rows and N*K columns;

cyclically performing a number M of measurement

processes 1in an azimuth direction 1n an azimuth range,

wherein N sequences By o0of modulated transmission
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pulses are transmitted 1in the respective azimuth

direction for each measurement process, and a range

Doppler matrix 1s produced for each measurement

process M;

arranging, in sequence using a predetermined

P F
—

correction term, sample values of Z sequences By of

modulated transmission pulses from M measurement

processes, where Z7Z=2.N, and processing the arranged

sequences, wherein a harmonic oscillation with a least
square error with respect to the sample wvalues 1s
calculated using a maximum likelihood estimator;

obtaining a result matrix with R rows and N/Z columns

from the range Doppler matrix with R rows and N*K

columns using the maximum likelihood estimator,

wherein the signal strength, rhase and Doppler

F

frequency of the object are known for each cell;

sucessively producing two result matrices El, EZ 1in

time after method steps a)-f)and comparing the two
results with one another, wherein a range Doppler cell

is marked as a location of a wind power 1nstallation

’ e
] —— .
e .

1. the signal strength of a range Doppler cell 1s

above a predeterminable threshold value 1n both

result matrices (El1, EZ), and

ii. the Doppler frequency shift in a range Doppler

cell is within a normal value range for wind
power 1nstallations 1n both result matrices
(E1, EZ), and

111. the difference between the Doppler frequencies

in a range Doppler cell in both result matrices

(E1, E2) 1s below a predetermined threshold

value.

ferable embodiments are described hereunder.
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4b

The method according to the invention comprises the following

method steps:

a. a number N of predeterminable sequences By, where

X=1,...,N, of K modulated transmission pulses are

transmitted, 1n each case at a predeterminable pulse

repetition frequency, successively 1in time,

r—

b. a predeterminable number of pulse repetition frequencies

are used,

C. after each transmitted segquence, cyclic switching takes

P

place to a different pulse repetition frequency,

d. transmission pulses reflected by an object are receilved
and processed Dby the radar 1i1nstallation such that
received pulses which correspond to the transmission
pulses are created, wherein a number R of received pulses
are received for each transmission pulse,

e . the range to the object is determined by means of signal

delay-time measurement from the received pulses which

F
p— i e i —

pbelong to the sequences By of . -
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modulated transmission pulses, and a range Doppler

matrix 1s produced, with R rows and N*K columns,
f. a number M of measurement processes are carried
out c¢yclically in an azimuth direction 1in an
5 azimuth range, wherein N sequences By, of modulated
transmission pulses are transmitted 1in the
respective azimuth direction for each measurement
process, and a range Doppler matrix 1is produced

for each measurement process M,

10 g. sample values of Z, where Z=2...N, sequences By ot
modulated transmission pulses from M measurement
processes are arranged 1n sequence by means of a
predeterminable correction term, and are
processed, wherein a harmonic oscillation with the

15 least square error with respect to the sample
values 1s calculated by means of a maximum
likelihood estimator,

h. a result matrix with R rows and N/Z columns 1is
obtained from the range Doppler matrix with R rows

20 and N*K columns by use of the maximum likelihood

estimator, wherein the signal strength, phase and

Doppler frequency of the object are known for each

cell,
1. after method steps a)-h), two result matrices EI]1,
25 E2 are produced successively 1in time and are

compared with one another, wherein a range Doppler
cell 1s marked as a 1location of a wind power

installation 1if

1. the signal strength of a range Doppler
30 cell 1S above a predeterminable
threshold wvalue 1n both result matrices
El, E2, and
11. the Doppler frequency shift in a range
Doppler cell 1s within a normal wvalue
35 range for wind power i1installations in
' both result matrices El, E2, and
111. the difference between the Doppler

frequencies 1n a range Doppler cell in
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both result matrices El, E2Z2 1s below a

predetermined threshold wvalue.

The method according to the invention 1s based on
detection by means of a pulse radar, expediently by a
surveillance radar. A surveillance radar such as this
may, for example, be a radar which rotates completely

about 1ts vertical axis and searches for objects 1n the

surrounding area. In this case, a predetermined solid
angle range 1s 1i1lluminated once 1n each revolution.
However, a surveillance radar may also be a phased
array radar which cyclically 1lluminates = a

predetermined solid angle range.

The transmitted signal from a pulse radar 1s a sequence
By (burst) where x=1,...,N, of individual pulses which
are modulated onto a radio-frequency carrier
oscillation. By way of example, a burst may comprise 8
pulses. The pulses are emitted via the radar antenna
and move away from the radar. When they strike a target
object, they are reflected by it in various directions,
inter alia back to the radar, while their echo 1is
received again after a certain time. The echo is a copy
of the transmitted signal, whose amplitude  and

frequency differ from the original. The differences, 1in

particular the delay time and the Doppler shift,
between the transmitted signal and the received echo
make 1t possible to draw conclusions about the position

and the speed of the target object.

In order to restrict the aliasing effect that occurs,

that 1s to say the ambiguity in the Doppler frequency

estimate, the time Dbetween the transmission of two

pulses (PRI = pulse repetition interval) is varied.

In this case, disturbing ambiguities can occur, in a
manner knowrn per se, 1n particular in the determination

of the range of the target. This means that there is a
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range unambiguity =zone for each predeterminable pulse
repetition frequency (PRF, “pulse repetition
frequency”). This zone becomes smaller the higher the

PRF is chosen to be. On the other hand, a high PRF

(HPRF, “high pulse repetition frequency”) 1is required

in order to obtain a speed unambiguity zone which 1s as

great as possible for rapidly moving targets. If there

is a range unambiguity zone a long distance away for a

N

CIl  dIl

predeterminable high speed unambiguity zone, th

UPRF radar installation with at least two switchable

PRFs can be used. In this case, the PRF 1is generally
changed during each burst transmission, that 1s to say

switching generally takes place cyclically between the

PRFs that are used. The received echo pulses associated
with each PRF are now evaluated, and are compared with

those of other PRFs. On the assumption that a target 1is
being painted by the pulses at a plurality of different

PRFs, then both the target speed and its range can be

determined in the extended range unambigulty zone.

Initially, the PRF can be varied only from one pulse to

the next. In the case of radars using Doppler frequency

measurement, the PRFs for groups of pulses are
therefore kept constant, but are varied between
different groups. A group with a constant pulse

repetition interval, and therefore a constant pulse

repetition frequency, 1s referred to as a pulse
sequence or burst. If the pulse repetition freguenciles
are defined in a fixed ratio with respect to one
another, then the expression “staggering of the pulse
repetition frequency” is used. These different pulse
sequences By are now used in a constant sequence. This
results in a sampling scheme, which 1s repeated. One

such repetition 1is referred to as dwell. By way of

example, the following text describes a sequence of 3

dwells, with each dwell comprising 3 bursts:



10

15

20

25

30

35

CA 02752099 2011-08-10

2009 P 00191 PCT
- 8 -

Burstl BurstZ Burst3 Burstl BurstZ Burst?3 Burstl BurstZ Burst?l

Dwelll Dwell?Z Dwell3

The region observed by the radar 1s subdivided into a

matrix by the sampling scheme and by the range

resolution. The range resolution results from the

signal delay times of the individual pulses.

A pulse 1s transmitted, and the delay time t; to the

target and back 1s calculated as follows:

f, =2
C

where
c: speed of light
R: range of the target.

This means that the time of arrival of the echo signal,
1n comparison to the transmission time, can be used to
calculate the range of the object which produced the
echo. This results in a column  vector after

transmission of a pulse and reception of the arriving
echo, with the row classification being based on the
calculated range, for example: reception time 20 us
after the transmission of the pulse, the object which

produced the echo is at a range of around 2997 meters.

The next pulse once again produces a column vector.
When these column vectors are arranged in sequence,
taking account of the azimuth direction in which the
transmitted pulses were emitted, this results 1in a

range azimuth matrix.

As 1s known, a sequence S(Byx) of sample values is

produced [Mahr et al.] for evaluation of the echo
signals of the modulated received pulses associated
with a sequence By, of modulated transmitted pulses, at

predetermined sampling times within a predetermined

P

sampling time period. In the case of radar
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installations which 1lluminate a predetermined azimuth
area, a number M of measurement processes are carried
out 1n an azimuth direction 1in an azimuth area. In
other words, one measurement process 1s carried out 1in
the relevant area 1n each revolution of the radar. The
number M of measurement processes therefore relates to
the number of revolutions of the radar considered over
the relevant azimuth area. N sequences B, of modulated
transmitted pulses are emitted 1n the respective
azimuth direction in each measurement process
(revolution). Sequences Sy(Bx) with m=1,...,M of sample
values are produced for the evaluation of the echo
signals. These sequences of sample wvalues are also

referred to 1n the following text as a scan.

A radar 1installation which is known per se 1s used for
the method which will be explained in the following

text. In particular, this consists of a (radar) antenna

for emission of pulsed transmission signals 1in a
predeterminable (radar) frequency range, and reception
of corresponding echo signals. These are mixed down in
a manner known per se to a predeterminable intermediate
frequency range, and are then demodulated, resulting in
pulses from which both the speed and the range of one

or more targets can be determined by means of a
delay-time measurement. The fundamental evaluation of
sald transmitted and received signals 1is known from
EP 0 919 834 Bl, with range Doppler matrices with a
predeterminable number of range Doppler cells being

produced for detection of targets..

According to the invention, received scans, that is to
say sequences Sy(Bx) of sample values of N sequences By
of modulated transmitted pulses from M measurement
processes, are arranged 1in sequence, and are processed
by means of a maximum 1likelihood estimator. In one

advantageous embodiment of tlie invention, this

estimator 1s a sine-fit algorithm, which is described
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in detall in [Mahr et al.].

The sine-fit algorithm 1s a maximum likelihood

estimator which calculates the least sguare error with

5 respect to a harmonic oscillation. When sampling points

ft, = f(x,) of the complex sinusoidal oscillation are

available with the parameters amplitude A, phase o and

frequency £, the sought parameters are determined by
minimizing the parameter Q:

10
N
0 = Z](g(x,,)-'f,,)*com'(g(xn) - 1)
where
g: a model function with the parameters pi,...,pn
fth: sample values (samples).
15

Assuming a sinusoidal complex oscillation, the model
function g becomes:

o= 4 * e(:‘-2-zr- f-x+a)
20 where

A: amplitude

F: freguency

X: sampling time

o: phase.
25

As described in [Mahr et al.], this results in a linear

equation system for the amplitude A and the phase o at
a constant frequency f:

30 g=arctan

p

A:ﬂz +72
Np

Q—-0,=A*[A*N-2*(fcosa + ysina)]

where

COS X

B=) R(f,)cos(2*x* f*x, )+ 3(f,)sin(2* z* f *x )
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N
7= 3(f,)cos(2* 7% f *x,) — R(f,)sin(2* 7* £ *x,)

0,=)_ f, *conj(f,)

The sinusoidal oscillation on which the sampling points
x are based can be reconstructed with the aid of this

linear eqguation system, by 1insertion of different

values for the frequency £, and then finding the

mininum error.

In the case of stationary short-range radars, for
example surveilllance radars, there 1s a certain time t
(dependent on the radar type generally 2 to 5 seconds)
between the 1llumination of the same range cell, that
1S to say between the 1individual revolutions, and
therefore the i1individual measurement processes. The
wind power installation 1s always located in the same

cell relative to the radar, and produces approximately

the same Doppler frequency shift Dbecause of the

rotation speed regulation of the rotors.

During the processing according to the invention, the
pulses which 1lluminate one range cell from a plurality
of successive scans 1n time are now arranged 1in
seguence, and are processed. This results 1in a
multiplication of the samples which can be used for
calculation. The sample wvalues 1n each scan are
expediently recorded at the same azimuth position. When
the samples from different scans are arranged 1in
sequence, this leads to a sudden phase change, since
the time t between the revolutions does not correspond

to an 1integer multiple of the period duration of the

search frequencies.

In other words, when the sequences S,(Bx) of sample
values from M measurement processes are arranged in
sequence, this leads to a sudden phase change between

adjacent sequences Sy,(Bx) of sample values when the
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respectively adjacent sequences originate from
different measurement processes. A phase correction 1is
advantageously carried out, in which the individual
sample values of a scan n+l are shifted by a correction
5 term tgnire with respect to a scan n at a previous time.

This correction term tgehise 1S calculated as follows:

/ _ D0,

....phase pulse scan n
]

10 @,....phase pulse scan n+l

f,....search frequency

The sample times of the scan n+l are now shifted
through tghire, resulting in them being in phase with the

15 scan n for the search frequency f;. The search

frequenclies used 1n which the echo of a wind power

1nstallation may be located vary within a fixed range.

——

This 1s a direct consequence of the feature of the

constant operating range of wind power installations,
20 that 1is to say elther the wind rotor produces a Doppler
frequency shift in the search frequencies, or it does
not  move, and therefore does not produce any
disturbances. The search freqguencies can be scaled
precisely as required, that i1s to say, for example, if
25 a range from 600 to 1200 Hz 1is being searched, the
search can be carried out both in 10 Hz steps and in

0.1 Hz steps.

In a first variant of the invention, when the sample
30 wvalues of the successive measurement processes 1in time
are arranged 1n sequence, the dwell for one scan is
attached to the next scan, etc. In other words, the
individual  bursts from each measurement process
(revolution) are combined with the corresponding scans
35 as the dwell, and are arranged in sequence. The
measurements, that 1s to say scans, from the individual

revolutions are therefore arranged in seqguence. This
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variant will be explained 1in the followiling text using
the example of two revolutions (measurement processes),

each comprising 3 bursts, and therefore 2 scans.

5 In a first revolution, the sample values Scan 1 occur
for the Burst 1, that is to say S;(Bi), the sample
values Scan 1 occur for the Burst 2, that 1s to say
S:1(By), and the sample values Scan 1 occur for the Burst
3, that 1s to say S$S1(B3). In a second revolution, which

10 follows the first revolution in time, the sample values
Scan 2 occur for the Burst 1, that i1is to say S;(Bi), the
sample values Scan 2 occur for the Burst 2, that is to
say S;(Bz), and the ' sample wvalues Scan 2 occur for the
Burst 3, that is to say S;(Bs).

15 The sample values determined from the two revolutions

are arranged 1n sequence, using a phase correction term
K which shifts the sample values in the scans 2, as

explained above, corresponding to:
20 S1B;7 $1By S1Bs; K S2B1 52B; $39B;

In this case, the section SiB; S:1B; S$1B3; or S;B; S3B; SoB,
are each referred to as a dwell. One advantage of this

staggering of the scans is that only one sudden phase

25 change need be corrected between the dwells.

In a second variant of the invention, the corresponding
bursts from successive measurement processes 1in time
are arranged 1n sequence. This wvariant will |Dbe
30 explained 1n the following text with reference to an

example for two revolutions (measurement processes),

each comprising 3 bursts and therefore 2 scans:

In the same way as 1in the example from the first
35 wvariant, 1n a first revolution, sample values Scan 1

occur for the Burst 1, that is to say S;(B;), sample

values Scan 1 occur for the Burst 2, that is to say

S1(Bz) and sample values Scan 1 occur for the Burst 3,
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that is to say S;(B3). In a second revolution, which

follows the first revolution i1n time, the sample values
Scan 2 occur for the Burst 1, that 1is to say S$;(B;), the
sample values Scan 2 occur for the Burst 2, that 1s to

5 say S,(B;), and the sample wvalues Scan 2 occur for the

Burst 3, that 1s to say S;(Bi3).

The sample values determined for a burst from both
revolutions are arranged 1n sequence, using a phase
10 correction term K which shifts the sample values from
different revolutions, as explained above,

corresponding to:

S1B1 K S;B; K $1B; K S3B2 K S1B31 K $,B;

15 |
In this form of arrangement in sequence, a phase
correction K 1is carried out after each burst. The
advantages are that the result is more “geographically”
accurate, and that the region can be resolved more
20 accurately from the intermediate results, without

additional <computation effort. The more accurate

resolution results from the fact that the intermediate

results of bursts of the same type (for example: Burstl
Scanl and Burstl Scan2Z) can be represented as a range
25 cell.

According to the invention, a harmonic oscillation with
the least square error with respect to the sample
values 1s calculated by means of the maximum likelihood
30 estimator, expediently the sine-fit algorithm, from the
respective arrangement in sequence. The result 1is a

matrix in which the signal strength, the phase and the

frequency of the target are known for each cell.

35 According to the invention, two result matrices E1, E2

which are produced successively in time are produced
and compared with one another, with a cell being marked

as a location of a wind power installation, when the
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following features are satisfied:

1) Signal strength
The signal strength of the cell must be above a certain

threshold wvalue 1n each of the two result matrices E1,
E2. If the signal strength of the cell 1s above the
threshold wvalue 1n only one of the two result matrices
El, E2, this may be a wind power installation, since
the wind power installation 1s at a fixed position and
must appear 1n both result matrices E1, E2. If only one
result matrix El, E2 exceeds the threshold value, this

1S a moving target in most cases.

2) Restriction of the possible Doppler frequency shift

This means that, if the wind speed is known, the rough

range of possible rotor speeds is therefore also known,

from which the Doppler frequency shift is derived. If
the value of the range cell is now outside this range,

this cannot be a wind power installation.

3) Dliscrepancy in the Doppler frequencies found between
the result matrices El, E2. Because of the rotation

speed regulation, the frequency found for the range
cell must be in the same range in both result matrices

El, Ez. If the frequencies differ excessively, the echo
of the recelved transmitted signal cannot originate

from a wind power installation.

It all the criteria are satisfied, the corresponding
cell 1s marked as the 1location of a wind power

installation.

The combination according to the invention of the
samples trom a plurality of scans solves the
fundamental problem of the “glint” effect of wind power
installations in the area of operation of the
survelllance radar. The multiplication of the amount of

data on which the calculation is based makes 1t
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possible for the first time ever to carry out an

approximately constant evaluation over time, followed

by a comparison process, which allows detection.

5 A further advantage 1s the active tracking of the
locations of wind power installations instead of Jjust
having to suppress the effects that occur, as was
previously normal practice. The deliberate use of the
features makes 1t ©possible to easily distinguish

10 Dbetween wind power 1installations and other targets.
Furthermore, no other information sources are reqguired
about the location of the wind power installations in
the area of operation of the radar, as in the past, in

order to mark the corresponding areas.
15

The method can be very eaSily matched to the respective
radar type (number of bursts, revolution time, sampling

times, etc.).

20 The parameters frequency and amplitude are determined

directly for each range cell, and represent important

input data for ©possible further evaluations and

processing.

25 The frequency range can be scaled precisely as
requlred, that is to say the search area can be matched
to the prevailing conditions. Frequency ranges which

play no role are already ignored by the processing.

30 The deliberate tracking and marking of the areas
affected by wind power stations make it possible to
simply distinguish between moving targets and wind

power 1nstallations. This in turn leads to a major

improvement in the tracking of a target in the area of

35 wind power installations.
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WHAT IS CLAIMED 1IS:

1. A method for detection of wind power 1installations by

means of a radar installation, the method comprising:

a .

ety

transmitting a number N of predetermined sequences By

of K modulated transmission pulses at a predetermined
pulse repetition frequency successively 1in time, where

x=1,...,N, wherein after each transmitted sequence a

P

cyclic switching is performed to a different pulse

pi—
p—

repetition frequency of a predetermined number of

pulse repetition frequencies;

receiving and processing, by the radar 1installation,

transmission pulses reflected by an object, wherein

the processing creates received pulses corresponding

F

to the transmitted pulses, wherein a number R o0of

received pulses are received for each transmilission
pulse;

determining a range to the object wusing a signal

delay-time measurement from the received pulses

pr—

belonging to the sequences B, of modulated

transmission pulses, and producing a range Doppler

matrix with R rows and N*K columns;

cyclically performing a number M o0f measurement

processes in an azimuth direction 1in an azimuth range,

wherein N sequences By of modulated transmission

pulses are transmitted 1in the respective azimuth

direction for each measurement process, and a range

Doppler matrix 1s produced for each measurement
process M;

arrangling, in sequence using a predetermined

correction term, sample values of Z sequences By of

modulated transmission pulses from M measurement

processes, where Z=2..N, and processing the arranged

sequences, wherein a harmonic oscillation with a least
square error with respect to the sample values 1s

calculated using a maximum likelihood estimator;
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Hh
L

obtaining a result matrix with R rows and N/Z columns

from the range Doppler matrix with R rows and N*K

columns using the maximum likelihood estimator,

wherein the signal strength, phase and Doppler

fregquency of the object are known for each cell;

g. sucessively producing two result matrices E1l, EZ2 1n

time after method steps a)-f)and comparing the two

results with one another, wherein a range Doppler cell

is marked as a location of a wind power 1nstallation

¢ -
e

1 L.

1. the signal strength of a range Doppler cell 1s

above a predeterminable threshold value 1n both

result matrices (E1, EZ2), and

ii. the Doppler frequency shift 1n a range Doppler

cell is within a normal value range for wind
power 1nstallations 1n both result matrices
(E1, EZ), and

111i. the difference between the Doppler frequencies

in a range Doppler cell in both result matrices

(E1l, E2) 1s Dbelow a predetermined threshold

value.

The method as claimed in claim 1,

characterized in that,

when the seqgquences Sp(Byx), where m=1...MN, of sample

values from M measurement processes are arranged 1n

pr—

sequence, a phase correction of adjacent sequences Sp(By)

| ~

of sample values 1s taken 1nto account, 1

the adjacent

sequences Sy (Bx) originate from sample values from

different measurement processes.

The method as claimed 1n claim 2,

characterized in that

the arrangement of the sequences S,(Byx) of sample values

from M measurement processes 1n sequence 1s carried out

as follows:
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Sl (31)1 Sl (:32)1 v o o g SI(BN)I K! 82(31)4' S2 (32)1 I
SZ (BN) I * ¢ ¢ 7 Kr SM(Bl) ’ SM(BZ) 7] ¢ * 7 SM(BN) ’

where K 1s a phase correction term.

The method as claimed in claim 2,

characterized in that

pr—

the arrangement of the sequences S, (Byx) of sample values

from M measurement processes 1n sequence 1s carried out

as follows:

Sl (Bl) ’ Kr SZ (D)l) ’ K! ¢ v o g Kr SM(Bl) / Kr Sl (-%2) ’ Kr S2 (32) 7
Kr IR Kr SM(B2)I Kr ¢ o o g Kr Sl (BN)I Kr S2 (BN)r Kr v o o g Kr
Sv (By)

where K 1s a phase correction term.

The method as claimed in claim 3 or 4,

characterized in that

the phase correction term K 1s used to shift the sampling

times of a sequence of successive 1tems such that

adjacent sequences S, (Bx) have the same phase.
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