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Abstract—The radar cross sections (RCS) and frequency spec-
tra of a wind turbine consisting of three conducting blades 6
42 m radius, with a vertical mast of 65 m over a perfect ground
plane, was estimated using the Numerical ElectromagnetidgSode
(NEC). The NEC input deck generation, parsing the NEC
output to select the RCS numbers, plotting the time series, ral e
calculating and plotting the frequency spectra were all doe
by bash shell scripts. The shell scripts generally set up sesal /e
environment variables and then called Ruby, Octave or Gnupit
programs to perform the text manipulations, data calculatons
and plot generation. Calibrated plots of time series and frquency
spectra for several cases are included. The effect of a dieleic P
blade is briefly considered.

. INTRODUCTION X

As offshore wind turbines are developed and deploye
high-frequency (HF) radar networks are being installed ..

aid in planning and operating large wind farms. In additioIlqi'ig. 1. NEC model of a 3-blade turbine with three 42-m bladé&seb3.5 m

wind farms are being planned or inSta_”ed in_ existing HF rad@om a 65-m mast over a perfect ground plane. The turbineayisis parallel
coverage areas. However, the potential exists for intenfez to thex-axis. The aspect anglg is measured from the-axis.

to the HF radar operation from the turbines. The rotation
rate of the turbine blades is comparable to the Doppler shift . . . .
due to the wave motion which is sensed by the radar, a 8'ght r?fb?Sd m W;;eo used in th'fs st;:dy, W|thT2hO seé;ments
the physical size of the rotating blades is comparable to t each bia elanl d se_zgr;]mer:jts _%rt ehmast. © ][a ar cross
wavelength used by the radars. This paper presents a sumnyggfion was calculated with and without the masF, In freespa

of a study done to estimate the radar cross section (Rﬁ over a perfect groupd plane, and.for four different aspec
and the resulting frequency spectrum of a turbine with thr gles in 30 steps, ranging from looking face-on to edge-on

42-m conducting blades at a radar frequency of 13.5 MH‘Q"th respect to the blades. Although the results are forehes
The simulations were also run for 4.5 MHz and 25.4 MHz gPECifiC parameters, the procedure can be extended easily to
examine the frequency behavior accommodate other radar frequencies or turbine dimensions

B. NEC Output Processing

) _ ) ~ The NEC output was processed by a Ruby script. Each NEC
The radar cross section was estimated using the Numerigg,t file (one for each aspect angipcontained information

Electromagnetics Code (NEC) computer program [1], & prgsy plade rotation angles from°Gthrough 120. The script
gram used for several decades to calculate antenna radialigarched through the NEC output, identifying each section
patterns. With the appropriate input parameters, it cao algom the COMMENTS header, and extracted the blade rotation
calculate the radar cross section of an arbitrary structure angle, and then looked for the RADIATION PATTERNS

A NEC Model header and extracted the RCS and phase angle information.

. ) The information was written to an output file for subsequent
A turbine with three blades, a mast, and a generator Stmc“ﬂrocessing.

was modeled by wires as sketched in Fig. 1, and the blade o

structure was rotated through F20h 5° steps to study the C. NEC calibration

effects of the blade rotation. Because of the 3-fold blade When generating pattern information using a plane wave
symmetry, the RCS time series repeats after a rotation df. 128xcitation, NEC reports a “gain” value which is really the
Referring to a Wikipedia article describing the Hywind tumd RCS in dB relative to wavelength squared. In order to cal-
near Stavanger, Norway [2], a blade length of 42 m and a tow®rlate a spectrum, an equivalent “voltage” was calculated

II. METHOD



asv = 109%/29 exp(ia), where a is the phase angle from 300 ,

the tenth field of the RADIATION PATTERNS output. Thus a B
v is a complex quantity. It has units of meters/wavelength 250 88 T
(dimensionless) and was included in the output of the NEC
output parsing script. The magnitude wfwas plotted as a £ 200 E
time series of/RCS= |[v|A with units of meters, whera is = | L Noe a
the radar wavelength. The quantity(complex) was used as © 150 - * : ":"j"’ NS s oo
input to an FFT calculation of the frequency spectrum, whosez L : o
“voltage” coefficients were also in units of meters. ¢ 100 I N
D. Octave FFT calibration 50 A
The spectrum of the turbine signal was calculated using
Octave [3]. By feeding controlled inputs to the Octave FFT 0
routine, it was determined that an FFT WfDC samples of 0 20 40 69 80 100 120
unit amplitude resulted in a DC output Bf A unit-amplitude Blade rotation (deg)
single-cycle cosine wave dfl points exactly spanning the 50 —
input buffer resulted in FFT outputs at frequency bihg 20 b , 30
of N/2 each. Consequently, when processing the NEC RCS i\ 88 o
time series data of lengtN, the FFT output was multiplied & 30 %
by A/N to get frequency-bin coefficientsin units of meters. = 59 m RN i
These were then converted to dBsm usilBsm = 20log,((S). % i /7
For all cases plotted herd, = 24 with a rotation step size of ¢ 10
5°. The time series was exactly periodic in 24 samples, so n&& ;
window was needed to avoid spectral leakage between FFT_; 7 ’,/ \ %%
bins. k: -10 R
220 U / \
[1l. BEHAVIOR AT 13.5 MHz ~
The study concentrated on 13.5 MHz because a wind turbine 3 o g o 5 10 15

installation is currently underway on the east coast of ttfe. U
in the field of view of a 13.5-MHz SeaSonde system.

Harmonic number

Fig. 2. Time series (a) and spectra (b) of a turbine signah witee 42-m
; blades 3.5 m from a 65-m mast and with a center of rotation anG¥er a
A. Time Series perfect ground plane at 13.5 MHz. The time series plot co¥2€8 of turbine

Figure 2a below shows an example«(zﬁRCS as a function rotation. Four aspect angles are shown= 0° corresponds to viewing the

; . /BrC; ; lades face-ong = 90° corresponds to viewing them edge-on. The frequency
of rotation angle;yRCSis proportional to the voltage seen b)};xis in the spectral plot is harmonic number. Harmonic nunibeorresponds

the radar and is used in the calculation of the RCS spectrugene cycle per 1200f turbine rotation (0.75 Hz for 15 rpm, 0.50 Hz for
While the variation with rotation angle is smooth when th&0 rpm).

turbine is seen face-on, much sharper features are seen when

the turbine is viewed edge-on. Consequently the spectrum o ) ) )

of the turbine signal will likely contain several signifizandBSm, and if this energy is spread into 20 Doppler bins, the
harmonics. Figure 2b shows the Fourier transform of the§B€rgy in each bin is about 48.5 dBsm. Thus the energy in the
signals. The horizontal axis is shown as harmonic numbis¥bine harmonics may be 18 dB below the peak Bragg energy.
to allow for different turbine rotation rates, although & i However, the weaker ocean Bragg (approaching/recedimg) li
expected that operationally the turbine rotation rate, tred My be 10-20 dB below the stronger line, so the turblne_energy
frequencies of the harmonics, is tightly controlled, réagl May be comparable to the weaker Bragg energy, and it could
in very narrow spectral lines for a time series extending ovB® comparable to the second-order energy even for the strong
several minutes. For a typical 3-blade rotation rate of 18 rpline- For a shorter range, say 5 km, the area of the ocean
[4], harmonic number 1 corresponds to 0.75 Hz, harmorﬁ@m'c'rdev an.d hence its radar cross section, would bglesm_al
number 2 corresponds to 1.50 Hz, etc. While most of tméhllg the turbine RCS_remams the same, o the tu_rbm_e signal
energy in the face-on spectrum is at DC, for the other aspég{atwe to the ocean signal (assuming that the turbine tiseat
angles there is significant energy in at least 3 or 4 harmonR{Crter range) would be even stronger.

(up to at least 3 Hz), and possibly even higher. The RCS in

- IV. ADDITIONAL CONFIGURATIONS
these harmonics is on the order of 30 dBsm.

A. Ground Plane, Mast

B. Radar Cross Section When the calculations were repeated without a ground
For comparison, the total radar cross section of a 3-kphane, the RCS was lower by a factor of about 1&2 dB).
wide ocean semicircle at a range of 15 km is about 61&though operation without a ground plane is not realistie
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Fig. 3. Time series (a) and spectra (b) of a turbine signah Witee 42-m Fig. 4. Time series (a) and spectra (b) of a turbine signah Witee 42-m
blades 3.5 m from a 65-m mast and with a center of rotation anG%er a blades 3.5 m from a 65-m mast and with a center of rotation anG¥ver a
perfect ground plane at 4.5 MHz. The time series plot cov&fs bf turbine perfect ground plane at 25.4 MHz. The time series plot co¥2€8 of turbine
rotation. Four aspect angles are shown:= 0° corresponds to viewing the rotation. Four aspect angles are showr:= 0° corresponds to viewing the
blades face-ong = 90° corresponds to viewing them edge-on. The frequencylades face-ong = 90° corresponds to viewing them edge-on. The frequency
axis in the spectral plot is harmonic number. Harmonic nunibeorresponds axis in the spectral plot is harmonic number. Harmonic nunibeorresponds

to one cycle per 1200f turbine rotation (0.75 Hz for 15 rpm). to one cycle per 1200f turbine rotation (0.75 Hz for 15 rpm).

C. 25.4 MHz
observed change was what was expected. When the mast was

omitted, the spectra were more symmetrical around DC (note! "€ calculations were also repeated for 25.4 MHz, using

the slight asymmetry in the spectrum fpr=3C° in Fig. 2b). 40 segments f_or the blade wire and 60 for the mast, fco kgep
Again, operation without a mast is not realistic, but apptye the segment size less than 0.1 wavelength. The resultirg tim

the presence of the mast introduces some phase shifts wHigHES IS shown in Fig. 4a. As expected from the previous
can affect the spectral symmetry around DC. plots, the time series has much sharper features than for the

lower frequencies, and the spectrum in Fig. 4b contains more

energy in the higher harmonics. Again, the magnitude of the

time series and of the lower-order harmonics is similar ® th
B. 4.5 MHz other cases.

The calculations were repeated for 4.5 MHz. The resultirlg: Blade Material
time series is shown in Fig. 3a. Comparing this with the time The NEC simulations above were carried out using a
series at 13.5 MHz in Fig. 2a, it is clear that the waveformonducting wire model for the blades and mast. However,
is much smoother as a function of rotation angle, and thiee blades of large wind turbines may be constructed of non-
spectrum in Fig. 3b has much lower energy in the higheonducting material, such as Fiberglass-reinforced efpdky
harmonics than at 13.5 MHz. The magnitude of the time serid$nfortunately, there is no convenient way to model dielectr
and of the lower-order harmonics, is similar for the 13.5-MHstructures directly in NEC. A rough estimate of the effect of
case. the dielectric material may be made in a couple of ways.



First, consider electric field reflection from a flat surface Without more information about the blade material, it re-
at normal incidence. For a perfectly conducting surface, thlly is impossible to predict the magnitude of the dielectri
reflection coefficientR = 1. For a dielectric surface with turbine cross section, but it could be significant. Howetes,

dielectric constang, waveform shape and time series harmonic content is likely to
VE-1 be similar to that estimated for the conducting wire model.
- Ve+1 V. DISCUSSION
Fiberglass has a dielectric constant 4.5, soR=0.359, or The frequency of the Bragg ocean signal is between 0.228
—8.9 dB compared to that of a perfect conductor. and 0.669 Hz for radar frequencies between 5 and 43 MHz,

Alternatively, consider the scattering widtle of an so at first glance the turbine and ocean signals appear to be
infinitely-long circular cylinder at normal incidence witla- separated in frequency. However, the narrow turbine linag m
dius a and wavenumbekg [5]. (The scattering width is the overlap the ocean energy because of aliasing. Coastalsradar
counterpart of the RCS when scattering is two dimensional gpically sample the (complex) Doppler time series at a rate
it is for infinitely long cylinders.) For a perfectly condirng of 1.0 or 2.0 Hz, so signals above the Nyqist frequency will
cylinder, be aliased, perhaps multiple times, and folded into adjacen
_ a2 range bins due to the range-Doppler coupling of the FMCW
= Koa [In2(0.8905k0a)+ HTZ wave_forms_ typically used. Anti-aliasing filters are realﬂgt

possible with the waveforms currently used, so depending on

For a dielectric cylinder, the radar repetition rate, turbine rotation rate and twehbispect

T 3 ) angle (which will change depending on wind direction), some

Od = naz(koa) e -1 of the turbine lines may overlap the ocean signals. Thisceffe

n be mitigated by using higher sweep rates, but this may
crease the number of GPS-synchronized radars which can be
accommodated in a given area. Given the lack of information
regarding the structure and typical operating parametérs o
proposed wind turbine installations, detailed field experits
should be conducted to study the wind turbine influence on
coastal HF radars.

Oc

In both cases, it is assumed the E-field is parallel to tlﬁﬁ.Q
cylinder axis. €
To illustrate the difficulty in defining a model for the
dielectric blade, consider the following: The NEC simwiat
were done using a wire radius of 0.2 m. Takiag= 0.2 m
andA =222 m (13.5 MHz), therkga = 0.0565, and the ratio
of the radar scattering widths is@®109/0.195= 0.0056 or
—22 dB. Reference to a picture of a 75-m blade in its mold REFERENCES
[6] _SUQQGStS that a larger equivalent raqius might [_)e mO[Eﬁ'l NEC-2 Users Manual, Part 3, http://users.commspeed.net/k7qo.
realistic, even for a 42-m blade. If the radius of the dielect [2] Hywind turbine, http://en.wikipedia.org/wiki/File:Hywind.jpg.
rod is increased to 1.0 m, then the valueggffor the dielectric [3] Octave, http:/iwww.gnu.org/software/octave/. _
material is 0.683 and the ratio of the 1.0-m radius dielectri*! fgﬂggo\é\f”d A\giﬁg&i mﬁsl?msesgr’gdﬁl e?nrgﬁgugiﬂéf&fgcﬁs
0q to the 0.2-m radius conductar; is 0.683/0.195= 3.5 or generation/renewables/wind-power.
+5.4 dB. However, the fiberglass blade in [6] is hollow, whicl] George T. Ruck, Donald E. Barrick, William D. Stuart, a@tarence K.
will decrease its radar cross section compared to a solid rod g’g'hba”m’Radar Cross Section Handbook, Plenum, 1970, pp. 213 and
But if there are any wires inside the fiberglass, for sensors[g] Semens Wnd Turbine SWT-6.0-154 VS Product Brochure, Siemens
warning lights, or if the surface is conductive due to wet sal AG, 2011, Available at http:/www.energy.siemens.conghtpower-
spray or other coating, the structure will act more like agwir ~ 9eneration/renewables/wind-power.
conductor.



