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ABSTRACT

Thetermsof tonality and tonal audibility of the noise emitted by wind turbinesare
defined and described in the standard 1EC 61400-11. The procedure for tonality
assessment at different wind speeds based on the narrowband analysisis explained
in section 9.5 of the standard. After sorting spectraintowind speed bins, theoverall
tonal audibility isdetermined if at least six of ten of the narrowband spectra have
an identified tone with the same origin. The standard describes a procedure for
tonality assessment by means of a flowchart. Tones of the same origin are treated
and reported asonetone. However, the standard does not specify thefinal value of
thefrequency of thetone. An efficient algorithm hasbeen developed to evaluatethe
tonality of the noise emitted by wind turbines. Likewise, different alternatives to
specify thefinal frequency of thetonear ediscussed, based either on their frequency
of appearance in the total of the number of measurements or on the tone levels
produced by such frequency.
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1. INTRODUCTION

Part 11 of the IEC 61400 [1] presents measurem@aegdures that enable noise
emissions of a wind turbine to be characterized ®fthe most important characteristics
are the apparent sound power levels of the wirldrtarand the tonal audibility both with
reference to the different wind speeds. An objectivethod for the evaluation of the
audibility of tones in noise (reference methodyéscribed in Annex C of ISO 1996-
2:2007 [2]. In the regulations of some countrigsaddition of up to 5dB should be made
to the measured noise level from a wind farm whamality is shown to be a characteristic
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[3]. The edition 3.0 of the standard considers mesment periods of 10 s compared to
the measurements of 60 s in the previous editibnCertainly, 60-second measurements
could provide average wind speeds that can maskagwe speeds every 10 seconds
falling within different speed ranges. When workingh records of 60 s duration, the
results of the tonality can be blurred and not gsveear.

The algorithm proposed by the standard to deterrnota the tonality and the
audibility of the noise emitted by wind turbinesgsite clear except, perhaps, in two
aspects. In the first place, the narrowband spe@salution is not univocal, admitting
resolutions between 1 and 2 Hz. A comparison betwmessible differences of such
resolutions will be pointed out later. The secosgeat is far more meaningful. The
standard does not conclude what frequency has &sdigned to the identified tones. In
the standard ‘tones of the same origin’ are defaetbllows: Identified tones in different
spectra are considered as tones of the same drigare are within an interval af25 %
of the critical band centered at the frequency.e€Boof the same origin are treated and
reported as one tone.

After showing and analyzing the results obtainethwin algorithm that follows
the procedure of the standard, it will discusgha)influence on the results of the spectral
resolution, b) the assignment of a single frequéaaharacterize the representative tone
of the ‘tones’ of the same origin and c) a new, engfficient algorithm for the search of
tonality.

1. MEASUREMENTS

From the measurements carried out to determingadlner and tonality of the
wind turbine, the acoustic pressure signals weoerded continuously, along with
multiple variables of the machine: power, rotatspeed, orientation, etc. as well as wind
speed, with averaging every 10 s. Subsequentlgnddsurements were selected for each
wind speed range. The speed ranges vary every 8.5Racordings with speeds in the
range of £ 0.1 m/s around the central bin werertakeour case, the sampling frequency
was 25600 samples per second, so each matrix hd&b@8000 cells (matrix M). Wind
speeds ranged from 8 to 13 m/s.

There is an important difference with the procedofréhe standard. Under this
standard (point 7.2.5) ‘narrowband spectra are aredssynchronously with the sound
pressure levels as the energy average over 10asipeNarrow band spectra shall be A-
weighted. A Hanning window with an overlap of &de50 % shall be used'. In our case,
both the spectral analysis and the A-weightingesauated within the algorithm, from
the 10 s time records.

2. ALGORITHM

On the input matrix M (pressure vs time, 10 s,téor measurements of the same
bin) the search and analysis of tones is carri¢dnatine following way:
I. Spectral analysis of the signals.

First, the FFT of the 10 input signals is obtaire. done by thgetFTcoef (Junction,
which returns the coefficients of the FFI0€).

[l. Getting levels, energy and bandwidth for resiolous of 1 and 2 Hz.

Such parameterd P, ENE, BW are obtained through tHmesMatrix () function,
which reads the previously calculated coefficiditse)), the resolution and the number
of input signals (10 in our case). It is carried fau the two resolutions.

[ll. Determination of possible tones.




This is where tone’s search begins. The local marmmof the signals are searched
and only those meeting that their level exceed<titieal band average by more than 6
dB (except the maximum line and its two adjacemsyrare selected. It is performed by
thepossibleTones function, which has as inputs LP, ENE, BW, theoheison and the
number of input signals. The function returns thaablesTonesandidxTones Tones is
a matrix indicating on which lines there is agibke tone for each of the input signals.
idxToness a vector with the indexes of those lines wleetene appears in at least one
of the signals.

IV. Tone’s localization.

The findTones ()function locates the tones. First, the functi&@®criterion() and
LPNcriterion() classify the lines as 'masking’, 'tones’ or 'mgitirhey are applied in a
loop over each of the possible tones. Once a taad&en identified, its tonal parameters
are obtained with theoneParameters(unction.

- Tone frequency: frequency at which the maximumliéme is located within the
critical band. This frequency is found with thetFreq()function.

- Tone level: energetic sum of the lines classifisd@nes'.

- Masking noise level: the energy average of the tspledines identified as
'masking’ within the critical band plus the correctfor the use of the Hanning
window.

- Tonality: difference between the tone level andrtfasking noise level.

- Audibility: tonality plus a frequency dependent igation to compensate for the
response of the human ear to tones of differequiacy.

After obtaining the parameters of each tone idietiin the 10 spectra, the results are
ordered in a first matrixnatrixRes1HandmatrixRes2HZone for each resolution). The
function responsible for generating these matripdss others that simplify the final
results later) igonvert2matrix()

The size ofmatrixRes'X'Hzs (i x 76), where is the number of identified tones. The
information contained in each of the columns ifodlsws:

@, 1) central frequency of the critical band of thees {c).

(i, 2:11) identification of the spectra that havad' in that line.

(i, 12:21) frequency of the tone.

(i, 22:31) level of the 'tone' line (centeredfon

(i, 32:41) tone level.

(i, 42:51) masking noise level

(i, 52:61) tonality.

(i, 62:71) audibility.

(i, 72) average tonality of tones of the same origin

(i, 73)  average audibility of tones of the sameiorig

(i, 74)  number of spectra in which tones of the sarggn appear.

(i, 75)  number of spectra in which tones centereft appear.

(i, 76) identification of relevant and non-relevories.

In the last column, only those tones that appeat ileast 6 of the 10 analyzed
spectra and whose average audibility is equal greater than -3 dB are shown. Figure
1 shows the flow diagram of the algorithm impleneeit
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Figure 1. Flowchart of the program implemented iatlsb. The different functions are
displayed, as well as the time and order of call

3. RESULTSAND ASSESSMENTS

3.1.Influence of the frequency resolution.

The frequency resolution must be between 1 and.2THe procedure used to
identify possible tones requires identifying thedpal lines (within the critical band) in
masking tonesandneitherlines. Figure 2 shows the results for two resohsi(1 and 2
Hz) including tonal frequency, tone levely{l. masking noise level (k) and audibility
(ALg) for a specific measurement. As can be seen thétsefor this measurement are
practically identical
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Figure 2. lllustration of the classification of thpectral lines in ‘masking’, ‘neither’ and ‘tones’
for two frequency resolutions, 1 (up) and 2 (dowz)

A comparison is made between tonal frequency, ditgitand number of
measurements (from 10) with an identified toneatbwind speed with the two frequency
resolutions, 1 and 2 Hz. Table 1 shows the resiscan be seen, the results obtained
with both resolutions are very similar.



Table 1. Results obtained with resolutions of 1 2tk

1Hz 2 Hz Differences

v.m/s| Freq, Hz A‘é‘gb’ N | Freg, Hz A‘é‘gb’ Af |A(Aud)| AN
8 1352 588 | 9| 1352 599 9 0 -0,11
8,5 1365 551 | 10 1366 577 10 11 -0,26
9 1342 515 | 8| 1342 543 8 0 -0,28
9,5 1342 594 | 10 1342 605/ 10 0 -0,10
10 1339 4,86 | 10 1340 491 10 11 -0,05
10,5 | 1351 449 | 10 1350 477/ 10 L -0p7
11 1351 3,82 | 10 1346 369 10 5 0,13
115 | 1350 473 | 10 1344 473/ 10 B 0,00
12 1346 459 | 10 1360 452 10 -14 0,06
12,5 | 1333 454 | 10 1364 447 10 B1 0,08
13 1343 4,99 | 10 1348 486 10 15 0,13

3.2. Alternative tone sear ch.

The search for local maxima is, in a way, an unssay work. After detection of
the local maximum, the maximum of the critical basdelected as the frequency of the
possible toneAn example is shown in Figure 3. There are 61 locakima within the
critical band. While it is very fast with the furmt 'max local' it implies a consumption
of calculation time. Six of the 61 meet the follogyirequirement of having a level 6 dB
higher than the average level of the band excludirapd its neighbors. Finally, the
standard requires taking only the maximum valuines$e six. In the example, 44.4 dB at
1341 Hz. Although the width of the critical bandhdads on the frequency, it is possible
to search directly the maximums for bands with widitmilar' to the critical bands. This
would have directly detected this last value. T@cess is much more efficient than that
suggested by the standard. This strategy redueesathulation time (for a bin with 10
measurements) by 10%. With an Intel 2.7 GHz prawmeasd a 4 GB RAM, the search
time for the tones for a speed bin (10 measurenodrit® s) is 1.5 s.
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Local maxima within the critical band
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Figure 3. Local maximums and possible tones withéncritical band.

3.3. Deter mination of the tone frequency.

There is no uncertainty in checking whether a singeasurement has a tone or
not and at what frequency it occurs. Indetermimatiocurs when averaging tones of the
same origin in a series of measurements for a wpekd. The energy average of the
audibility is made for all the tones of the samigjiar This produces a common average
audibility for all of them. However, such tones pap, in general, at different frequency.
The standard does not establish what should beefeency of the tone.

To assign a frequency to the tonal characteriséieeral criteria can be used [4].
A first criterion can be the following. From the s frequencies with tones of the same
origin and with same average audibility, selectftequency with the higher modal value.
That is, the frequency that (with the first critariof the tonality) is most repeated in the
ten measurements, columns 2 to 11 of the MatrixirRés'X'Hz. Using this criterion in
multiple bins (10 measurements) figures obtained'@ntered' in the spectral maxima.
Nevertheless, in many cases the mode takes thesdueefor several frequencies.

In our opinion, one criterion that improves thevooes one is to select (again,
from the set of frequencies with tones of the saigin and with same average
audibility) the average value of the N frequentied were the maximums of the selected
critical bands. That is, the average value of theeljuencies that appear in columns 12
to 21 of the Matrix matrixRes'X'Hz. Remember thanNst be a value equal to or greater
than 6. In addition, the figure of this frequensyunique. With this criterion, a more
‘centered’ tone is obtained when graphing the sgeclues of the ten measurements in
the critical band of the tone.

4. CONCLUSIONS
A program has been implemented in Matlab to deteertie tonality of wind turbines.

The recommendations of the IEC 61400-11 standard haen basically followed with
two slight differences. It start from temporaryoets and 10 records are used for each



bin of wind speed. The 10 s of duration of eachsueament is maintained. The program
calculates the tonality for each wind speed inrg gbort time, around 1.5 s for a common
processor. A tone search strategy is introducetlishenuch more efficient than that
suggested by the standard. Finally, the progranodntes a new criterion to assign a
frequency value to the detected tones.
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