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TNO Wind Energy is accredited conform ISO / IEC 17025 and accepted as RETL
under IECRE WE.

» Power performance measurements conform to IEC 61400-12-1, MEASNET
Power Performance measurement procedure, FGW TR2, FGW TR5

* NTF/NPC measurements conform to IEC 61400-12-2
¢ Mechanical loads measurements conform to IEC 61400-13

» Meteorological measurements (wind speed, wind direction, temperature, air
pressure and relative humidity) conform to IEC 61400-12-1

Verification of ground-based or nacelle-mounted Remote Sensing Devices
conform to IEC 61400-12-1, Appendix L

Verification of Floating LiDAR conform to IEC 61400-12-1, Appendix L and
IEA Recommended Practices 18

Results only apply for the tested floating LiDAR system with the settings used
during the measurement period.
In case copies of this report are made, only integral copying is allowed.
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Management summary

As part of the 2021 Windconditions@northsea project a ZX Lidars ZX300 with serial
number 308 was installed at the TNO RSD Verification Facility on 11 July 2019. The
LiDAR was validated before using it for wind field measurements at Europlatform.

The official measurement campaign started on 15 July 2019 14:40 UTC and lasted
until 8 September 2019 00:00 UTC, covering 54 days. The LiDAR validation was
successful.

The primary results of this validation are based on the IEC 61400-12-1:2017.

All meteorological measurements are carried out under ISO 17025 accreditation.
TNO Wind Energy is an IECRE approved test lab.

TNO PUBLIC
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1

Introduction

The activities that TNO performs under the independent ISO 17025 accreditation and
IECRE approval are:

» Power performance

» Mechanical loads

» Meteorological measurements

* Remote sensing device verification

* Floating LIDAR verification

Remote Sensing Devices have emerged in the last years as a promising alternative
to anemometers in masts, since they are typically quicker and easier to deploy, avoid-
ing the drawn-out planning consent process to construct a tall meteorological mast.
LiDARs/RSD also have the potential to reduce costs and time taken for turbine type
certification and site assessment within onshore and offshore projects. Therefore, the
high quality verification of the LiIDARs/RSD is critical for excellent performance. To
that end, TNO developed the TNO RSD Verification Facility at ECN Wind Turbine test
site in Wieringermeer (EWTW) near the meteorological mast number 6 (MM6).

A ZX Lidars ZX300 with serial number 308 was installed at the TNO RSD Verification
Facility (TRVF) at the EWTW test site near MM6 on 11 July 2019. The LiDAR was
validated before using it for wind field measurements at Europlatform (EPL) in the
2021 Windconditions@northsea project. This report describes the validation results.

After verifying correct operation of the LiDAR, the measurement campaign was started
on 15 July 2019 14:40 UTC and lasted until 8 September 2019 00:00 UTC.

The results of this validation are based on the IEC 61400-12-1:2017 [1] standard.

TNO PUBLIC
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Measurement campaign

TNO RSD Verification Facility

The TNO RSD Verification Facility (TRVF) [2] is located at the ECN Wind Turbine
test site Wieringermeer (EWTW). The terrain at the EWTW test site consists mainly
of agricultural land, with single farmhouses and rows of trees as shown in fig. 1. It
is located in the Wieringermeer, a polder in the north east of the province of North
Holland, 3 km North of the village Medemblik. To the East, the site is 1 km removed
from the vast IUsselmeer lake. The altitude is 5 m below sea level. The site is consid-
ered sufficiently flat according to IEC 61400-12-1:2017 as demonstrated by the laser
altimetry in fig. 2.

fim.os 04 Yoo Yoo

ource: Goole Maps

Figure 1: Detailed overview of the south EWTW locations and corresponding meteo mast locations
as well as the nearby obstacles

MMB®6 is an un-guyed triangular lattice tower with a height of 118.9 m, see fig. 3. At the
bottom the width of the tower is 5.86 m. On top of the mast a vertical tube is installed
with a total height of 1.775m above the mast top. Including the sensor height of
0.225m this adds up to a top cup measuring height of 120.9m.

A total of 8 booms are mounted on to the mast, as is presented in the layout drawing
in fig. 7. Five booms, pointing at 320 ° in relative to North, support three wind vanes
and two cup anemometers. Three booms, pointing at 140 ° relative to North, support
anemometers. At the lower and mid measuring heights two cups are installed in
opposite directions. Within the large measurement sector a single cup measurement
would result in large wake effects at specific wind direction. Combined, the influence
is minimized. At the lower and mid measuring height the vanes are installed on a
separate boom 4 m below the cup measuring height. The measuring heights of the
cup anemometers are 41.9m, 81.4m, 115.9m and 120.9m. The measuring heights
of the wind vanes are 37.9m, 77.4m and 115.9m. At 111.9m, 4 m below the cup
anemometer, a sonic anemometer is located. The booms can be retracted for
maintenance of the sensors.

TNO PUBLIC
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5.5

elevation [m] w.r.t. sea level

Source: PDOK / AHN-3 (0.5 m raster DTM)

Figure 2: Ground level elevation map of the LiDAR’s surroundings (radius = 5x120.9m)

Figure 3: Meteorological Mast 6

TNO PUBLIC
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2.2

In table 1 the coordinates of the meteorological mast and LiDAR locations are sum-
marized. In fig. 4 the location of the verification platform is shown in more detail.

Table 1: Coordinates of the reference mast as well as the LiDAR platform

MM6 132384 m, 536649m  52°48.598'N, 5°3.63'E
LiDAR platform = 132343m, 536623 m  52°48.589'N, 5°3.41'E

RD Rijksdriehoeksmeting (Dutch geodetic datum)
WGS 84 world geodetic system 1984

Gqégle Earth
Source: Google Maps

Figure 4: Position of the LIDAR at 49m from the meteorological mast; indicated in green is the
meteorological mast and in yellow the verification platform

Measurement sector

The “measurement sector” is the wind direction sector for which the meteorological
mast measurements and LIDAR measurements are unaffected by obstacles. The
measurement sector for this verification test is determined based on
IEC 61400-12-1:2017 [1] using MeasSector version 2.2.1.

The measurement sector consists of two parts:
- 104.0° to 119.4°
- 191.3°t0 0.0°

In fig. 5 the lay-out of the EWTW test site is given with the excluded sectors of
all the relevant obstacles. This information is used to determine the undisturbed
measurement sector.

TNO PUBLIC
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Figure 5: Layout of the EWTW test site used to determine the measurement sector

Remote Sensing Device

The Remote Sensing Device (RSD) is a ZX Lidars ZX300 LiDAR. This unit has iden-
tification number 308 (software version 2.208). It is configured to perform measure-
ments at 10 heights: 23m, 43 m, 63 m, 82m, 102m, 122m, 142m, 162 m, 182 m and
202m. The LIDAR has a cone half-angle of 30 °. Note that the LIDAR measurement
heights are 1 m above the reference heights as the lens height was not accounted for
in the LiDAR height configuration. The comparison heights are specified in table 2.

Table 2: Measurement heigths for verification

Comparison height | MM6 height  LiDAR height

120.9 120.9 122
81.4 81.4 82
41.9 41.9 43

The ZX300 LiDAR at the TNO RSD Verification Facility is presented in fig. 6.

Data stream

The Meteorological Mast 6 is connected via a glass fibre network to the measurement
office at the EWTW test site. From here, the data are transported on a daily basis
to the TNO offices in Petten, where they are stored on a server and imported in a
dedicated Wind Data Management System (WDMS) database [3]. The LiDAR data
are accumulated in the LiDAR device itself.

Please note that for the analysis we use the Wind10 files the LiDAR produces. (So
we use the 10-minute averaging as performed by the LiDAR itself.)
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Figure 6: ZX300 308 at the TNO RSD Verification Facility
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Figure 7: Layout of the meteorological mast MM6
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The LIDAR measurement campaign officially starts on 15 July 2019 14:40 UTC and
ends on 8 September 2019 00:00 UTC. Figures 8 and 9 show the time series for the
wind speed and wind direction measured by the reference meteorological mast and
the LIDAR, prior to filtering. Note that due to a power outage no MM6 data is available
from 23 August 2019 until 01 September 2019.

30
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Figure 8: Unfiltered wind speed time series for the comparison heights by the reference meteoro-
logical mast at the TNO RSD Verification Facility (top) and the LiDAR (bottom)

3.1 Filter criteria

The data is filtered in accordance with IEC requirements [1, Annex L.2.3, p.204]:

a) Reference meteorological mast free of wakes
The measurement sector is defined in paragraph 2.3 and the filtering is applied
to the wind direction measurements at each comparison height individually.

b) LiDAR free of wakes
The LiDAR is located 49 m from the base of MM6. At 120.9 m MMG is inside
the (circular) measurement volume of the LiDAR. Due to the cone angle of the
LiDAR, the radius of this circle increases with measurement height.

The resulting ratio between the wind speeds measured by MM6 and the LiDAR
at each comparison height and within the measurement sector, does not show
a strong directional dependency, see fig. 18.

c) Anemometers free of mast wake
For measurement heights below the top cup, the influence of the MM6 wake
on the reference cup anemometers is mitigated by combining measurements of

TNO PUBLIC
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Figure 9: Unfiltered wind direction time series for various heights by the reference meteorological
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mast at the TNO RSD Verification Facility (top) and the LiDAR (bottom)

two cups on booms at opposite sides of the mast.

Icing

The MEASNET [4] icing criterion is applied, which eliminates data if the temper-
ature is below 2 °C while the relative humidity is over 80 %. The impact of this
criterion is shown in fig. 11.

Data availability

No filtering is applied on the data availability to improve the quality of the LiDAR
data. The LiDAR gives a status code 9999 when no wind field data is available,
during analysis the status code is replaced by NaN. For analysis of the influence
of the availability on the quality of the data first a signal named ‘availability’ is
defined based on the number of packets logged for each 10-minute averaged
sample. In order to quantify the overall availability of the LiDAR in a 10-minute
interval (for a certain height), we normalize the number of packets in a 10-minute
interval to 100 % using

Npackets * "'points
maX(npackets) - MaX(npoints)

availability = 100 % (3.1)

where max(npackets) IS the maximum value for the number of packets metric ob-
served in the entire data set. Figure 10 does not show a clear relation between
the LIDAR availability and the deviation.

Precipitation

No filtering on precipitation was undertaken. The IEC 61400-12-1:2017 de-
scribes that in general no filtering on precipitation should be applied unless
specifically described by the manufacturers guidelines.
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4.2

4.3

4.4

LiDAR verification

This chapter reports the results of the LIDAR verification analysis as defined in an-
nex L.3 [1]. The analysis is performed using the in-house software tool RSDverifica-
tion version 1.3.1.

Direct data comparison

A comparison of the horizontal wind speed between the meteorological mast devices
and the LiDAR for each comparison height is presented in figs. 12 to 14. The format
is taken from figure L.5 [1]. Only samples for which the reference wind speed is in the
range of 4 m/s to 16 m/s are used.

Bin-wise data comparison

The bin-wise comparison described in Annex L.3 [1] first requires binning of the refer-
ence wind speeds measured on the meteorological mast. The prescribed bin width is
0.5m/s centred on integer multiples of 0.5 m/s. Because the range is 4 m/s to 16 m/s,
the first and last bin are given half the prescribed width and are centred at 4.125m/s
and 15.875 m/s respectively.

The resulting bin count histograms are presented in fig. 20. Due to the smaller bin
width, the first and last bin have a significantly lower bin count.

The resulting bin-wise comparisons for each measurement height, are presented
in figs. 15 to 17. The results of the regressions are summarised in table 3. The
uncertainty intervals shown in these figures are discussed in section 6.2.

Table 3: LiDAR verification IEC 61400-12-1:2017 Annex L results

slope  offset R?

1209 1.010 -0.044 1.000
81.4  1.001 0.018 1.000
419 1.004 0.014 1.000

Systematic uncertainties

The results of the systematic uncertainty analysis, as described in section 6.2, are
presented for each comparison height in tables 4 to 6. The tables are modelled after
table L.9 [1]. The total LiDAR uncertainty is reported in column V54 uncertainty’.

If there are fewer than three data sets in any bin, all statistics (mean and standard
deviation) and derived properties are omitted from the table.

Environmental conditions

The uncertainty computation for the LIiDAR as part of a future power performance
campaign requires the environmental conditions experienced during the LiDAR ver-
ification test [1, annex L.7.1, item i]. The conditions at each comparison height are
defined in chapter 5 and reported in tables 7 to 9. The environmental data is subject
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to the same filtering steps as the (wind speed) data used for the verification analysis.
The environmental data is binned against the reference wind speed’.

"For the reference wind speed the bin centre is reported, because each environmental condition may have
a slightly different bin-wise mean wind speed depending on the availability of environmental data.
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Figure 12: Wind speed comparison @120.9m
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Figure 13: Wind speed comparison @81.4m
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Figure 14: Wind speed comparison @41.9m
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Table 4: Uncertainty calculations arising from performance verification of the rsd @120.9 m in terms of systematic uncertainties.

4.13
4.49
4.98
5.51
5.99
6.51
7.01
7.51
8.01
8.49
9.00
9.50
10.02
10.50
11.00
11.49
11.98
12.45
12.98
13.48
14.00
14.48
15.01
15.46
15.90

4.13
4.49
4.98
5.50
5.99
6.52
7.02
7.52
8.04
8.54
9.04
9.57
10.07
10.59
11.08
11.61
12.09
12.52
13.04
13.51
14.11
14.57
15.11
15.52
16.01

data sets

73
185
211
240
244
275
314
355
382
341
294
234
191
217
163
147

98

75

42

38

30

21

12

13

Visg Mmax

4.47
5.00
5.64
6.21
6.84
7.1
7.68
8.31
9.00
9.51
10.05
10.21
10.64
11.79
12.15
12.58
13.98
13.38
14.01
14.33
14.54
15.12
15.50
15.97
16.34

Visg Min

3.57
3.95
4.56
4.92
4.95
5.94
6.27
6.86
7.47
8.00
8.18
9.09
9.49
9.88
10.43
10.87
11.45
12.01
12.54
13.04
13.67
13.53
14.59
14.75
15.73

""T’sd std

0.171
0.193
0.204
0.195
0.237
0.195
0.227
0.219
0.214
0.232
0.236
0.216
0.232
0.272
0.281
0.283
0.331
0.261
0.266
0.300
0.246
0.335
0.276
0.298
0.258

Vi Std
rsd vn

0.020
0.014
0.014
0.013
0.015
0.012
0.013
0.012
0.011
0.013
0.014
0.014
0.017
0.018
0.022
0.023
0.033
0.030
0.041
0.049
0.045
0.073
0.080
0.083
0.129

mean deviation

0.004
-0.098
-0.072
-0.183
-0.134

0.156

0.113

0.250

0.369

0.541

0.447

0.754

0.546

0.907

0.773

0.996

0.921

0.552

0.447

0.233

0.769

0.576

0.619

0.394

0.713

Vief UNcertainty

1.415
1.331
1.240
1.161
1.102
1.050
1.007
0.970
0.939
0.912
0.888
0.867
0.847
0.831
0.816
0.803
0.791
0.780
0.769
0.760
0.751
0.743
0.736
0.730
0.724

mounting unc. rsd

0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10

separation unc.

0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39

Visd Uncertainty

1.562
1.443
1.351
1.279
1.224
1.167
1.123
1.110
1.113
1.162
1.102
1.243
1.116
1.322
1.227
1.371
1.324
1.084
1.046
0.982
1.209
1.159
1.187
1.084
1.376
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Table 5: Uncertainty calculations arising from performance verification of the rsd @81.4 m in terms of systematic uncertainties.

4.12
4.49
5.01
5.51
6.01
6.51
7.00
7.49
7.99
8.49
9.00
9.50
10.02
10.48
11.00
11.52
12.00
12.53
12.97
13.52
14.07
14.41
14.98
15.44

4.10
4.52
5.04
5.50
6.01
6.50
6.97
7.48
8.03
8.55
9.05
9.53
10.11
10.58
11.08
11.59
12.06
12.63
13.04
13.50
14.03
14.43
15.01
15.36

data sets

98
228
233
275
354
373
395
365
339
272
244
194
193
161
101

68

49

39

28

26

16

15

Visg Mmax

4.61
6.55
5.65
6.53
7.13
7.18
7.76
8.47
8.78
9.26
10.61
10.38
10.77
11.27
12.08
12.31
12.70
13.28
13.62
14.05
14.60
15.18
15.53
15.59
15.83

Visg Min

3.77
3.76
4.65
5.09
5.42
5.45
6.34
6.54
6.85
7.97
7.83
8.90
9.28
10.09
10.43
11.14
11.41
12.25
12.24
12.52
12.19
13.91
14.73
15.23
15.83

""T’sd std

0.146
0.232
0.195
0.195
0.237
0.218
0.249
0.230
0.247
0.234
0.264
0.242
0.248
0.226
0.280
0.261
0.314
0.228
0.286
0.352
0.554
0.335
0.210
0.196

Vi Std
rsd vn

0.015
0.015
0.013
0.012
0.013
0.011
0.013
0.012
0.013
0.014
0.017
0.017
0.018
0.018
0.028
0.032
0.045
0.037
0.054
0.069
0.138
0.112
0.054
0.113

mean deviation

-0.258
0.572
0.605

-0.116

-0.025

-0.104

-0.327

-0.074
0.492
0.619
0.491
0.330
0.914
0.938
0.798
0.601
0.488
0.753
0.564

-0.140

-0.266
0.118
0.232

-0.520

Vief UNcertainty

1.468
1.378
1.281
1.203
1.146
1.096
1.052
1.008
0.982
0.960
0.938
0.912
0.897
0.885
0.868
0.845
0.848
0.803
0.820
0.789
0.768
0.767
0.750
0.747

mounting unc. rsd

0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10

separation unc.

0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58

Visd Uncertainty

1.654
1.652
1.568
1.376
1.321
1.276
1.277
1.197
1.274
1.312
1.242
1.167
1.435
1.442
1.357
1.240
1.218
1.297
1.246
1.136
1.420
1.261
1.065
1.323
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Table 6: Uncertainty calculations arising from performance verification of the rsd @41.9 m in terms of systematic uncertainties.

4.12
4.50
5.00
5.50
5.99
6.49
7.00
7.49
7.99
8.47
8.98
9.50
10.01
10.49
10.99
11.50
12.01
12.47
12.97
13.54

14.51
14.93

4.16
4.54
5.05
5.55
6.05
6.54
7.04
7.52
8.02
8.50
8.99
9.53
10.07
10.53
11.09
11.51
12.09
12.56
13.12
13.73

14.50
14.97

data sets

157
384
385
434
365
302
288
246
263
205
178
153

88

58

63

35

29

N = © W= N

Visg Mmax

4.52
5.17
5.62
6.16
6.88
7.26
7.60
8.28
8.70
9.16
9.75
10.37
10.80
11.30
11.68
12.27
12.89
12.95
13.70
14.25
14.72
14.66
15.81
15.06
16.98

Visg Min

3.82
3.93
4.42
4.69
5.59
5.82
6.44
6.53
7.13
7.43
8.16
8.70
9.36
9.75
10.45
9.84
11.54
11.83
12.63
13.12
14.72
14.26
13.84
15.06
15.88

""T’sd std

0.143
0.191
0.187
0.206
0.203
0.233
0.222
0.244
0.285
0.288
0.293
0.277
0.264
0.340
0.280
0.447
0.315
0.333
0.278
0.379

0.212
0.577

Vi Std
rsd vn

0.011
0.010
0.010
0.010
0.011
0.013
0.013
0.016
0.018
0.020
0.022
0.022
0.028
0.045
0.035
0.076
0.059
0.073
0.077
0.143

0.122
0.192

mean deviation

0.925
1.045
0.993
0.920
0.901
0.696
0.476
0.373
0.322
0.301
0.142
0.308
0.610
0.342
0.872
0.124
0.684
0.726
1.150
1.392

-0.114
0.273

Vief UNcertainty

1.454
1.367
1.272
1.199
1.140
1.092
1.045
1.010
0.976
0.948
0.923
0.904
0.889
0.861
0.852
0.839
0.809
0.802
0.782
0.774

0.761
0.755

mounting unc. rsd

0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10

0.10
0.10

separation unc.

. A A A A A A A A A A A A A A A A A A

A3
A3

13

A3
A3
A3

13

A3
A3
A3

13

A3
A3
A3

13

A3
A3
A3
A3
A3

1.13

A3

Visd Uncertainty

2.090
2.080
1.991
1.907
1.861
1.744
1.636
1.588
1.558
1.538
1.501
1.513
1.601
1.536
1.706
1.573
1.638
1.683
1.900
2.230

1.620
1.904
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Table 7: Environmental conditions experienced during verification test for LIDAR measurements @120.9 m.

wind speed

4.125
4.500
5.000
5.500
6.000
6.500
7.000
7.500
8.000
8.500
9.000
9.500
10.000
10.500
11.000
11.500
12.000
12.500
13.000
13.500
14.000
14.500
15.000
15.500
15.875

shear exponent

0.1432
0.1666
0.2208
0.2250
0.2131
0.2142
0.2353
0.2448
0.2680
0.2562
0.2516
0.2392
0.2477
0.2553
0.2184
0.2374
0.2315
0.2249
0.2011
0.2260
0.1904
0.1830
0.2032
0.1993
0.2123

turbulence intensity

12.74
9.85
8.81
8.62
8.91
8.72
9.13
8.48
8.18
8.51
8.60
8.92
8.76
8.49
9.74
8.92
9.10
9.40
9.21
8.99
9.53

10.34
9.59
9.82

10.07

precipitation

3.10
0.89
4.16
4.33
3.50
2.46
5.63
6.95
7.33
7.68
7.52
10.06
7.74
717
13.156
11.96
14.79
10.49
8.55
9.26
15.80
17.46
13.36
18.57
4.86

wind direction

258.2
259.5
2445
2471
240.0
2442
243.9
245.8
238.2
2384
233.2
236.0
232.9
227.2
234.5
2255
2245
240.9
246.4
2445
240.0
248.0
246.2
240.5
228.0

air temperature

17.55
17.14
17.28
17.29
17.81
17.49
17.39
17.11
17.14
17.29
17.28
17.15
17.32
17.68
17.52
17.49
17.46
17.22
17.36
16.38
16.98
16.09
15.79
16.24
17.20

relative humidity

68.86
70.95
69.34
70.96
69.18
70.60
72.47
73.17
74.69
75.30
75.06
75.87
74.70
73.87
73.86
75.28
75.07
72.61
68.86
69.75
71.03
70.51
67.11
70.73
72.55

air density

1.197
1.200
1.199
.198
.195
195
194
.196
.195
193
193
193
193
.190
191
.189
.189
191
193
197
192
1.199
1.202
1.198
1.191

R AT (U U A U O U A O O U QAT QU U G

flow inclination

0.202
-0.009
0.249
0.221
0.180
0.164
0.102
0.079
0.066
0.087
0.020
0.150
0.089
0.147
0.098
0.188
0.275
0.115
-0.111
-0.041
0.007
0.053
0.115
-0.013
0.088

wind veer

-0.1221
-0.1320
-0.1625
-0.1398
-0.1290
-0.1134
-0.1098
-0.1120
-0.1148
-0.0957
-0.0822
-0.0718
-0.0698
-0.0629
-0.0433
-0.0517
-0.0432
-0.0398
-0.0237
-0.0350
-0.0387
-0.0303
-0.0388
-0.0395
-0.0442
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Table 8: Environmental conditions experienced during verification test for LIDAR measurements @81.4 m.

wind speed

4.125
4.500
5.000
5.500
6.000
6.500
7.000
7.500
8.000
8.500
9.000
9.500
10.000
10.500
11.000
11.500
12.000
12.500
13.000
13.500
14.000
14.500
15.000
15.500
15.875

shear exponent

0.1933
0.1918
0.2350
0.2426
0.2469
0.2623
0.2572
0.2485
0.2311
0.2098
0.2041
0.2231
0.1987
0.2075
0.1891
0.1604
0.1654
0.1893
0.1824
0.1637
0.1896
0.1804
0.1991
0.2085

turbulence intensity

10.86

9.50
10.15

9.63

9.78

9.56

9.31

9.90

9.88
10.87
10.66
10.76
11.54
11.35
11.47
11.79
12.21
11.30
11.19
11.69
11.88
11.73
11.27
12.83

precipitation

3.06
2.83
3.98
2.21
3.92
6.52
8.55
8.72
6.74
5.81
7.92
8.03
9.77
11.30
17.07
6.51
12.82
6.16
18.25
15.84
17.13
6.46
2.25
30.27

wind direction

255.1
2494
244.7
239.4
236.9
239.9
239.1
2341
229.9
2334
236.9
229.6
2354
2324
2354
238.0
255.9
233.9
249.4
239.6
233.5
237.8
228.5
224.8

air temperature

17.17
17.05
17.18
17.42
17.57
17.38
17.22
17.30
17.23
17.32
17.59
17.82
17.82
17.65
17.29
17.01
16.26
17.36
16.42
17.02
16.79
16.41
16.95
17.76

relative humidity

70.89
71.06
69.78
69.51
72.08
73.09
74.27
74.98
74.82
73.15
73.03
72.65
73.99
74.57
75.15
72.77
69.89
69.98
71.14
67.98
69.44
67.54
69.36
76.69

air density

1.200
1.200
1.198
.196
194
195
194
193
194
195
193
.190
.188
.189
191
192
.198
191
.196
195
1.196
1.200
1.195
1.185

RGNS G U O O A QU G I O QI G U

flow inclination

-0.248
0.151
0.217
0.331
0.188
0.165
0.129
0.124
0.087
0.047
0.073
0.171

-0.056
0.037
0.138
0.038

-0.147

-0.045

-0.041

-0.023

-0.013
0.202
0.160
0.370

wind veer

-0.1598
-0.1490
-0.1453
-0.1429
-0.1300
-0.1168
-0.1140
-0.0922
-0.0810
-0.0641
-0.0609
-0.0572
-0.0369
-0.0375
-0.0394
-0.0363
-0.0305
-0.0297
-0.0374
-0.0361
-0.0332
-0.0348
-0.0405
-0.0309
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Table 9: Environmental conditions experienced during verification test for LIDAR measurements @41.9 m.

wind speed

4.125
4.500
5.000
5.500
6.000
6.500
7.000
7.500
8.000
8.500
9.000
9.500
10.000
10.500
11.000
11.500
12.000
12.500
13.000
13.500
14.000
14.500
15.000
15.500
15.875

shear exponent

0.2165
0.2251
0.2837
0.2611
0.2447
0.2023
0.1698
0.1695
0.1622
0.1601
0.1604
0.1472
0.1521
0.1501
0.1406
0.1625
0.1629
0.1736
0.1830
0.1765

0.2107
0.1993

turbulence intensity

11.51
10.69
11.05
11.67
11.82
12.91
13.21
13.18
13.78
13.88
13.93
14.15
13.83
14.28
14.21
13.96
14.35
13.76
14.40
15.21

14.63
15.75

precipitation

2.51
2.64
7.65
8.08
5.59
7.08
6.43
6.10
6.65
10.62
9.09
11.32
10.19
4.16
7.27
19.02
12.67
10.16
1.10
12.97

0.00
14.01

wind direction

231.7
230.7
230.6
2294
225.8
231.0
236.3
235.8
238.8
234.7
238.3
239.3
2420
2415
245.3
2491
229.8
2375
225.6
223.2

220.5
220.4

air temperature

17.20
17.11
17.27
17.36
17.35
17.25
17.49
18.39
17.98
17.84
17.45
17.31
17.08
17.17
17.01
16.63
17.24
16.64
17.04
16.70

18.24
18.35

relative humidity

69.43
70.36
73.83
74.64
73.15
71.42
71.63
69.62
72.60
72.20
73.20
75.11
73.99
69.83
68.75
70.07
68.78
67.92
68.52
67.64

71.86
70.92

air density

. A A A A A A A A A A A A A A A A A

199
.198

194

193
194
195

193

.190
.190
191

191

191
192
192

194

.196
193
.198
195
197

1.183

N

.183

flow inclination

0.180
0.274
0.244
0.292
0.262
0.167
0.037
0.048
-0.100
-0.029
-0.078
-0.159
-0.167
0.100
-0.140
-0.235
-0.008
-0.030
0.248
0.045

0.420
0.589

wind veer

-0.1683
-0.1635
-0.1525
-0.1168
-0.1066
-0.0814
-0.0496
-0.0367
-0.0340
-0.0335
-0.0301
-0.0312
-0.0336
-0.0297
-0.0285
-0.0303
-0.0362
-0.0353
-0.0330
-0.0410

-0.0552
-0.0317
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5.1

Sensitivities

This chapter investigates the sensitivity of the LIDAR measurement for various envi-
ronmental variables (EVs). The sensitivity analysis is performed in accordance with
the classification analysis specified in annex L.2 [1]. However, for this analysis we use
the same dataset as for the verification analysis. As a result the wind speed range is
restricted to 4 m/s to 16 m/s.

Sensitivity analysis

The basis of this analysis is the deviation between the wind speeds measured by
the ref, v, and the rsd, vsq. The deviation is defined in eq. (5.1). Subsequently the
sensitivity of this deviation is tested against various EVs. The list of variables is based
on table L.2 [1]. The variables considered are described below.

. Uref — Ursd
deviation = ——4—2 (5.1)
Ursd

Unless stated otherwise the EVs are height-independent, meaning the same value
was used for the sensitivity analysis at each comparison height.

1. Shear exponent [-]
The shear exponent, «, is computed by fitting a power law wind shear model
through the vf measurements at 41.9m, 81.4m and 120.9m. The power law

is defined by
Uref h\*
=(— 2
= (o) (52)

2. Reference turbulence intensity [-]
The reference turbulence intensity, measured by meteorological mast, is defined

by

std (Uref)

reference turbulence intensity =
mean (vres)

-100 % (5.3)

This variable is height-dependent.

3. Precipitation [%]
The rain sensor returns a 0 % to 100 % signal indicating the amount of time pre-
cipitation was detected in the 10-minute interval. The precipitation is measured
at40m.

4. Reference wind direction [°]
The wind direction, as measured by meteorological mast, is height-dependent.

5. Air temperature [°C]
The air temperature is measured at 111 m.

6. Relative humidity [%RH]
The relative humidity is measured at 111 m. (The relative humidity was added to
the list of EVs, because it is used in the MEASNET icing criterion in chapter 3.)

7. Air density [kg/im3]
The air density is computed from the air pressure, air temperature and relative
humidity, all measured at 111m, in accordance with equation (12) of
IEC 61400-12-1:2017.
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5.2

8. Flow inclination [°]
The flow inclination is defined as

flow inclination = arctan (vve“> (5.4)

Vhor

The horizontal (vnor) and vertical (vyert) Wind speed components are measured
by a sonic anemometer at a height of 111.9m.

9. Wind veer [°/m]
The wind veer is computed as the difference between the wind direction mea-
surements by meteorological mast at 41.9m and 115.9 m, divided by the height
difference. This definition was taken from IEC 61400-12-1:2017.

wind veer =

Wd,41.9 — Wd,115.9
. : 55
1159 —41.9 (5-5)

10. Reference wind speed [m/s]
This wind speed, as measured by meteorological mast, is height-dependent.

The sensitivity analysis leads to the results presented in table 11, which is presented
in the same format as table L.2 [1]. In this table column ‘m’ represents the slope of
the two-parameter regression of the bin-wise averaged data. Column ‘r?’ represents
the correlation coefficient of the two-parameter regression of the scatter data.

For the computation of the bin-wise averages, only those bins are included that meet
the following bin-count requirement, stipulated by the criterion in eq. (5.6) [1, eq. L.2].
When the reference wind speed is used as the EV, also the criterion in equation (L.3)
needs to be applied.

n; > 5. " (56)
The sensitivity, presented in column ‘sens.’, is defined by
sensitivity = m - std (5.7)

where ‘std’ is the standard deviation of the EV data.

The sensitivity of the LIDAR for an EV is considered as significant if either the sen-
sitivity exceeds a value of 0.5, or the product of sensitivity and » exceeds 0.1. In
table 11, the sensitivity criteria that exceed their threshold value are highlighted in
red. In case a significant sensitivity for an EV is observed for at least one comparison
height, that EV must be considered as significant for all comparison heights. Table 10
provides an overview of the significant sensitivities, empty in case the sensitivity to
the environmental variable is found to be not significant.

Impact on accuracy

The basis for the accuracy class is the product of m, as already presented in table 11,
and the range of the EV. Although out interest is not in determining the accuracy class,
we are interested in the effect of the significant sensitivities presented in section 5.1.
The EV ranges are largely prescribed by table L.3 [1]. The results are presented in
table 12, which is presented in a similar format as table L.6 [1].
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Table 10: Overview of significant sensitivities

environmental variable comparison height overall

1209m 814m 419m

shear exponent v v
turbulence intensity v v v
precipitation

wind direction

air temperature

relative humidity

air density

flow inclination

wind veer

reference wind speed

rsd availability

The range is a defined quantity, presented in the column ‘range’ of table 12. The
IEC 61400-12-1:2017 standard defines the measured range of variation through the
ratio of bins that meet the criterion in eq. (5.6). The result is presented in the col-
umn ‘covered range’. The measured range of variation is considered sufficient if the
covered range is at least 25 %.

For the relative humidity no range is prescribed; we used 0 % to 100 %.

The EVs precipitation, air density, reference wind speed and LiDAR availability do
not meet the range requirement. For the precipitation this is caused by our choice of
the metric: the amount of time precipitation is registered in a 10-minute interval. This
causes most samples to fall in either the 0 % or the 100 % bin. For the air density this
is caused by the limited variation of air density at the site with respect to the prescribed
range. For the reference wind speed at 41.9m and 81.4 m some of the higher wind
speeds bins do not meet the minimum requirement of three data sets per bin.

The last column of table 12 represents the contribution to the preliminary accuracy

class for each EV. From this we can draw the conclusion that at 120.9 m the wind
shear and turbulence intensity have the highest influence on the accuracy.
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Table 11: Sensitivity to environmental variables for the LIiDAR

height avg std m sens. R? sens.xR

42 0.21 0.13 4403 0.554 0.049 0.123

shear exponent 81 0.22 0.14  -1.941 0.011

121 0.23 0.14 -2.804 0.020

turbulence 42 12.30 2.87 -0.016 0.001
intensity % 81 9.83 3.25 0.211 0.686 0.086 0.201
121 8.61 3.07 0.170  0.521 0.062 0.130

42 0.06 0.65 0.000

precipitation % 81 0.06 0.64 0.000

121 0.06 0.67 0.001

42 22996 39.60 -0.002 0.014

wind direction ° 81 23496 39.25 0.008 0.021

121 23745 39.10 0.005 0.007

42 17.03 1.84  -0.020 0.002

air temperature °C 81 17.00 1.86 -0.102 0.008

121 16.97 1.87 -0.068 0.007

42 73.20 10.50 0.025 0.012

relative humidity % 81 73.68 10.64 0.005 0.000

121 73.80 10.68 0.020 0.005

42 1.19 0.01 -6.674 0.000

air density kg/m3 81 1.19 0.01 6.259 0.001

121 1.20 0.01 0.288 0.000

42 0.05 0.69 0.356 0.019

flow inclination ° 81 0.00 0.62 -0.184 0.005

121 0.03 0.64 0.112 0.001

42 -0.05 0.04 -8.804 0.028

wind veer °/m 81 -0.05 0.05 4.223 0.003

121 -0.05 0.05 5.138 0.005

reference wind 42 6.55 166 -0.143 0.011

speed m/s 81 7.41 1.90 0.095 0.006

121 7.91 2.07 0.123 0.018

42 95.69 3.46 0.022 0.000

rsd availability % 81 83.66 17.44 0.000 0.002

121 95.15 5.16 0.004 0.001

Notes for table 11:

» The sensitivity, computed as m x std, is reported in column ‘sens.’.

+ The values for ‘avg’, ‘std’ and R? are derived from a regression of the 10-minute data contained in
the bins that have a statistically significant bin-count, while m is the slope derived from a regression
of the bin-wise mean values [1, p.207-208]. (As a result, no slope - and by extension no sensitivity
- can be computed for variables that only yield a single bin with a significant bin-count.)
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Table 12: Maximum influence of environmental variables on the LiDAR wind speed

variable unit min max bin range | height | covered mx range

42 5.284
shear exponent -0.4 0.8 0.05 1.2 81 -2.330
121 -3.365
turbulence 42 -0.343
intensity % 3 24 1 21 81 4.436
121 3.568
42 10
precipitation % 0 100 10 100 81 10
121 10
42 -0.407
wind direction ° 0 360 5 180 81 1.481
121 0.855
42 -0.820
air temperature °C 0 40 2 40 81 -4.062
121 -2.708
42 2.475
relative humidity % 0 100 10 100 81 0.515
121 1.993
42 22 -3.003
air density kg/m3 0.9 1.35 0.05 0.45 81 22 2.816
121 22 0.130
42 2.135
flow inclination ° -3 3 0.2 6 81 -1.107
121 0.674
42 -3.522
wind veer °/m -0.3 0.1 0.04 0.4 81 1.689
121 2.055
reference wind 42 22 -3.580
speed m/s 0 30 0.5 25 81 2.367
121 3.085
42 7 0.434
rsd availability % 0 100 1 20 81 0.009
121 11 0.071

Notes for table 12:

TNO PUBLIC

* The columns ‘min’, ‘max’ and ‘bin’ report the minimum and maximum value of the binning

interval [1, Table L.3, p.211], and the bin width [1, Table L.1, p.208], used for the regression. The
‘range’ columns reports the expected natural range of variation for each environmental variable.

» The column ‘covered’ reports the percentage of the range that was covered by bins that meet the

bin-count criteria of equations (L.2) and (L.3) [1, p.208]. If the covered range is less than 25 %, the
sensitivity results for this environmental variable are considered unrepresentative.
Unrepresentative covered ranges are highlighted in red, otherwise they are green.

* The product of m, the slope of the regression reported in table 11, and the full range of variation,

reported in the ultimate column, represents the maximum influence an environmental variable can
have on the uncertainty of the horizontal wind speed. Note that this result is highly dependent on
the chosen range value, which may be far greater than the variations actually observed during the
campaign.
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6.1

Uncertainty

This chapter describes the uncertainty contributions to the horizontal wind speed
measurement that were taken into account. These uncertainties are the basis for
the LIDAR verification analysis reported in chapter 4. The uncertainty analysis is
performed for application in the verification analysis only, therefore the uncertainty
analysis is limited to the (horizontal) wind speed measurements.

All uncertainties are reported with a coverage factor of one (k¥ = 1). To obtain uncer-
tainties for k = 2 the results have to be doubled.

Reference devices - cup anemometers

The following contributions to the systematic uncertainty of the cup anemometers are
taken into account in accordance with Annex L.4.2 [1].

1. Wind tunnel calibration
The uncertainty associated with wind tunnel calibration is computed by adding
in quadrature the reported (maximum) uncertainty in the wind tunnel speed and
the uncertainty due to linearisation.

The calibration certificates of the Thies First Class Advanced cup anemometers
(see section B.1) are used to estimate the uncertainty used for the cup ane-
mometers. For the top cup the maximum uncertainty in the wind tunnel speed
is 0.053 m/s with a coverage factor of two (k = 2). The standard error of the
regression is 0.014 m/s. The total standard uncertainty therefore is

2
0.053m/s
UV precal,i = \/<2/) +(0.014m/s)* = 0.030m/s.

2. Effects according to anemometer classification
The classification of the Thies First Class Advanced cup anemometer is 0.9A (for
flat terrain). The uncertainty in the wind speed due to operational characteristics
therefore is

0.9
UVS class,i = [0.5 % + 0.053 m/s} . %
3. Mounting effects
The default values for the uncertainty associated with the mounting of the ane-
mometer on mast are specified in Annex E.6.3.5 [1]. At the height of 120.9m a
top mounted anemometers is used, for which the default uncertainty is

UVS,mnt,i — 0.5%.

At all other comparison heights, side-mounted anemometers are used. Normally
this results in a 1.5 % mounting uncertainty, however for the verification the ‘true
wind speed’ pseudo signals are used which make use of mast flow corrected
wind speed signals. For flow corrected wind speed signals the uncertainty is
determined by the root-sum-square of half the mean correction applied to the
wind speed signal and 0,5% of the measured signal. Wake sectors are excluded.
So the minimum uncertainty is 0,5%.

UVS,mnt,i > 0.5%.

4. Data acquisition
The cup is connected to a digital pulse counting module. The uncertainty of the
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module together with the anemometer calibration factors lead to the following
uncertainty. uy = 0.1% - F' + 0.5 Hz. Table 15 shows that the gains of all Thies
cup anemometers are close to 0.046 m/s/Hz. This results in an uncertainty of
the wind speed of

ugyvs,; = 0.1 % + 0.023 m/S.

The total systematic uncertainty of the reference sensor is obtained by adding all con-
tributions in quadrature. As in IEC 61400-12-1:2017, this is referred to as ‘reference
type B’ uncertainty in fig. 19.

6.2 Remote sensing device

The following contributions to the uncertainty of the LIDAR wind speed measurements
are taken into account in accordance with annex L.4.3 [1].

TNO PUBLIC

. Systematic uncertainty of the reference sensor

This is the systematic uncertainty of the cup anemometer as defined in sec-
tion 6.1.

. Mean deviation

No correction of the LIDAR wind speed measurement is performed. Therefore,
this contribution is defined as the bin-wise average deviation between the refer-
ence sensor and the LiDAR.

. Standard uncertainty of the LIDAR measurements

The standard uncertainty is defined by eq. (6.1).

standard uncertainty, = \(;:71 (6.1)
Where o, is the standard deviation of 10-minute average measurements in wind
speed bin i and n; is the bincount.

Mounting effects of the LiDAR
We are using the default magnitude stated in clause E.7.5 [1, p.110].

UVR,mnt,i = 0.01%
The mounting uncertainty is reported in tables 4 to 6.

Non-homogeneous flow

The uncertainty due to non-homogeneous flow in the measurement volume of
the LIDAR is estimated from a terrain flow assessment [5] based on the terrain
information shown in fig. 2.

UVR flow,s = 0.2 %

Separation
The uncertainty due to the separation between the LIDAR and meteorological
mast is prescribed as
dsep

h
where dsep is the separation distance between, equal to 49m, and h is the
measurement height of the (reference) wind speed for that comparison height.
The uncertainty due to the separation distance is reported in the penultimate
column of tables 4 to 6.

UVR,sep,i — 1% -
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The total LIDAR uncertainty is obtained by adding in quadrature the contributions
above. The result is reported in the last column of tables 4 to 6. An overview of the
various uncertainty contributions is presented in fig. 19.

The uncertainty interval shown in figs. 15 to 17 is also obtained by adding in quadra-
ture the contributions above, but with the exception of the mean deviation.
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7 Deviations

The LiDAR verification as presented in chapter 4 is performed in accordance with
IEC 61400-12-1:2017 Annex L. However the Thies cup anemometers used during the
verification campaign are classified according the IEC 61400-12-1:2005 standard.
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8 Conclusions

The TNO LiDAR ZX300 308 is successfully validated against reference meteorolog-
ical mast MM6 at the TNO RSD Verification Facility at the EWTW test site in the
Wieringermeer. In this campaign the LiDAR is validated at three measurement heights
ranging from 41.9 m to 120.9 m. The wind speed range covered during the verification
campaign for the measurement height 41.9m and 81.4 m was incomplete for some
of the higher wind speed bins.

During the measurement campaign that ran from 15 July 2019 14:40 UTC until
8 September 2019 00:00 UTC, spanning 54 days, all data coverage requirements of
the IEC 61400-12-1:2017 Annex L are met. The LiDAR system wind speed deviates
from the reference wind speed between -1 % and 1.5 %.

Two significant sensitivities were identified for the LIDAR system, shear and turbu-

lence intensity. For the precipitation, air density, reference wind speed and LiDAR
availability sensitivity analysis the range covered was insufficient.
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A |[EC visualisations

This appendix contains visualizations associated with the IEC analysis reported in
chapters 4 and 5 that are not a reporting requirement.

g WS g 1

Reference

(b) 81.4m

Reference wind direction []

(c) 41.9m

Figure 18: Influence of the wake of meteorological mast on the LiDAR. The ratio of the wind speed
measured by the LIDAR (rsd) and the reference meteorological mast 6 (ref) is plotted
against the wind direction measured by the reference meteorological mast. The magenta
line marks the direction for which the wind flows over the reference meteorological mast 6
towards the LIDAR. The red squares are the bin-wise average wind speed ratios; these
are solid only if the respective bin contains a statistically significant number of data points.
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Uncertainty s

Wind Speed [mis] Wind Speed [mis]

(a) 120.9m (b) 81.4m

Wind Speed [mis]

(c) 41.9m

Figure 19: Contributions to the LiDAR uncertainty

Wind Speed [mis] Wind Speed [mis]

(a) 120.9m (b) 81.4m

—bincount

——roquired bincount|

Wind Speed [mis)

(c) 41.9m

Figure 20: Histograms for bin-wise wind speed comparison
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B Instrumentation details

This appendix presents detailed information about the meteorological mast signals
and sensors used. More detailed information about meteorological mast MM6 can be
found in the meteorological mast instrumentation report [6].

At the meteorological mast measurement heights, as seen in fig. 7, the meteorological
mast measurements are compared to the LIDAR measurements. Table 13 lists these
comparison heights and the wind speed and wind direction signals used from both
the meteorological mast and the LiDAR. All of these signals are 10-minute average
statistics.

Some of the statistics are directly derived from measured signals, presented in ta-
ble 14. Other statistics are based on pseudo signals, presented in table 16, which are
calculated signals.

The sensors used to measure these signals and the data acquisition modules they are
attached to are listed in table 15. This table also presents installation and calibration
due dates.

Table 13: Signals used for each comparison height

height metmast LiDAR

120.9 MM6_H120d9_Ws_Q1_avg Horizontal Wind Speed (m/s) at 121m
81.4 MM6_H081d4_Ws_True_Q1_avg Horizontal Wind Speed (m/s) at 81m
41.9 MM6_H041d9_Ws_True_Q1_avg Horizontal Wind Speed (m/s) at 41m

120.9 MM6_H115d9B320_Wd_Q1_avg  Wind Direction (deg) at 116m
81.4 MM6_H077d4B320_Wd_Q1_avg  Wind Direction (deg) at 77m
41.9 MM6_HO037d9B320_Wd_Q1_avg  Wind Direction (deg) at 38m
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Table 14: List of measured signals

name location  short name sensor unit installed rate ISO
wind speed, 120.9 m, centre MM6 MM6_H120d9_Ws_Q1_m Thies First Class Advanced 4.3352.00.000 m/s  TNO 4 *
wind speed, 81.4m, 140° MM6 MM6_H081d4B140_Ws_Q1_m Thies First Class Advanced 4.3352.00.000 m/s  TNO 4 *
wind speed, 81.4 m, 320° MM6 MM6_H081d4B320_Ws_Q1_m Thies First Class Advanced 4.3352.00.000 m/s  TNO 4 *
wind speed, 41.9m, 140° MM6 MM6_H041d9B140_Ws_Q1_m Thies First Class Advanced 4.3352.00.000 m/s  TNO 4 *
wind speed, 41.9m, 320° MM6 MM6_H041d9B320_Ws_Q1_m Thies First Class Advanced 4.3352.00.000 m/s  TNO 4 *
wind direction, 115.9m, 320° MM6 MM6_H115d9B320_Wd_Q1_m Thies First Class 4.3150.00.400 ° TNO 4 *
wind direction, 77.4 m, 320° MM6 MM6_H077d4B320_Wd_Q1_m Thies First Class 4.3150.00.400 ° TNO 4 *
wind direction, 37.9m, 320° MM6 MM6_H037d9B320_Wd_Q1_m Thies First Class 4.3150.00.400 ° TNO 4 *
air temperature, 111 m MM6 MM6_H111_Temp_Q1_m Vaisala RHT probe HMP 155D °C TNO 4 *
relative humidity, 111 m MM6 MM6_H111_RH_Q1_m Vaisala RHT probe HMP155D % TNO 4 *
air pressure, 111m MM6 MM6_H111_Pair_Q1_m Vaisala digital barometer PTB210 hPa TNO 4 *
precipitation, 40 m MM6 MM6_HO040 Prec_Q1_m Thies precipitation sensor 5.4103.10.000 % TNO 4 *
precipitation, distro, 36 m MM6 MM6_HO036_Prec_Disdro_Q1_m Thies LPM 5.4110.00.300 % TNO 4 *
wind speed, sonic u, 111.9m, 140° MM6 MM6_H111d9B140_S_U_Q5 m m/s  TNO 4 *
wind speed, sonic v, 111.9m, 140° MM6 MM6_H111d9B140_S V_Q5 m Metek 3D ultrasonic anemometer m/s  TNO 4 x
wind speed, sonic w, 111.9m, 140° MM6 MM6_H111d9B140_S_W_Q5_m m/s  TNO 4 *
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Table 15: List of equipment used per signal

short name

MM6_H121_Ws_Q1_m
MM6_HO081d4B140_Ws_Q1_m
MM6_H081d4B320_Ws_Q1_m
MM6_H041d9B140_Ws_Q1_m
MM6_H041d9B320_Ws_Q1_m
MM6_H115d9B320_Wd_Q1_m
MM6_H077d4B320_Wd_Q1_m
MM6_H037d9d9B320_Wd_Q1_m
MM6_H111_Temp_Q1_m
MM6_H111_RH_Q1_m
MM6_H111_Pair_Q1_m

MM6_HO040_Prec_Q1_m

MM6_H111d9B140_WsUS_Q1_m
MM6_H111d9B140_WsVS_Q1_m
MM6_H111d9B140_WsWS_Q1_m

a]For wind vanes the offset is governed by the North alignment of the vane w.r.t. its mounting orientation. Hence it does not reflect the offset reported on the calibration certificate.
b]For cup anemometers and wind vanes the (annual) calibration due date is based on the installation date (not the wind tunnel calibration date).

brand / type

Thies 4.3352.00.000
Thies 4.3352.00.000
Thies 4.3352.00.000
Thies 4.3352.00.000
Thies 4.3352.00.000
Thies 4.3150.00.400
Thies 4.3150.00.400
Thies 4.3150.00.400

Vaisala RHT HMP155

Vaisala digital
barometer PTB210

Thies precipitation
sensor 5.4103.10.000

Metek 3D ultrasonic

6109
2185
2180
2182
2179
6071
5212
6091

2455

5140

5139

6084

4.598e-2
4.591e-2
4.582e-2
4.586e-2
4.591e-2
1.000e-1
1.000e-1
1.000e-1

1.000e-1

1.000e-2

1.000e+0

1.000e-2

2.528e-1
2.190e-1
2.324e-1
2.224e-1
2.203e-1
-1.070e+2
-2.630e+1
-5.305e+1

0.000e+0

0.000e+0

0.000e+0

0.000e+0

cal. due date”

2019-08-21
2019-09-05
2019-09-05
2019-09-05
2019-09-05
2019-08-21
2019-09-05
2019-09-05

2019-08-21

2019-08-21

2023-08-21

2021-04-27

inst. date

2018-08-21
2018-09-05
2018-09-05
2018-09-05
2018-09-05
2018-08-21
2018-09-05
2018-09-05

2018-08-21

2018-08-21

2018-08-21

2018-08-21

NI 9423 digital input
NI 9423 digital input
NI 9423 digital input
NI 9423 digital input
NI 9423 digital input
NI 9871 RS485
NI 9871 RS485
NI 9871 RS485

NI 9871 RS485

NI 9871 RS485

NI 9423 digital input

NI 9871 RS485

2000
2000
2000
2000
2000
2398
2398
2398

2340

2398

2000

2340

1.000e+0
1.000e+0
1.000e+0
1.000e+0
1.000e+0
1.000e+0
1.000e+0
1.000e+0

1.000e+0

1.000e+0

1.000e+0

1.000e+0

c]The measurement period of the sensors exceeded the 12 month limit however the re-calibration or re-verification afterwards was successful for all sensors.

0.000e+0
0.000e+0
0.000e+0
0.000e+0
0.000e+0
0.000e+0
0.000e+0
0.000e+0

0.000e+0

0.000e+0

0.000e+0

0.000e+0

cal. due date

2021-12-11
2021-12-11
2021-12-11
2021-12-11
2021-12-11
2022-12-11
2022-12-11
2022-12-11

2021-12-11

2022-12-11

2021-12-11

2021-12-11
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Table 16: List of calculated (pseudo) signals
name short name unit  rate ISO constituents/derivation

MM6_HO077d4B320_Wd_Q1
wind speed, 81.4m MM6_HO081d4_Ws_True_Q1 m/s 4 * MM6 H081d4B140 Ws Q1 m B.1

MM6_H081d4B320_Ws_Q1_m

MM6_HO037d9_Wd_Q1
wind speed, 41.9m MM6_H041d9_Ws_True_Q1 m/s 4 * MM6 H041d9B140 Ws Q1 m B.2

MM6_H041d9B320_Ws_Q1_m
MM6_H111d9B140_WsUSon_Q1_m

horizontal wind speed,
oo 111.0m MM6_H111d9B140_WsHor_Q1  m/s 4 MM6_H111d8B 140 WsvSon Q1 m B.3
#2, if50.45° < #1 < 230.45°
FHL#2,#3) =77 R (B.1)
#3, otherwise
#2, if49.84° < #1 < 229.84°
fHL#2,#3) = - (B.2)
#3, otherwise

FOHL#2) = VH#L2 1 #22 (B.3)

TNO PUBLIC



TNO PUBLIC | TNO report | TNO 2021 R10132 43 /54

B.1 Calibration sheets

B.1.1 Cup anemometer

DEUTSCHE e
WINDGUARD . =3 = -
Deutsche WindGuard Cup Anemometer

Wind Tunnel Services GmbH IECRE and MEASNET approved test laboratory

accredited by the / akkreditiert durch die

Catbrationobject

B Based on folowing standards:
easH {OMETER CALIBRATION PROCEDURE Version 2/ 2009

+IEC 61400-12-1:2017 Power performance measurements of electricity

Deutsche Akkreditierungsstelle GmbH  foo (( DAKKS e s s e  dectrchy prod "
e o 614001222013 Power performance of ity roding win
as calibation laboratory in the / is Kalbrierlaboratorium im > o s et ooy
S essrementof fuidn osedcondus

Deutschen Kalibrierdienst

Calibration certificate Calibration mark

150 16622:2002 Meteorology - onic anemometers/thermameters

Kaliierschein Kallriezeichen Test conditons wind tumnelarea 10000t
oty
anemometer rontalares 230emt
o . catbrationcerticate documents the b
o F fnezona racesbiy o natonl tandard, which relte ST e B4
the unts of messurement accordng 1o the iocage ratio )
Manutacturer Thies Cima Intemational System ofUnts 5 pocagerat oot
Horeler 037083 Gottingen, The' DAS s signatory 10 the mtitera software version 7
sreements of the European cooperatn for
Type 4335100000 Secradaton (&) and
by Lboratory Acerediat
— o the mual rcopionof Ambientcondtions ai temperature a7contc
recabated aipressure 10231002 103078
Customer ECN Wind Eners
Gustomer » rlatveai humicity H08%:20%
ey initen in Goerenstmmung it dem
e Die DAKES s Untrsechner der mloteralen ki

multiplyingthe standard uncerlainty by the coverage factor k=2, It has been

projeti virroos serentommen g Europe an
e accedtoron (E4) undder ntenain
s () LA G Lo withinthe assigned range of values with aproabityof 5%,
Number ofpages . o el
e gepensiigen Averkennng de Kolbverschene .
R e Faear (Physhaisch Technsche Bundesanstat) standard for fow speed. s esized
OateofCabration 15.11.2017 Wedernong der Klbirin ot dor Beutes
o e iy verantwarticn Uncertinty 02 %, 1-2)
Addiions)remarks .
e
Ths calbation carficate may no be reroduced cther than n ul axcept with the parmision of both the Gernan

Acardiaton ot
conifeate has been

Issing laboatoy. Calration cartifates without sgnature are not vad. Ths calibraton
e eeconcaly.

Bt e i Pt

ssanz00 | ity

0. oy Diter Westemann nendr

WINDGUARD

Deutsche WindGuard
Wind Tunnel Services GmbH, Varel

(a) Cup anemometer 6109, page 1/4

Caliration result

Tewetspaes

Staistical analyss siope

offet

004558 m/s)H2) £0.00006 (m/s)/ )
02528 m/s 20018 ms
Standard eror (1) ooums

Corrlaton coefient 099999

Wind Tunnel Services GmbH, Varel
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(c) Cup anemometer 6109, page 3/4

(d) Cup anemometer 6109, page 4/4
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DEUTSCHE

WINDGUARD

Deutsche WindGuard

Wind Tunnel Services GmbH IECRE and MEASNET approved test laboratory

accredited by the / akkreditiert durch die
Deutsche Akkreditierungsstelle GmbH %% (( pAsiss
as calibration laboratory i the / as Kallbrerlaboratorium im 2> s

Deutschen Kalibrierdienst DKD

Calibration certificate. Calibration mark

Kalbrierschein Kalirirzeichen
ot O T cabratoncartcatedocumentsthe
Sorcons traceabitty to national standards, whic resze
the units of messurement sccoding 1o
Manutcturer Thies Cima IncematianalSystem of Units 1
J 037083 Goteingen The OAUS is signatory to.the mutatersl
sgreements of the European co-operation for
Type 4335100000 Accredtaton (E8) and of the nermations!
w Laboratory Accrediaton Cooparaton (IAC) for
pm— o it roption o o e
- DEWS2185 recalbrated at approprite intenas
ibverschein dotumeniert die ick
Customer ECNWind Energy fibrung ouf natoncle Normole ur Darstelung
sfregaceer der Eieiten in Unerenstmmung it dem
Order No. , Aizsi
fo et Die DAKES s Untezechner der mltoterclen
berenkommen der €uropeon cooperaton for
Project No. vTi7osss Accredioton (E4) und der ntematinat
s creiation Cooperation (1AC) ur
O A gegenetigen Averkennung der Kolrierscheine.
P o ur e Ehatung e st rur
Wiederholung der Kobrierag ist de Benuzer
DateofGallbration  27.10.2017 verentwcrich.

This callbration certifcate may not b reproduced other tha in full excap with the permission of bath the German
Accredtaton Sody and the suing aborstory. Cabaton cartfcates withut ignsture e not ol Ths calbraven
cerufcate has been genrated clctrnically

B s

02017 Oyt

D oy Dter st

Page2/a

Callbration object Cup Anemometer

i B3sed on following standards:
« MEASNET ANEMOMETER CALIBRATION PROCEDURE Version 2 / 2009
« EC 61400-12-1:2017 Power prformance measurements of leciricty
producing wind turbines

“ec

per of
turbines based on nacelleanemomets
150 3965:2008 Measurement of fluid n cosed conduits

Place o calbration Wind tunnel of Deutsche WindGuard WindTunnel Services GmbH, Varel

Testconitions windunoelres s0000cnt

I ‘anemometer frontal area 230em?
dameterofmouning e 34rm
blockage ratio ! 00231)
ottre veson 2
srtemperstre Bacsore

Ambient conditions
Unpetungedogagen
arpressure 1020217220312

relative sir humidity 82%220%

Messnschenet multpiying thestandard uncertainty by the coverage factor =2. It has been
The value o
withinthe asigned range o values with a robabiy of S5%.

kst
ek
oeusche WindGuara
WINDGUARD

Wind Tunnel Services GmbH, Varel

441 54

(e) Cup anemometer 2185, page 1/4

Page3/a

Calibration result

reermemns
w s s
o o7 o0
s sam om0
10sses 2 o051
maam e oot
619 s ooz
nes s oess
wn wan o052
0 1050 ooz
wsn s ooss
sonass asme om0
Statistcalanalysis siope 004596 (sl [42) 000005 (s (He)

offset 02228 mfs 10012 ms
Standard error ()

Corelaton coeffcent 0999993

ooms

Remarks The calbrated sensor complies with the
demanded ineaity of MEASHET

Deutsche WindGuard. ouumscne

‘Wind Tunnel Services GmbH, Varel

(g9) Cup anemometer 2185, page 3/4

WINDGUARD

(f) Cup anemometer 2185, page 2/4
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Coloutodctput 10 i 2127 He

Photo ofthe measurement setup
Jiratatien

EEEACITS
-

Remark: The proporions of the set.up may ot betrve 1 csle due 0 imaging geometry.

oeursae

WINDGUARD

Deutsche WindGuard
Wind Tunnel Services GmbH, Varel

(h) Cup anemometer 2185, page 4/4
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DEw s ude

DEUTSCHE

WINDGUARD

Deutsche WindGuard
Wind Tunnel Services GmbH

IECRE and MEASNET approved test laboratory

accredited by the / okkreditiert durch die

Deutsche Akkreditierungsstelle GmbH %
as calibration laboratory inthe / as Kallbierlaboratorium im

Deutschen Kalibrierdienst DKD

Calibration mark

Calibration certificate
Kolibrirschein Kalbrierzeichen

Object Cup Anemometer s calbratoncartficte documents the

Merstater D-37083 Géttingen The DAKKS is signatory to the multlateral
e e A o s
) Bt T S
Pabribar/Serien-. DEWS2180 recalibrated at appropriate intervals.
o T— ol s o
Aufiroggeder der Einheiten In Ubereinstimmung
e
P @ T
Projektmmmer Accreditation Cooperation (1 aur
e, o o ST
Number of pages & o die Eimholtung ciner o o

gemeses
Wiedernolung der Xalbrierang it der Bentzer

outefcabraton 07092007 ntwrtich

B sl

This calbration carticate may not be reproduced othe than i
Accredtation Sody and the suiog lborstry. Cabaton certhicat
cortfcate has been generated elecioncaly

1 except with the ermission of both the German
without signatre are not valid. Ths caibration

wmr ) O D —pes

Ot oy it wetsmaen

(i) Cup anemometer 2180, page 1/4

Paged/s
Callbraton result
leneereons
s - Unceranty
" i e N
s o w0
mao som oest
o 7503 oot
mm aan ot
a6 e oes2
626 nan oes2
20107 5 oess
nem s oess
zesse s oes2
o 1090 oo
s e oest
uean o5 oest
e asu om0 _
Statistcalanalysis siope 004597 (m/s)/He) 0.00006 (m/)/ ()
ofset 02262 m/s 10014 ms
Standard error 1) oo m/s
Corrlaton coefficent 0999990
Remarks The calibrated sensor complieswith the
demanded inearity of MEASNET
Deutsche WindGuard oeursoHe

WINDGUARD

Wind Tunnel Services GmbH, Varel

(k) Cup anemometer 2180, page 3/4

Page2/4
Callbration object Cup Anemometer
Callbraton procedure « Deutsche WindGuard Wind Tunnel Sevices: QM-KL-AKVA
Holererinen Based on folowing standards:
Ancmometer caibration procedure
eC:
wind tubines
based on nacelle anemomet
+150 3965: Measorement of i in cosed conduits
+150 1622: Meteorology - onic anemometers/thermometers
L varel
Testconditions wind wnnel area 10000 em?
Hessedngngen
anemometer frontalarea 230
diameterof mountingpipe  34mm
blockage rato oot

software version 7

Ambient conditions airtemperature 73°cs01°C
prienskeens
airpressure 10119hPa2 03172
relative ar humidiy s30%220%

Messurement ncerainty

muliplying the standard uncertainty by the coverage factor =2, It has been

withinthe assigned range o values with a robabiy of S5%.

sandard for sreatied
Uncertainy02%, 121

Addiona remarks .

forbtid

Deutsche WindGuard - omae

Wind Tunnel Services GmbH, Varel WINDGUARD

45/ 54

Paged /s

Graphicalrepresentation of the result
SR SamEhan e rgeer

N Gotbraton No: 1719714 7130388 DEWS3 180
o
18] _— 0.1
. : | H
" —t PO N S o %
H : . i
i S ]
. L o1
TR W W
sontorhe

Cacuotodoutput at 10 i 2126z
RS —

Photo of the measurement setup
Foose o

oGl i 7L G G DR
=

Remark:The praportion of th set-up may nt be e o scle due o maginggeometr.

Deutsche WindGuard orurae _

Wind Tunnel Services GmbH, Varel WINDGUARD

(I) Cup anemometer 2180, page 4/4
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PDEWS ¢1g 2

DEUTSCHE

WINDGUARD
Deutsche WindGuard
Wind Tunnel Services GmbH IECRE and MEASNET approved test laboratory

accredited by the / akkreditiet durch die
Deutsche Akkreditierungsstelle GmbH sy {( DAKKS
as calibration laboratory in the/ ais Kalbreriaboratorium im >

Deutschen Kalibrierdienst DKD

Calibration certificate Calibration mark
Kalbriesche: Kolibrierzeichen

Object Cup Anemometer

St

Manufacturer Thies Glima

Heetr 037083 Gottingen

Tive 4335100000

£y

Seral number o71303%0

Fouaisren e Frh

Customer ECN Wind Energy

Arogrer

Onder No. Ecnarssazz

et

project o vio7ss

e

ot ¢ Fir die inholung einer angemessenen s 1t
Wiederholing der Koitrieung st der Seuter

Dateof Calibration 07.09.2017 veranworicn

This calfration certifcate may ot be reproduced other than in full except with the permision o bath the German
Accreditation Bady and the isuing Iaboraory. Callation caricates wihout sgratue are ot vaid. Ths calbvation
cetfcae has been generated slectronical.

07092007 . (vt 2 /A__Cg*

gt Py Ditr westeaon

Page2/s
Calibraion abject Cup Anemometer
e 2
tdaevroen Based on following standards:
« MEASNET: Anemometer alibraton procedure.
+ IEC 61400-12-1: Power performance messurements of electricity producing.
wind wrbines.
based on nacell anemometry
150 3966: Measurement of flud n closed conduits
* 1S0 16622: Meteorology - Sonic anemometers/thermometers
Varel
Ortsersoniing
Test conditions wind tumnel area 10000 e
Mg
anemometer frontalsrea 20emt
diameter of mounting ipe 34 mm
blockage ratio o3[
software version 2]
Ambient conditions ai temperature 29°cx01°C
Onermntesnangns
arpressure 10118hPa203hPa
relatve aic humidity 519%£20%

e
besmntsader multplying the standard uncertainty by the coverage factork=2. It has been
“The value of

withinthe assgned range of values witha proabilty of 95X,

tandard for flow

Uncertainty 02 %, k=2)

Additionalremarks .
oyt

Deutsche WindGuard Y o “peumowe

Wind Tunnel Services GmbH, Varel WINDGUAR|

46 / 54

Page3/a
o

Calibation resutt

3 s s
g o aws0
vy S50 om0
e s oost
man a0 o
610 e ooz
ssoom [, o052
a0 st oosz

o oost
e om0

Statistical analysis Siope 004554 () [42) 0.00006 (/s ()
offset 02418 m/s 0015 ms
Standard error Y] 0015 m/s

Corelaton coefficent 0999389

Remarks The calibrated sensor complies with the
demanded lnearty of MEASNET

oevrscn

WINDGUARD

Deutsche WindGuard
Wind Tunnel Services GmoH, Varel

(o) Cup anemometer 2182, page 3/4

Paged/s
okt

Tunnel Speed /s
Rosidusts /s

ol

s EET T

oot ouput t 102124 2
o Tuweispeed + Resdunis

00 20 %0 8%
Sensor/Hz

Photo of the measurement setup
Pt s oo

el e SR S G
- —

emark:The proporions of th set-up may ot be e o scledue o imagin geomety

Deutsche WindGuard oo
Wind Tunnel Services GmbH, Varel WINDGUARI

(p) Cup anemometer 2182, page 4/4
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DEWS 2029

DEUTSCHE

WINDGUARD

Deutsche WindGuard

Wind Tunnel Services GmbH IECRE and MEASNET approved test laboratory

accredited by the / akkreditiert durch die

Deutsche Akkreditierungsstelle GmbH e ([ pAKKS
the i i ﬁ\« s

Deutschen Kalibrierdienst DKD

Calibration mark

Calibration certificate
olbrierschein Kalbrierzechen

_— s ctraton_cenficte documerts e

&, [P Aneopens rcesbity e ntons andards, i relte
the unts of meprement sccording o the

Manutacurer Thies Cima Intermationl System of Unts (5

037083 Gottingen The OAS s sgnatory to.the mtitera

Twwe 4335100000 Reredtaton (@) and of th.eatons
” naratory Acrstaion Cosperaion 146 o
e econtn o cabraon e
seratnumber on0386 The user s oblged o have e sbect
I recalibrated at appropriate interval
Gustomer o wind Enersy Diser Koltirschen dokumetere e Ric-
ol Joving au rtone Normae - Garieiny
o il e Eonater In Uoeersemrng ot dom
dr e, neratancten Enbesemytem 51
= DAKKS st Unterzeichner der multiloteralen
roject . Vi Gperentoren o oopern
fute Accedtoton (4] und e et
Loboraty Accreatoto C )
‘Number of pages 4 acgensetigen Anerkennung e Xlbrierchene.
. Fiir die Einhaltung einer ong t ur
DewatCutirotn 22082007 Wetenkeg et Kl s S

This caibraton certicate may not b reproduced ather than in full except with the parmision of bath the German
Acareitation Sody and the ssing aborstry. Calbaton cartfcates without Sgnature e ot vald This catraten
cerifcate has seen ganerated eiactroncaly

Boom e R e

20000 s

D thys D st

Page2/4
Caiibration object Cup Anemometer

Callbration procedure

cabratons « Deutsche WindGuard Wind TunnelServices: QM-KL-AK-VA

Based on folowing standards:
« MEASNET: Anemometer calibration procedure

wind turbines.

based on nacelle snemometry
150 3965: Messurement o iid in osed conduits
150 16622: Meteorology - Sonic anemometers/thermometers

Place of caliration Windtunnel of Deutsche WindGuard WindTunnel Services GmbH, Varel
Oty
Test conditions wind tnnel area 10000 m?
Hesedngngen

anemometer frontalarea 250em

diameter of mountingpipe 34 mm

blockage ratio oo

software version 7
Ambient conditions airtemperature 2s87ce017C
Unseounasednangen

sipressure 10208h7a203 18

relative e humidity 77%220%

Mesamicheren multipying thestandard uncertainty by the coverage factor =2, It hasbeen

within the assigned range of values with a posabilty of 95%.

(Physikasch-Technische Bundesanstal) standard for low speed. t s reaized

Uncertainty 02%,k22)

Additionalremaris -

Deutsche WindGuard
Wind TunnelServices GmbH, Varel

WINDGUARD

Page3/a
Calibraion result
Sone f— [r—
" s s
) o om0
100 so o051
o e ooz
9.5 150 oosz
w60 nss ooz
s am om0
statstical analyss Siope 004614 () (42) £0.00007 (/s )
Offset 02264 m/s 20,016 ms
Standard error () 006 ms
Correlation coefficient 0999987
Remarks The calibrated sensor complies with the
demanded Ingarity of MEASNET
Deutsche WindGuard oeursRe

Wind Tunnel Services GmbH, Varel WINDGUARD

(s) Cup anemometer 2179, page 3/4

Paged /s
okt

Graphicalrepresentation of the result
llhche Dot e renses

Calibration No: 1713426; 07130386;

Tunnel Speed /mis
Rosiduais /s

3 % 0 20 e a0 30 a0
Sensor Hz
Colcuotd oo a 10 2118z

- TomeiSpaea + Mookt

Photo of the measurement setup
Rt s s

T

ot b e toscaie

oeurscie

WINDGUARI

Deutsche WindGuard
Wind Tunnel Services GmoH, Varel

(t) Cup anemometer 2179, page 4/4
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Wind vane

pEWR 507

DEUTSCHE
WINDGUARD
Deutsche WindGuard
Wind Tunnel Servi

scredited by the akicedtirtdurchde
Deutsche Akkreditierungsstelle GmbH

35 calbration aboraory nthe s Kolbreriaboratorium im
Deutschen Kalibrierdienst  DKD

Calibation certifcate Cabration mark
ienein

oo [
5
joooww Tiucn

s ot
- -
T —
== &

po— "
iy [r—
e

[enany e
m- ¢

e

Tl

(a) Wind vane 6071, page 1/6

reesss

Ctbraton e 1)
- - - w -
Devtsche WindGuard oo

WINDGUARD

Wind Tunnel Services GmbH, Varel

(c) Wind vane 6071, page 3/6

o S

s

Wnanertgiseoren
Said n alowng sndres
*IEC 6140013130

101m200a203008
aaxaz0n

At emars

Deutsche WindGuard

Wind Tunnel Services GmbH, Varel

(b) Wind vane 6071, page 2/6

Glbrason s 21)

ncaiany y the coverae factr 2. It hs e
i DA DRD-3. T vl f the messrand s
.

WINDGUARD

- o o P
Dewschewindouard  swmoe
Wind Tunnel Services G, Varel WINDGUARD

(d) Wind

vane 6071, page 4/6
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(f) Wind vane 6071, page 6/6

(e) Wind vane 6071, page 5/6
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DEWs 522

DEUTSCHE
WINDGUARD

Deutsche WindGuard
ind Tunnel

accredited by the/ akkreditiert durch die
Deutsche Akkreditierungsstelle GmbH
a5 calloation laboratory n the / ais Kalbrerlaboratorium im

Deutschen Kalibrierdienst

Calibration certifcate Calibation mark
cren

o p—
o Wi v

Manutacure s Cims

e 037083 Goteng

e s315000400

Serts number osnzo0ss

e oowRsz1

cotome Eonwngenersy

et eoussarr

pokce, viinosy

Smbugpes ¢

Dmdtcboten 2122007 b

TNO PUBLIC

(g) Wind vane 5212, page 1/6

Deutsche WindGuard
‘Wind TunnelServices GmbH, Varel

(i) Wind vane

ard
Wind Tunne Services GmbH, Varel

(k) Wind vane 5212, page 5/6

150366223002 eeorr
~A5TM 536656 Sanaas
Fetomanc of Wind vanes

Win e o Devtche WedGusrd WidTunne Servces Gt Vel

nocsorc
ssweatozw

asxi20x

daninat remrks
Mamorsiremts,

Devtsche WindGuard

Wind Tunnel Services GmbH, Varel

WINDGUARD

vane 5212, page 2/6

= —

(h) Wind

(]

Deutsche WindGuard
Wind Tunnel Services G, Varel

WINDGUARD

S —— = __ |

(j) Wind vane 5212, page 4/6

WINDGUARD

Deutsche WindGusrd
Wind Tunnel Services G, Varel

L I . g

(I) Wind vane 5212, page 6/6
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5 DEwg 66 7
DEUTSCHE

WINDGUARD

Deutsche WindGuard
Wind GmbH

accredited by the / okkreditiert durch de
Deutsche Akkreditierungsstelle GmbH
25 caliration aboratory n the / as Kallbrirloboratoriumim

Deutschen Kalibrierdienst DKD

Caliration certficate
e

-

r pr——
oo p—
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[ dre e
[ri—

Vis0 Tekzz 200z ety

e

Deutsche WindGuard s

Wind Tunnel Servces G, Varel WINDGUARD

ea/s

cotraton s 17)

indGuard T emmae
Wind Tunnel Services GmoH, Varel WINDGUARD

(o) Wind vane 6091, page 3/6

raes/e

prm—— s s o160

e

ot

Deutsche WindGuard e
‘Wind TunnelServices GmbH, Varel WINDGUARD

(n) Wind vane 6091, page 2/6

Deutsche WindGuard oo
Wind Tunnel Services G, Varel WINDGUARD

(p) Wind vane 6091, page 4/6

Deutsche WindGua

dGuard
Wind Tunnel Services G, Vare! WINDGUARD

(q) Wind vane 6091, page 5/6

(r) Wind vane 6091, page 6/6
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Relative humidity and temperature

52/ 54

ZN

@m\ e
CHLIBRATION
A

Air pressure

cali i
caliz caliz
Certificaat 18-13000-2-1 ol
bl 1 van 2
Aanwrager TN - Locatie ECN Petien
Westerduinweg 3
1755 LE PETTEN Restliaut
‘Aangeboden  Thermohygrotransmitter
st 1
De identfcatiogegevens zin gegeven bi resulzat.
Wize van va gekaibreerd vergefing
onderzosk ten met cen standaard
hermometeren een standaard dauwpuntsmeter.
geling
temperatuur, gemelen met cen standsard thermometer
even resula fgeled uitde
werkelk gemsten wasrcen
Datumvan 4 uli2016
onderzoek
Resultast  De meetresuaten zin gegeven op het volgbiad
dekkingswaarschipijkheid van ongeveer 95 %.
De standaardonzekerheid is bepaald volgens EA-402M
eid- erd naar
baarieid  (nternationale standaarden, ten ovrstasn van de Raad voor Accrediat,
is aangetoona
Berlcum, /mum
Kalbratemedsuerker
o o o e ot it
e e e M0 L T
CB BERLICUM ‘Racognton Arangsmerts (VRA) voar G weskriiie. ]
Py, P ST T
regeaan S
(a) RHT 2455, page 1/2
DELD SI%0
/ A
N\
CALIBRATION
o BvA Kl "
caliz caliz
Gbroton ibvation
Certificaat 18-13000-2-7
bad 1van2
Aanvrager  TNO - Locatie ECN Petien Resutaat
W 3
1755 LE PETTEN
Aangeboden  Barometer
aantat 1
De identfcatigegevens zin gegeven bi resulzat
Wizevan D geliking
onderzoek  referente dru. gemeten met een stancaard drukmetr.
aaro
De omgevingstemperatuur bediosg (200 £ 10) °C.
Datumvan 5 jui2018
onderzoek
Resulzat  De meetresulten zn gegeven op ht volgbiad
=2,
dekkingswaarschinihed van ongeveer 95 %.
D standaardonzekerned s bepaaid volgens EA-402M
Herleid- uigevoerd
baareid  (ter)nationale standaarden, ten overstaan van de Raad voor Accrediate,
Berloum, 508 2018
L
e
Kalibratiemedevwerker
5 P——
Nedorhof 3 Bt A s 301
S350 OB senuicun R
S senLON Rt

bsie v otz i

%/E@ g

N
CALIBRATION:
RAKTE

Certificaat 18-13000-2-1
blad2van2

Instrumentgegevens.

fabrikaat:  Vaisala
ype: HMP155
dentificatie: DERH2455.
vereik 3

0 %
36 tm 85 T
resolutie:

De omgevingstemperatuur bi kalioratie bedroeg  (23.0£20) °C

In onderstaande tabel is gegeven:

1. de werkelike luchtvochtigheid v ;

2. de geindiceerde luchtvochtigheid v ;

3. hetverschil v - rv,
i bedroeg

e onzekereid in hetversehl v - v, bedraagt 1,0 %

In onderstaande tabe is gegeven:
1. de werkelije temperatuur t5, , gedefinieerd voigens de ITS-90;
2. de geindiceerde temperatuur  ;

het versehiltp -1

T T
*c
3B0 | 49
00
200 | 200
550 | 5438

-t bedraagt 02 "C

(b) RHT 2455, page 2/2

@

N
CALATON
RUATI

Certificaat 18-13000-2-7

2van2
Instrumentgegevens.
fabrikaat  Vaisala
e PTB210 A1B28
dentifcatie: DELD5140
bereik 800 tim 1100 hPa(a)
schasldeel 001 hPa
medium:  lucht (onderdruk) / stikstof (overdruk)
In onderstaande tabelis gegever
I3 werkeljke druk,
Pu geindiceerde druk bi toenemende reeks
P ‘gelndiceerde druk bi afnemende reeks,
u de onzekerheid
P Piw | PP P T Tesuliaal
hPa hPa Pa hPa hPa toetsing
80000 | 8025 | 026 80026 018 ‘akkoord
83000 | 8023 | 023 83024 019 akkoord
85000 | 86026 024 86024 019 akkoord
89000 | 89021 021 890,21 018 akkoord
02000 | 202 | 02 92021 019 akkoord
95000 | 95022 | 022 950,21 019 akkoord
%8000 | 98022 | -022 98022 019 akk:
101000 | 101020 | 020 | 101020 020 akkoord
104000 | 104019 019 | 104020 020 akkoord
107000 | 107019 | 018 | 107018 020 akkoord
110000 | 110018 | 018 | 110018 020 akkoord
Grootste hysterese: 0,00 %fs.
Toetsing
De meeresultaten zin getoetst aan de tolerantie: 05 hPa

(a) Air pressure 5140, page 1/2

(b) Air pressure 5140, page 2/2
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Sonic 3D

Deutsche WindGuard DEUTSCHE

Wind Tunnel Services GmbH, Varel WINDGUARD

accredited by the / akkreditiert durch die
Deutsche Akkreditierungsstelle GmbH
in the / al

Deutschen Kalibrierdienst DKD

Calibration certificate. Calibration mark
Kalbrerschein Kolibrerzichen
Object 30 Sonic Anemometer This caltration_cerficate documents _the
Gegensona rsceablty o national standards, which eaice
the it of measrement secording to the
Manufacturer METEK GmbH IntemationalSystem of Units {1
0-25337 éimshorn e s sgnatory 1o the muliaterl
Serecments of the Ewropean ca-aperaton for
Tve uSonic3 ci Basic Accreditaton (€A) and of the Intermational
k4 Lsborstory Accreditation Cooperaton (LAC) for
Serial number ot0s033455 the mutual recogition of calfration cericats
iy Dtwsenss The user s obliged 1o have the  object
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(a) Sonic 3D 6084, page 1/5

Page3/s

Calibration result
Valbrerergemns
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Deutsche WindGuard Drurscne
Wind Tunnel Services GmbH, Varel WINDGUARD

(c) Sonic 3D 6084, page 3/5

Page2/s
Sote

Calibration object 30 Sonic Anemometer
Calibration procedure: « Deutsche WindGuard Wind Tunnel Services: QM-KLAK-VA
oo Based on following standards:

« MEASNET: Anemometer calioration procedure.

“rEC
wind turbines

“IEC

based on nacelle anemorne

ometry
+150 3966: Measurement of fluid in closed conduits
+150 16622: Meteorology - Sonic anemormeters/thermometers

Placeof calbration Windtunnel of Deutsche WindGuard WindTunnel Sevices GmbH, Vel
Ertar Rlonerng
Test conditons wind tunnel area 10000 em?
Vemseariingen
anemometerfronal area 0emt
diameter of mounting pipe 43 mm
blockage ratio 00371
software version 764
Amblent conditions ai temperature w801
mmisseansngen
aipressure 1003.5 hpa £03hPa
relative s humiity 89%220%
Messnscherek multiplying the standard uncertanty by the coverage factr k = 2. It has been

within the assigned range of values with a probabilty of 95%.

It ealiced
by P
Uncertainty 02%,

Additonal emarks Orentation:0*

Zistere nmerkingen

Deutsche WindGuard oeurscre

Wind Tunnel Services GmbH, Varel WINDGUARD

(b) Sonic 3D 6084, page 2/5

Paged/s

Photo of the measurement setup.
Fot s wctront

704316 ol o ERTETS S OVVAESHS  DEWSEGOS

Remark

Deutsche WindGuard oeursche

Wind Tunnel Services GmbH, Varel WINDGUARD

(d) Sonic 3D 6084, page 4/5
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Nomenclature

AHN
DTM

EV

EWTW

h

h,

IEC
IECRE WE

ILAC MRA

N

Ny

7
OWA
PDOK
RD
RETL
RVA
std
TRVF
uTC
Unor

Ur

Uvert

Vq
WDMS
WGS 84

TNO PUBLIC

exponent of the power law wind shear model, see equation (5.2)
Actueel Hoogtebestand Nederland (Dutch laser altimetry map)
Digital Terrain Model

environmental variable

ECN Wind Turbine test site Wieringermeer

measurement height, see equation (5.2)

reference height for shear profile, see equation (5.2)
International Electrotechnical Commission

IEC system for certification to standards relating to equipment for use in
Renewable Energy applications - Wind Energy

International Laboratory Accreditation Cooperation Mutual Recognition
Arrangement

number of 10-minute samples, see equation (5.6)
number of bins, see equation (5.6)

bin-count for bin ¢, see equation (5.6)

Offshore Wind Accelerator

Publieke Dienstvoorziening Op de Kaart
Rijksdriehoekscodrdinaten (Dutch geodetic datum)
Renewable Energy Testing Laboratory

Raad voor Accreditatie / Dutch Accreditation Council
standard deviation

TNO RSD Verification Facility

Coordinated Universal Time

horizontal wind speed, see equation (5.4)

wind speed of shear profile at h,., see equation (5.2)
vertical wind speed, see equation (5.4)

wind direction, see equation (5.5)

Wind Data Management System

world geodetic system 1984


https://www.iecre.org/members/testlabs/retl/TNOEnergyTransition
https://www.iecre.org/members/testlabs/retl/TNOEnergyTransition
https://ilac.org/signatory-detail/?id=47
https://ilac.org/signatory-detail/?id=47
https://www.rva.nl/en/scopes/details/L324
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