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1 Management summary

Three to be newly built wind turbine farms, collectively named the “Windpark De Drentse Monden en
Oostermoer” (DMO), are located close to ASTRON’s LOFAR radio telescope. To minimise the possible effects
caused by EMI interference induced by the wind turbines, a covenant has been signed between ASTRON and
the three companies building DMO, stipulating maximum emission thresholds and the shared responsibility
between the parties. These parties are:

e Raedthuys Windenergie B.V.,
e Duurzame Energieproductie Exloérmond B.V.,
e Windpark Oostermoer Exploitatie B.V.

According to the Covenant the EMI interference level induced by the wind turbines should be at least below
-35dB, in relation the reference level defined as the "Norm":

The (equivalent of) the limit value in EMC standard EN55011 for class A group 1, of 50 dBpV /
m in a bandwidth of 120 kHz (this corresponds to - 0.8 dBuV / (m - Hz)) at a distance of 10 m
from the wind turbine gondola at a height of 100m serves as a reference for the agreements in
this covenant ("Norm").

During the first two weeks in September 2019, S&T has conducted a number of so called (pre-)validation
measurements to verify that the test wind turbine, designated DEE-2.1, complies with covenant.

These measurements were performed with a measuring instrument built by S&T and ASTRON. During the
design and construction of the measuring instrument, ASTRON and AT were kept informed and checked both
the design and the code. ASTRON and AT also have been informed and included in the execution of the
measurements and in the analysis of the resulting data.

Therefore ASTRON, AT and S&T state together that:

1. The complete measuring instrument, with LOFAR as the measuring instrument, has
proven to meet the requirements and conditions described in the system requirements
document [SRD] and the functionality as laid down in the Architectural Design Document
[ADD], both based on:

e The Measuring method [MeasMeth], developed by Agentschap Telecom,

e The Statement Of Objectives [LMEMI], written by ASTRON, for usage or LOFAR as a
measurement device and

e The WTEM Memorandum: L-formula [L-Form-upd], written by ASTRON.

2. The execution of the measurements and the analysis of the resulting data were performed
correctly.

The observations that can be made with respect to the measurements and analyses are:

e Based on the measurement uncertainty assessment (section 3.7), the total uncertainty in the
measurements is estimated at:

o Vertical polarized measurements: +2.0dB

o Horizontal polarized measurements: +2.9dB

o Vertical + Horizontal polarized measurements: +3.3 dB
e All measurements to characterize the behaviour of the WTG have been successfully conducted.
e All data has been backed up so that the results can be re-analysed if necessary.
e With respect to the analysis, the main results per frequency band are:

o LBA:

= Around 70 MHz (in the LBA frequency band) we seem to have found evidence for a
wideband signal whose source is believed to be found inside the WTG.

Further analysis regarding a suspected UPS shows that indeed it contributes
significantly to the measured interference.
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e Other signals exceeding the -35 dB limit are either caused by insufficient sensitivity
of the equipment, excessive environmental noise, or cannot unambiguously assigned
to a source inside the WTG, but more likely to a reflection of a source outside the
WTG.

e For the combination of H-pol and V-pol data, we added both H-pol signal and the V-
pol signal. We notice then when the UPS is switched off, the H+V signal is at the -
35 dB limit, whereas when the UPS is still operational, the H+V signhal exceeds the -
35 dB limit with 3 dB. Note, the operational version of the DEE-2.1 will be modified
such that the UPS will have its impact reduced on the signal strength.

o HBA-LOW:

= The majority of the HBA-LOW band doesn’t show a significant disturbance, except
for a set of features originating from the nonlinear character of the LOFAR receiver
chain itself. At the higher frequencies, we see the effect of reflections of DAB
emissions outside the WTG itself.

o HBA-MID:

= The HBA-MID is almost completely contaminated by DAB emissions. No disturbances
from the WTG have been found.

o HBA-HIGH:

= The lower frequencies of this band are contaminated by DAB emissions just like the
complete HBA-MID band. Other disturbances that can be found in the averaged L-
plot cannot be unambiguously assigned to a source inside the WTG, but are more
likely to be a reflection of a source outside the WTG.

e The results of the summations of the H-polarization and V-polarization components (H+V) are:

o For those ranges where there is a signal from the WTG detected (e.g., around the 70 MHz)
we notice the expected increase in signal power of approximately 3 dB (the signal being
more-or-less unpolarized).

o In the HBA frequency range there is no signal higher than -35 dB value at the frequencies
where the signal in individual H-polarization and V-polarization component is under -35 dB
level, i.e., no new exceedances of the -35 dB level are introduced by the summation.

Conclusion:

One signal has been found around the 70 MHz that is believed to originate from the WTG. This issue has
been further investigated and it was shown that the signal can be linked to the workings of one of the UPS
systems inside the WTG. This has been validated by processing the data for those time period for which it
is certain that the UPS was not operative anymore. This analysis resulted indeed in evidence that the UPS
contributes to the signal found at 70 MHz.

Other signals exceeding the -35 dB limit are either caused by insufficient sensitivity of the equipment,
receiver characteristics, excessive environmental noise, or cannot unambiguously be assigned to a source
inside the WTG, but more likely to a reflection of a source outside the WTG.

Also, after the required summation of the polarization components (H-pol and V-pol) we have seen:

e A considerable improvement has been obtained by switching off the UPS as is part of the
modification the WTG. The measured signal strength is then at the -35 dB limit for the 70 MHz
region.

e Currently, no other frequency is suspected to exceed the -35 dB Ilimit value where the WTG must
be assumed to be the source of the measured signal level.

Figure 1 gives a graphical overview of the main measurement results over entire frequency range.
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Figure 1: Overview of main measurement results over entire frequency range
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2 Introduction

2.1 Purpose and Scope

The purpose of this document is report the outcome for the Measuring the EMI radiation with Lofar at the
test turbine at location DEE-2.1 - Windpark De Drentse Monden en Oostermoer - (WTEM_LOFAR) project.

2.2 The project

Three to be newly built wind turbine farms, collectively named the “Windpark De Drentse Monden en
Oostermoer” (DMO), are located close to ASTRON’s LOFAR radio telescope. To minimise the possible effects
caused by EMI interference induced by the WTGs, a covenant [COV] has been signed between ASTRON and
the three companies building DMO, stipulating maximum emission thresholds and the shared responsibility
between the parties. These parties are:

e Raedthuys Windenergie B.V.,
e Duurzame Energieproductie Exloérmond B.V.,
e Windpark Oostermoer Exploitatie B.V.

According to the Covenant the EMI interference level induced by the WTGs should be at least below -35dB,
in relation the reference level defined as the "Norm”:

The (equivalent of) the limit value in EMC standard EN55011 for class A group 1, of 50 dBuV /
m in a bandwidth of 120 kHz (this corresponds to - 0.8 dBuV / (m - Hz)) at a distance of 10 m
from the wind turbine gondola at a height of 100m serves as a reference for the agreements in
this covenant ("Norm").

In this project S[&]T has:

e Laid down the requirements for the total measurement instrument in the System Requirements
Document [SRD],

e Designed the total measurement instrument conform the Architectural Design Document [ADD],
e Based the design on:
o The method [MeasMeth] described by Agentschap Telecom (AT)

o The Statement Of Objectives [LMEMI] written by ASTRON, for usage of LOFAR as a
measurement device and

o The Memorandum of ASTRON [L-Form-upd].

Conform the Covenant, AT is responsible for the final validation of the measuring instrument. Therefore,
during the design process, the coding, the actual measurements and the processing of data, S[&]T has
informed and included AT (as well as ASTRON) by:

e Submission of requirements and design documentation, code, measurement plans and
measurement results for review,

e Regular joint progress and consultancy meetings.

The result of this project and its complete process is laid down in this Final Report.

2.3 Document Overview
The structure of the document is as follows:

Section 1: Management summary

Section 2: Introduction

Section 3: Measurements

Section 4: Analysis overview

Section 5: Summary of results and conclusions
Section 6: Appendices
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2.4 Reference Documents
Applicable and reference documents are listed in Table 1.
Table 1: Applicable documents.
AD Document Author Vers. Issue date
[RFQ] Request for Quotation, Realisation and Project Wind Farm De Drentse 01 2017/12/23
Implementation Measurement of Monden en Oostermoer
Electromagnetic Radiation
[COoV] Agreement coexistence wind farm De ASTRON, Raedthuys Windenergie 01 2016/09/16
Drentse Monden en Oostermoer and the B.V., Duurzame Energieproductie
LOFAR radio telescope of ASTRON Exloérmond B.V., Windpark
Oostermoer Exploitatie B.V.
[MeasMeth] Method for measuring the EMI radiation Agentschap Telecom 1.0 2017/10/08
of wind turbines in relation to the LOFAR
radio telescope
[VEML] Verstoring van het elektromagnetische Agentschap Telecom 2016/10/19
milieu ter plaatse van de LOFAR kern
door het windturbinepark Drentse
Monden en Oostermoer
[LMEMI] Increasing LOFAR capabilities for ASTRON, Dwingeloo, The 1.0 2018/09/18
measuring wind turbine EMI Netherlands
[L-Form-upd] WTEM Memorandum: L-formula ASTRON, Dwingeloo, The - 2019/10/11
Netherlands
[OFFR] Algorithms for Radio Interference A.R. Offringa, University of June 2012
Detection and Removal, Groningen, dissertation.
[ANTSOL] Computation of Antenna Dependent Sanjay Bhatnagar, document can be Jan, 1999
Complex Gains found on:
http://www.aoc.nrao.edu/~sbhatnag
/GMRT_Offline/antsol/antsol.html
[ADD] WTEM Architectural Design Document, S&T, Delft 1.6 2019/10/18
ST-WDMO-WTEM-ADD-001
[SRD] WTEM System Requirements Document S&T, Delft 1.4 2019/08/20
ST-WDMO-WTEM-SRD-001
[UNCERT] WTEM Uncertainty Assessment S&T, Delft 1.2 2019/11/19
ST-WDMO-WTEM-REP-002 Final
[CALNPL] NPL_2018100058 emitter certificate R2 National Physical Laboratory (NPL), 2.0 2019/02/12

Teddinton Middlesex, United
Kingdom
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2.5 Definitions

Terms, acronyms, abbreviations and definitions are listed in Table 2.

Term
ACM
ADC
ADD
ASTRON
AT
DAB
DMO
EIRP
EMC
EMI
HBA
IM
LBA
LNA

LOFAR

NPL
RCU
RFI
RFQ
RS
S[&]T
SDM
Tx
UPsS
UTC
WTEM
WTG

Table 2: Terms and Definitions

Explanation

Antenna Correlation Matrix
Analog-to-Digital Converter
Architecture Design Document
Netherlands Institute for Radio Astronomy.
Agentschap Telecom

Digital Audio Broadcast

Drentse Monden Oostermoer
Effective Isotropic Radiated Power
Electro Magnetic Compatibility
Electro Magnetic Interference
High Band Antenna

Inter Modulation

Low Band Antenna

Low Noise Amplfier

LOW Frequency Array; ASTRON'’s radio telescope in the neighbourhood of the Wind

Turbine Park.

National Physical Laboratory, Hampton Rd, Teddington TW11 OLW, United Kingdom
Receiver Control Unit (one of the components of the LOFAR infrastructure)

Radio Frequency Interference
Request for Quotation
Reference Source

Science and Technology BV
EMC ShutDown Mode
Transmitter

Uninterruptible Power Supply
Coordinated Universal Time

Wind Turbine Electro Magnetic Interference Measurements

Wind Turbine Generator
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3 Measurements

3.1 Reference source

The reference source [ADD] that has been used for these measurements, emits a well-characterized (i.e.,
calibrated at the National Physical Laboratory (NPL) [CALNPL]) signal with a known flux density with respect
to the covenant limit values. This signal will be emitted sufficiently close to the Wind Turbine Generator
(WTG) so that the transmission path of the reference signal corresponds to the one of the WTG signals, yet
the position of the reference source is sufficiently separated that the reference source signal doesn’t interfere
with the WTG signal.

The reference signal that is emitted during the measurement period is a comb signal with a frequency period
of 1 MHz.

3.2 H-V-measurements

The measurements are divided into a set of Horizontal polarized (H-pol) and a set of Vertical polarized (V-
pol) measurements. For the H-pol measurements, the antenna of the reference source is placed such that
Horizontal polarized signals are emitted, and for the V-pol measurements, the Reference Source emits
Vertical polarized signals.

The antennas at the receiving stations are also dual-polarized. That is, the antennas receive the signals in
two —orthogonal- directions, these directions are called XX and YY. In principle, the XX and YY polarization
of the antenna have no direct relationship with the H-pol and V-pol signals from the Reference Source.
However, as it turns out:

e The H-pol signal from the Reference Source is dominantly represented by the YY-readings of the
antenna.

e The V-pol signal from the Reference Source is dominantly represented by the XX-readings of the
antenna.

The signals that are emitted by the WTG will contain both H-pol and V-pol components. To measure the V-
component of the total WTG emission, we will take only the XX readings into account, and to measure the
H-component of the total WTG emission, the YY readings.

Note that the Measure Method [MeasMeth] as issued by Agentschap Telecom (AT) defined that the behaviour
of the WTG had to be measured only for the V-polarized signals, as originally it was hypothesized that the
transmission of H-polarized signals and the reception of those signals by the LOFAR antennas would be
negligible compared to the V-polarized signals. However, during the test measurements in February 2019 it
was noticed, on suggestion of Dick Harberts (Philips) who is supporting WTG project development, that the
LOFAR antennas would be sensitive to both H-polarized and V-polarized signals. It was then accepted by all
parties that both H-polarized and V-polarized signals will be measured.

3.3 Frequency bands

For the analysis we will distinguish between different frequency bands. The use of these frequency bands is
a consequence of using LOFAR as a measurement system. Due to the maximum sample rate, the ADCs of
LOFAR cannot digitize the whole frequency band of 30 ... 240 MHz in one pass. Instead, the frequency span
of 30 - 240 MHz must be divided into four different smaller frequency bands, each of them to be observed
separately (refer to Figure 2).

Within this frequency span the band from 90 - 110 MHz is affected by FM radio transmissions, where LOFAR
will not measure anyway. The band from 174—230 MHz is affected by Digital Audio Broadcast. This band is
included in a separate band to be observed.

The separation results in the following four bands: LBA (Low Band Antenna), HBA (High Band Antenna) and
the latter in a division of low, high and mid (refer to Figure 2 and Table 3).
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Figure 2: Frequency bands (refer to [ADD])

Table 3: Frequency bands (refer to [ADD])

Frequency band Frequency range Description
Massive interference below 20 MHz during daytime.

LBA 10 - 90 MH
z Only 30! - 80 MHz is considered
HBA_LOW 110 - 180 MHz HBA band with the least interference
This band contains many digital audio stations.
HBA_HIGH 210 - 250 MH
—HIG 0 >0 MHz Only 210 - 2402 is considered
HBA_ MID 170 - 230 MHz HBA band affected by interference. It contains several digital audio

stations.

3.4 Wind turbine modes

The following wind turbine modes have been measured during the first two weeks in September 2019:

Table 4: Wind turbine modes

Turbine mode Description

Completely powered and producing wind energy power at least 50 kW, during the

Normal operation entire measurement, corresponding to a wind speed of approximately 3.0 - 3.5 m/s

Completely powerless, switching at the sub-station level. Before Switching at the sub-
Wind turbine off station Nordex will bring the turbine to a stop and will manually switch-off the aviation
lights and the aviation light UPS system

Wind turbine is powerless up from the low voltages circuit breaker in the converter.
EMC Shutdown Only system which remains active is the aviation light system by means of his battery
package (estimation capacity 8 — 10 hours).

Standby state corresponding to the downtime state with switched off visibility sensor

Standby downtime plus and flickering module, according to the Nordex Downtime Status proposal revision 3.

Standby state corresponding to the downtime state according to the Nordex
Standby downtime Downtime Status proposal revision 3 (without switching off the visibility sensor and
shadow flickering module)

Note that the two Standby modes have initially been identified for the stand-still periods, but this has during
the measurement period been assigned to a newly defined WTG-mode, called the EMC Shutdown (measured
at night and consequently with aviation lights on) mode. As a consequence, the Standby modes have not
been included in the analysis in this report.

1 30 MHz is the minimum frequency of the “LOFAR” band given in [MeasMeth]
2 240 MHz is the maximum frequency of the "LOFAR” band given in [MeasMeth]
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3.5 Measurements
As mentioned in Section 3.2 the measurements have taken place for horizontal polarised signals as well as
vertical polarised signals from the reference source. This needed a different setup for the horizontal and
vertical polarised measurements, which is further explained in the paragraphs below.
3.5.1 Measurement setting
V-measurement:
e Antenna of the Reference in V-position.
e Crane direction: 30 degrees South from West, pointing to the LOFAR core.

e Antenna direction: 30 degrees West from North, pointing to Drouwenermond.

Figure 3: V-measurement directions

H-measurement:
e Antenna of the Reference Source in H-position.
e Crane direction: 30 degrees East from South, pointing to Nieuw-Weerdinge.

e Antenna direction: 30 degrees South from West, pointing to the LOFAR core.
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Figure 4: H-measurement directions

Figure 5 provides a geographical sketch of the positions of the different wind turbines and the positions of
the LOFAR antennas. The centre of LOFAR antennas is at point (0,0), and the antennas (blue points) are
placed in the block defined by the coordinates (-2, 2) (left upper corner) and (2,-2) (right lower corner).
The WTG under test DEE 2.1 is placed just left of the coordinate (4,2).

With respect to the crane pointing: For the V-measurements, the crane is pointing towards the LOFAR
antennas; for the H-measurements, the crane is pointing perpendicular of the line towards the LOFAR
antennas.
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Figure 5: Overview V- and H- measurement directions

3.5.2 Measurement schedule

The following table provides an overview of the measurements that have been performed during the first
two weeks of September 2019:

Table 5: Measurement schedule

Night Start Stop Polarization WTG-mode Success
(CEST) (CEST)
Mon 02/Sep 21:00:00 @ 06:40:00 Y Normal operation No
Tue 03/Sep 20:56:04 | 06:36:04 Vv Normal operation Yes
Wed 04/Sep | 20:52:08 @ 06:32:08 Vv Wind turbine off Yes
Thu 05/Sep 20:48:12 | 06:28:12 Y Standby downtime plus Yes
Fri 06/Sep 20:44:16 | 06:24:16 Y, Standby downtime Yes
Sat 07/Sep 20:40:20  06:20:20 H Normal operation Partly, second half useful
Sun 08/Sep 20:36:25 | 06:16:25 H Standby downtime Yes
Mon 09/Sep 20:32:29 | 06:12:29 H Standby downtime plus Yes
Tue 10/Sep 20:28:33 06:08:33 H Wind turbine off Yes
Wed 11/Sep @ 20:24:37 | 06:04:37 H Normal operation Yes
Thu 12/Sep 20:20:41 | 06:00:41 H EMC Shutdown Yes 