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EXECUTIVE SUMMARY

Background

The Department of Trade and Industry (DTI) of the UK Government is committed to reducing
carbon emissions and revising the UK energy infrastructure. As such, increased renewable
energy generation is seen as a potential significant contributor to realising this vision. The UK’s
wind resource is significant and with the technology currently available, the UK has the potential
to harness a significant proportion of the UK’s energy requirements from this renewable
resource.

The process of obtaining planning permission to build a wind farm involves many
considerations, including consultation with various aviation stakeholders, both civil and military.
These parties may raise objections for a variety of reasons. A known source of objection is that
the wind farm may appear on the display of air traffic control radar. Decisions made regarding
the likely impact that a wind farm may have upon radar operations are currently based upon
assumptions. The electromagnetic interactions between a wind turbine and a radar signal are
complex and there is currently limited understanding in this area and no accepted method for
quantifying this potential impact.

A conflict of interest currently exists between the desire to encourage wind farm development as
a renewable energy source and the desire to maintain the operational safety of air traffic. The
practical manifestation of this conflict is that the UK has seen objections against a significant
proportion of proposed wind farms on the grounds of aviation safety. This situation is obviously
unsatisfactory to the wind energy industry. Often developers commit to the costs of site
assessments that are subsequently refused permission, are subjected to planning delays or are
significantly constrained regarding potential areas for development if they are to avoid this
potential conflict.

Conversely, the current limited knowledge base and technical complexity of this subject area
does not aid the aviation stakeholders when making assessments of the potential impact of wind
farms upon aviation operational safety. The aviation stakeholders are often unable to provide
clear and grounded comment as to whether a particular proposed wind farm presents a safety
issue or what would be needed to mitigate and achieve the safety confidence required. The DTI
has tackled this issue, in part, by commissioning this project to provide a detailed understanding
of the interaction between wind farms and radar systems. It is anticipated that this study will
provide input into the revision of the “Wind Energy and Aviation Interests interim guidelines”
ref. ETSU W/14/00626/REP for the siting of wind farms.

Objectives

The main objectives of the study were as follows:

. Determine the effects of siting wind turbines adjacent to primary air traffic control
radar;

. Provide the information required for the generation of guidelines by civil, military
and wind farm developer stakeholders;

. Determine the extent to which detailed design of wind turbines influences their
effects on radar systems;
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. Determine the extent to which the design of the radar processing influences the
effects of wind turbines on radar systems.

Methodology

As a mechanism to predict the Radar Cross Section (RCS) of wind turbines and understand the
interaction of radar energy and turbines, a computer model has been developed by exploiting
QinetiQ’s stealth technology expertise. This model operates in a ‘super-computer’ environment
and is designed to predict and simulate the impact of wind farms upon the primary radar display.
The model considers the affects of the radar propagation over the terrain between the radar and
the wind farm, the dynamic radar scattering from the wind farm and the processing in the radar.
It can then display its results on a simulated radar display

The model has been validated through a full-scale trial and modelling process. Data have been
collected from a number of sources: a single operational Enercon E-66 turbine located at
Swaffham in Norfolk using a mobile experimental radar station, high fidelity RCS measurements
of a scale model blade in a compact range chamber and from the radar display at RAF Marham
(a radar having visibility of the Swaffham turbine).

The propagation code used as an input to the model was successfully validated by comparing its
output with a validated public domain propagation model. A number of references are provided
against other QinetiQ work that have in the past validated the QinetiQ propagation model as part
of Ministry of Defence programmes.

In addition to the trial at Swaffham, some radar display video data were collected from Prestwick
of a nearby multiple turbine wind farm appearing on the radar display. A model simulation was
run of this wind farm with the turbines in a ‘typical’ configuration. Results provided additional
confidence in the model’s predictive ability.

In summary, a predictive computer model has been developed, validated against a single turbine
scenario and has shown an accurate prediction capability. The reality is that most sites of
concern will have multiple turbines, further model validation could be gained through a multiple
turbine trial.

Stakeholder benefits

The experience gained and learning achieved during the development and validation of the
predictive computer model have been used to perform a sensitivity analysis (identification of the
sensitivity of sub-elements of the radar and wind farm interaction) and to compile a list of the
key factors influencing the radar signature of wind turbines. Together, these have enabled us to
provide a much more detailed quantification of the complex interactions between wind turbines
and radar systems than was previously available.

The following points summarise some of the results of the project:

. The design of the tower and nacelle should have the smallest RCS signature
possible. The RCS of the tower and nacelle can be effectively reduced though
careful shaping;

. Large turbines do not necessarily lead to large RCS (i.e. tower height does not
greatly affect RCS);
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. Blade RCS returns can only be effectively controlled though the use of absorbing
materials;

. For low probability of detection, but a large clutter return, set wind turbines such
that they are mainly yawed close to £90° from the radar direction;

. For high probability of detection, but a smaller area of clutter, set wind turbines
such that they are mainly yawed close to 0° and 180° from radar direction;

It was noted that some of the RCS predictions used in the model are 4 to 6 dB lower than the
measurements, near RCS peaks. This is a result of two main factors:

Firstly blade reflectivity. The blades are not metallic and therefore, have to be assigned a
reflectivity in the modelling process. This has been estimated, and it appears from the
measurements that the blades are more reflective than expected.

Secondly, the predictions carried out do not model any returns resulting from multiple
interactions within the turbine structure. Given geometry that gives rise to paths back to the radar
via multiple bounce these returns can be very large. Without this mechanism the predictions will
be different from the measurement where strong multiple bounce returns are present.

To reduce this difference we must deal with both of these factors. The turbine blades need to be
modelled with a more realistic reflectivity and the multiple bounce calculations must be included
in the turbine calculations.

The model has the potential to be a valuable tool for the wind energy community and can
provide a validated route to:

. Generate the detailed data required for more sophisticated initial screening than is
currently available;

. Support the development of mitigation and solutions, including: siting
optimisation, control of wind turbine RCS and enhanced radar filters (able to
remove the returns from wind turbines);
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1.1.3

1.14

1.15

1.1.6

1.1.7

INTRODUCTION

Project background

The Department of Trade and Industry of the UK Government has a policy of
encouraging the development of renewable energy sources. One such renewable energy
source is the power available from the wind. With the position of the UK on the edge of
the continent of Europe, wind energy is particularly plentiful, so that wind is a promising
renewable energy source for the UK.

The process of obtaining planning permission to erect a wind turbine or a wind farm (a
group of wind turbines built on the same site) involves many considerations, including
consultation with various aviation interests, both civil and military. These parties may
raise objections to a proposed wind turbine for a variety of reasons. One common source
of objection from the Royal Air Force is that the wind turbine, being a tall object (70 to
100 metres or more), is a threat to the safety of low-flying military aircraft on training
flights. Another source of objections is that the wind turbine will appear as an echo on
the display of radar used in air traffic control (ATC). This echo distracts the air traffic
controller from the aircraft echoes which are his main interest, and can reduce the
effectiveness of the radar by masking genuine aircraft returns. This is considered as a
threat to the safety of air traffic, both civil and military.

There is, thus, a conflict of interest between the desire to encourage wind farm
development as a renewable energy source, and the desire to maintain the safety of air
traffic. In practice, a large fraction of proposed wind farms have objections lodged
against them on grounds of aviation safety. This situation is unsatisfactory to the wind
energy industry, as it involves them in the expense of preparing cases for wind farm
development at sites that are subsequently refused permission, and considerably restricts
the areas available for wind farm development.

The Department of Trade and Industry, contracting via Future Energy Solutions (FES) at
Harwell has set up a working party under the title “Wind energy, defence and civil
aviation interests”. This provides a forum for representatives of the wind energy industry
to meet with civil and military aviation authorities, and discuss these issues. Examples of
wind farms in the vicinity of ATC radar exist in the UK. In some cases, problems have
been reported and documented.

Cases are known where the presence of a wind farm adjacent to an airport is causing
problems for the ATC of the airport. On the other hand, cases are also known where a
wind turbine close to an airfield causes little or no problem to the airfield ATC. The
reasons for this apparent inconsistency are not well understood.

This lack of understanding makes it hard for the aviation safety authorities to give clear
and well-founded decisions on whether a particular proposed wind farm presents a safety
issue or not.

The Department of Trade and Industry commissioned this study to clarify the interaction
of wind turbines and radar systems, and to provide input into the production of guidelines
for the siting of wind turbines near radar systems.
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1.2.3

1.3.2

1.3.3

Radar cross-section

Throughout this report we will be using the term, radar cross-section (RCS). For readers
unfamiliar with this term the following paragraphs are a description of its meaning.

An essential element in considering the detection of a wind turbine by a radar is the
strength of the radar reflection from the turbine. This is measured by its RCS, which is an
area, usually measured in square metres. It can have a wide range of values, and is often
quoted in decibel square-metres (dBsm), which is a logarithmic measure. An RCS of
0dBsm means 1 square metre, every 3dB increase doubles the value in square metres,
and each 10dB added means that the RCS is multiplied by 10.

In the special case of a large metal sphere, the RCS is equal to the area of the geometrical
cross-section. For other targets it can be much greater than the geometrical area (e.g. a
flat plate viewed at right angles, or the corner reflector used on buoys and small boats).
In yet other targets it can be much smaller than the geometrical area (e.g. a stealth
aircraft).

Obijectives of work

The main objectives of the work are as follows:

. Provide information for the generation of guidelines for the siting of wind turbines
near radar systems;

. Determine the effects of siting wind turbines adjacent to radar systems;

. Determine the extent to which the detailed design of the turbines influences their
effect on radar systems;

. Determine the extent to which the radar processing influences the effects of wind
turbines on radar systems.

To achieve these aims QinetiQ set out to complete the following tasks:

. Develop a computer model to simulate the effects of wind turbines on radar
systems;

. Carry out radar cross-section (RCS) predictions of four wind turbine designs and
analyse their radar signatures;

. Plan field trials to validate the predictions and computer model;
. Validate the predictions and model against the data collected in the field trials

After planning the field trials QinetiQ was also instructed to carry out these trials and this
is also reported on here.

Report structure

The main report is split into sections, each containing details of one of the tasks carried
out. Section 2 pulls together findings gained from the completion of this work into key
factors influencing the radar signature of wind turbines, which should help the
development of siting guidelines.
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1.4.2

1.4.3

1.4.4

1.4.5

1.4.6

1.4.7

1.4.8

1.4.9

1.4.10

1.4.11

1.4.12

1.4.13

1.4.14

Section 3 reports on the development of a computer model to simulate the effects of wind
turbines on radar systems. This model is developed using QinetiQ experience in radar
scattering and radar propagation to allow the effects of a turbine on a primary radar
display to be simulated.

Section 4 reports on RCS predictions carried out on wind turbines. The RCS of an object
is a measure of how much energy is returned to the radar, and hence is critical in
understanding, and simulating the effects of a wind turbine on radar. The predictions are
done using QinetiQ prediction codes developed from 20 years of research in the UK
stealth programme.

Section 5 contains the details and results of the radar measurements that have been made
to validate the predictions and the computer model described in section 2. These
measurements have been carried out on a scale model turbine blade in a QinetiQ
measurement facility and of a real turbine using a QinetiQ mobile experimentation radar.

Section 6 explains the validation process and the results from this exercise. The
validation uses all the data collected and explained in sections 3 and 4 to validate the
computer model described in section 2. The model has been run to reproduce measured
scenarios and the resulting output compared to the measured result.

Section 7 identifies the key parameters that influence the effects a turbine will have on a
radar system. Examples would be the parameters which affect the RCS, and hence the
returning power to the radar and radar settings and filters.

Section 8 contains the conclusions from the report, summarising all of the findings from
the previous sections.

Section 9 describes the recommendations resulting from this study.

The following sections in the main body of the report concentrate on the results and
findings of the study. All the technical detail and mathematics are presented in
appendices at the back of the report and are referenced from the main text.

Appendix A includes details of how the modelling of the wind turbines was carried out,
and reasoning for the simplifications made. It also includes results from the predictions
carried out.

Appendix B includes a detailed description of the computer model, fully describing the
functionality of each of the model parts. It also includes a section on the mathematics of
radar shadowing caused by turbines.

Appendix C is the outline trials plan that was generated early in the project to define the
trials to be carry out.

Appendix D includes details of the radar trials carried out, including calibration and
instrumentation issues. It also includes more processed measurement results.

Appendix E includes a discussion of the issues surrounding circular polarisation and
shows that the RCS prediction techniques used in this work can be applied to circular
polarisation problems.
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1.4.15  Appendix F details the work carried out by the subcontractor EMRAD in creating a
database of radar sites within line of site (LoS) of wind farms in the UK.

1.4.16  Appendix G contains a review of the QinetiQ computer model by the subcontractor
EMRAD, explaining their views on the work carried out and the validity of the model.

Page 4 of 86



N

212

KEY FACTORS INFLUENCING THE RADAR SIGNATURE OF
WIND TURBINES

Learning as potential inputs to the DT guidelines

In order to detail the relevant input sections for the DTI guidelines, they are identified
below under the following headings for clarity; Wind turbine, Wind farm, Terrain, and
Radar.

Wind turbine

2121

2122

2123

2124

2125

2.1.2.6

Design (Shape). A typical wind turbine is made up of three main components, the tower,
the nacelle, and the rotor. We have carried out a study of the effects of shape on the RCS
of these components (see section 7). We consider each of the turbine components and
present the key factors influencing the radar signature.

The wind turbine tower is a constant return that should be minimised to aid the radar
filtering of the turbine. Radar processing can suppress stationary objects, but if the RCS
is too high then the object will still appear as clutter on the PPI display. It should be
noted that although the tower is essentially stationary it does vibrate and sway under
normal operation and this may have an effect on the radar filtering.

For a tapered cylindrical tower increasing the taper angle will greatly reduce the tower
RCS (e.g. Enercon tower RCS is =100m?. Increasing taper angle by 2° reduces RCS to
=10m?). Over the range of likely tower sizes the diameter and height of the tower only
have a small effect on the tower scattering. As the tower does not move, squashing the
tower into an oval cross-section and pointing the narrow cross section at the radar can
further reduce its RCS. This is only effective if there is one illuminating radar system as
the RCS will be lower only when looking at the narrow tower cross-section (for details
see section 7.3). The tower of a wind turbine will bend under normal operation due to
wind load and thermal heating. These effects are likely to be big enough to significantly
effect the tower RCS, and need to be taken into consideration when designing a tower for
RCS control.

Unlike the tower the turbine nacelle RCS is a function of the turbine yaw angle. It rotates
only slowly with respect to the radar, hence will be suppressed by radar filters. As with
the tower it is still important to keep this return to a minimum to give the radar the best
chance of filtering the turbine return.

Curved surface nacelles send energy in all directions, giving a less variable but high RCS
with changing yaw angle. Flat panel nacelles create a variable RCS return with very high
spikes and regions of low returns as the yaw is varied (e.g. the Enercon curved nacelle
varies between 2m? and 160m? where as the Vestas flat panel nacelle varies between
0.003m? and 12,600m?). To create an all round low nacelle return flat panels angled away
from the radar (tilted up or down) should be used (e.g. the Vestas nacelle maximum can
be reduced from 12,600m? to 50m? with a 10° tilt angle. See section 7.4 for more details).

With current nacelle designs (rounded or flat panel) the yaw angles which give the lowest
RCS are around £45° and +135° with the highest RCS occurring at 0°, £90°, and 180°.
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2.1.2.7

2.1.2.8

2.1.2.9

2.1.2.10

21211

21212

2.1.2.13

The turbine rotor is very important in considering the effect of wind turbines on radar. As
it is spinning a proportion of the blades (depending on yaw angle and RPM) will be
travelling fast enough to be unsuppressed by most radar stationary clutter filters. Hence,
unless these returns are below the radar threshold then the turbine will appear as a target
on the radar PPI display.

The RCS of a turbine rotor changes rapidly as the blades rotate, and also vary as the
turbine yaws and the blades pitch. From the data collected in this work on a number of
blade designs (see section 7.5 for details) it is clear that, during a single revolution of the
rotor, for any yaw angle a large RCS will be seen at some point. Shaping to control the
RCS is only effective over a limited region of aspects. The same energy is being reflected
but if we can concentrate it into a small number of directions this will leave regions
where there is little backscatter of energy. As the blades will present most aspects to the
radar at some point in time, shaping will have little effect on minimising the rotor RCS
over any significant time period. The only real answer is to try and absorb some energy
through the use of materials.

Material. A study proposal from QinetiQ is under consideration by the DTI to investigate
the radar reflectivity of different wind turbine materials and if carried out will more fully
address this issue in due course.

However, it is safe to say that the materials used in the manufacture of a wind turbine
will affect the wind turbine’s RCS value. In particular, metals and other electrically
conducting materials, such as carbon fibre, are reflective to radar and, therefore, will
contribute to increasing the RCS signature. Where the material used has semitransparent
properties (such as wood or glassfibre) to radar, the internal structure of the wind turbine
may need to be considered.

Operation (Yaw). The wind turbine RCS varies with the Yaw i.e. with the relative
orientation of the wind turbine and the radar.

The components of the turbine that are a function of yaw are the nacelle and the rotor. As
already discussed the nacelle RCS is minimised at +45° and +135° yaw angles, but as
this is likely to be suppressed by radar filters, it is not the key source of scattering as seen
by the radar. So are there any preferable yaw angles for minimising the effect from the
turbine rotor blades? We must take account of the stationary clutter filter which will
affect how the rotor appears to the radar as the yaw is varied. As the yaw moter moves
the rotor axis closer to facing the radar the relative speed of the blades towards and away
from the radar decreases and so the radar return from a greater proportion of the blades
length is suppressed by the radar filters. The maximum speed of the blades in the
direction of the radar, and hence the least suppression of the blade RCS, occurs when the
rotor is facing 90° from the radar.

From our analysis we see that that from yaw angles around 0° and 180° (i.e. when the
turbine is facing towards or away from the radar) the RCS of the blades are consistently
high (around 100 to 1000m?) throughout a complete rotation (see section 7.5 for details).
This means that whenever the radar looks at the turbine there is a high probability of
seeing a large signal and detecting the turbine. But this does not take account of the radar
filters which will be more effective at this yaw angle. The filter is likely to suppress a
large amount of the turbine return leaving just a small signal (i.e. a small region of PPI
clutter) that is just detectable but with a high probability of detection. At the other
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21214

2.1.2.15

2.1.2.16

2.1.2.17

2.13

extreme when the rotor is facing 90° from the radar (yaw of £90°) the RCS of the turbine
blades are very variable. When a blade edge is vertical (blade pointing up or down) a
very large RCS is seen which is as large if not larger than the blade face return. But this
only occurs for a short time during the blade rotation and for the rest of the time the RCS
is low (below 1m?). Also as the blades are moving in the direction of the radar beam the
radar filter will not suppress much of the returning energy for a vertical blade. This gives
rise to a situation where the turbine will go undetected unless a vertical blade is observed,
and if one is seen the resulting clutter on the PPI screen is large. The time periods in a
turbine’s rotation when the RCS is high are short, and the probability of detection low,
but when seen the resulting clutter will be large.

Blade Pitch. If a turbine has pitching blades then the effect of this pitching angle results
in an adjustment to the yaw angle at which the situations described above occur. If the
blades are pitched back by x degrees then the large RCS seen close to 0° and 180° yaw
due to the blade faces will now occur at x° and 180+x°. Large pitch angles can create
larger clutter problems by moving the large RCS seen, when looking at the front or the
rear face of the blades, to a yaw angle where the radar filter is less effective (see section
7.5 for details).

Blade Numbers. Whilst the current wind turbine is tending towards three-bladed systems,
other blade configurations are feasible, the effects of which may be to vary the RCS. This
requires further investigation although it should be noted that the model described within
this report can manage any blade configuration that the manufacturer’s may wish to
consider.

Rotation Speed. The rotational speed and the diameter of the turbine rotor determine the
velocity at the tip of the rotor. For a radar filter to suppress the whole blade, the tip speed
of the blade in the direction of the radar must be less than the speed at which the radar
filter passes incoming radar returns unsuppressed. For a typical filter the suppression
becomes less effective at around 50kph.

Lower rotational speeds for a given rotor diameter would allow more suppression to
occur, but given that typical rotor RPM are between 15 and 25, giving rise to tip speeds
in excess of 160kph, high suppression over a wide range of yaw angles would require
much slower rotational speeds. For example, a maximum tip speed of 50kph for a 60m
rotor would limit the RPM to 4.5. Small reductions in rotational speed will have little
effect on the radar impact.

Wind farm

2131

2.1.3.2

Range. Current procedures have put a lot of emphasis on the range of the wind farm from
the radar. This has led to an impression that the further from the radar the farm is placed
the smaller the interference. The situation is not that simple. A greater range is only
better because it will increase the chances of intervening terrain and the earth’s curvature
obscuring the radar LoS to the turbines. Due to the magnitude of scattering from a wind
turbine, if the wind farm is within the operating range of the radar and LoS exists then
the radar will receive clutter signals from the turbines.

Layout Spacing. Spacing of wind turbines within a wind farm is typically of the order of
a few hundreds of metres. The resolution of the radar in cross range is a function of the
distance between the radar and the wind farm and the radar beam width. The downrange
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2.1.33

2134

2.1.3.5

2.1.3.6

2.1.3.7

214

resolution is dependant on the pulse width of the radar involved and is typically in the
range of 50-300 metres.

If the spacing between the towers of the wind farm were smaller or equal to the cross
range and down range resolutions, then tracking of aircraft over the wind farm would be
very difficult. This is because radar will not resolve two targets that are within the
resolution of the radar and will just appear as one large target. Conversely, if the wind
turbines were several resolution cells apart, then there is resolvable space between the
turbines and a potential to see the crossing aircraft amongst the turbine returns.

Layout Geometry. It has yet to be established which wind farm layout is more acceptable
and more research is needed to determine the optimal arrangement as far as radar
operators are concerned. However the following statements can be made regarding how
various layout arrangements will appear to any radar system.

A grid layout will display as a regular pattern on the radar. This may prove easier for the
radar operator to identify on the display.

A line of wind turbines running parallel to the radar’s boresight will tend to produce a
deeper but narrow radar shadow due to the cumulative blocking effect of the line of wind
turbines. A line of wind turbines that is offset at an angle to the radar’s boresight will
tend to produce a wider but less deep radar shadow as the angle increases. A line of wind
turbines perpendicular to the radar’s boresight will produce minimal radar shadow. A
random layout, which in reality is more likely, will produce a combination of the above
effects. Which of these layouts is best will depend on what the radar coverage
requirements are at low level behind the wind farm.

In a circumstance where a single wind turbine in clear LoS to the radar is undetected
then, assuming sufficiently wide spacing of wind turbines in wind farm, it is highly likely
that a wind farm of similar wind turbines would also be undetectable.

Terrain

2141

2.14.2

2143

Line of Sight between Radar and wind farm. As radar operate on a Line of Sight (LOS)
basis, it is obvious that direct LOS between wind farm and radar should be avoided
wherever possible i.e. by using the intervening terrain to mask the wind farm from the
radar. If there is a LOS and the radar is working effectively then any wind turbine will
cause radar clutter.

Over the horizon effects. Wind farms can create a detectable radar return even when not
in direct LoS of the radar. This is due to diffraction over the intervening ground between
the radar and wind farm. The level of detectability of the wind farm is dependant on
frequency of radar and the distance from the wind farm to the point of diffraction and the
distance below the LoS horizon where the wind farm is located.

Effect of wind turbine/wind farm on more distant objects. The diffraction effects
mentioned above, and the design of wind turbines, mean that wind turbines individually
create ‘radar shadows’. Any shadow that does exist behind wind turbine decreases in
intensity with distance (e.g.) for a 3GHz radar, the shadow extends hundreds of metres
behind a typical wind turbine (see Annex B.5).
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2.15

Radar

2151

2.15.2

Frequency. Frequency of radar systems varies but is generally in one of three bands:
10GHz (3cm wavelength), 3GHz (10cm) and 1GHz (30cm). Higher frequency radar
provides greater resolution i.e. the individual radar tracks are smaller and easier to
differentiate. Hence for those radar with the highest frequencies, there is a smaller chance
of both an aircraft and a wind turbine being in the same radar resolution cell causing
track merge.

Track Filtering. All radar contain filtering systems that are designed to extract out
information that is of use for the particular radar purpose and to reject all other
information (perceived as clutter). As already discussed above, operating wind turbines
exhibit many of the characteristics associated with aircraft i.e. relatively large RCS with a
strong Doppler shift. As current generation radar systems are not designed for the
removal, by filtering, of clutter from wind turbines, we have a situation where wind
turbines can cause clutter and false tracks on radar displays.
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3.2.2

3.2.3

3.24

COMPUTER MODEL DEVELOPMENT

Benefits of the model

The benefit of this model is to allow the effects of any particular wind farm on a
particular radar to be accurately predicted. This can assist in the production of the
regulatory guidelines by highlighting the important parameters and allowing these
parameters to be quickly modified and the effect on the radar observed.

Model philosophy

The purpose of this model is to investigate in detail what the effects of radar echoes
received by radar from a wind turbine are, and to study the effects of the radar signal
processing on these highly variable echoes. This will give an understanding of the
circumstances under which a turbine is visible to radar and when it is not visible. It also
enables the examination of proposed means to distinguish wind turbine echoes from
other echoes, and then if possible prevent them from obscuring wanted targets on the
radar operator's display.

The basic idea of the computation is to study the progress of each radar pulse transmitted
during a specified interval of time. During this interval the radar dish rotates, a (wanted)
target aircraft moves across the scene, and blades rotate on one or more wind turbines.
The magnitude of each received pulse is calculated, taking into account the antenna beam
pattern, the propagation from the antenna to the target aircraft and the turbines, and the
variable RCS of the aircraft and turbines. These returns are then passed through a
simulation of representative radar signal processing, leading to a list of confirmed echo
detections. These are then displayed on a plan-position indicator (PPI) display typical of
radar displays. A PPI is just a monitor on to which all the radar information is displayed
for the operator to interpret.

QinetiQ's software suite for studying and analysing the interactions of wind turbines with
the performance of radar systems is known as WHIRL.

The software has been designed in a modular way corresponding to each of the following
stages that require simulation. These stages are:

. Radar transmission of a pulse;

. Propagation of pulse over terrain from radar to wind farm;
. Scattering of pulse by wind farm;

. Propagation of pulse over terrain from wind farm to radar;
. Radar receives returning energy pulse;

. Radar signal processing;

. Radar display.
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3.2.5 WHIRL itself consists of two parts, and it uses output from two other programs to
simulate these processes:
. WHIRL-COM: simulates the radar signal processing;
. WHIRL-DIS: simulates a radar PPI display, using radar echo information output by
WHIRL-COM,;
. Ocellus: computes the RCS, a measure of the energy scattered by the wind turbines
(feeds into WHIRL-COM);
. NEMESIS: computes the propagation factor between the radar and the wind
turbines and back to the radar (feeds into WHIRL-COM).
3.2.6 This is described in more detail in the following sections.
3.3 Code structure
3.3.1 Figure 3-1 is a diagram of how all the code modules fit together.
Ocellus
Run previously to collect all
RCS data on turbines
A
WHIRL COM P RCS Library
Main computational function containing scenario set-up, radar |~
range equation, and radar processing
A
Nemesis
Propagation pattern factor Creates propagation pattern|
Library factor which takes into
account effects of terrain
and elevation beam pattern
WHIRL DIS of radar
Figure 3-1; Diagram of how the QinetiQ software WHIRL fits together
3.4 Functionality
34.1 The functionality of each of the modules is briefly explained here. A more detailed
explanation is contained in appendix B.
3.4.2 WHIRL-COM
3.4.21 WHIRL-COM performs the computational work of simulating the reflection of radar

signals from a target aircraft and one or more turbines, and tracing the echoes through
appropriate radar signal processing.
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3.4.2.2

3.4.2.3

3.4.3

WHIRL-COM consists of four main sections:

. Graphical user interface, which allows the user to input data on the scenario to be
modelled, and controls the running of the subsequent computation;

. Calculation of the geometry of motion of an aircraft target, and rotation of turbine
blades;

. Radar equation calculation, which takes into account the rotation of the radar beam,
the propagation factor from radar to aircraft target and turbines, and the RCS as the
aircraft target moves and the turbine blades rotate;

. Simulates radar data processing, including pulse integration, moving target
indication, and noise-related thresholding. Outputs the confirmed detections for
input to WHIRL-DIS.

WHIRL-COM can model any number of turbines in any position in the UK (other sites
would be possible given the relevant terrain data required). One aircraft target can be
flown on a straight track across the display. Its start position, stop position and speed is
set by the user. The code is currently set up to model a standard ATC primary radar, but
all the radar parameters can be changed to suite different radar operations.

WHIRL-DIS

3431

3.43.2

3.4.3.3

3.4.3.4

3.4.3.5

WHIRL-DIS is a program that simulates a radar operator's plan position indicator (PPI)
display. It takes in the file from WHIRL-COM containing the accepted radar detections,
and displays it in real time on the PPI display. This gives a visual indication of the effects
of the various signal processing options.

The program was kept separate from WHIRL-COM so that it could be run on a portable
computer for demonstration purposes. The separation ensures that WHIRL-DIS can run
fast enough to display its output in real time, and is not held up by any time consuming
calculations that are done in WHIRL-COM.

WHIRL-DIS does processing of its own: it accepts and displays the detections found in
its input file. It contains additional thresholding with a user-adjustable range-dependent
threshold. This allows the user to see the effect of adjusting the threshold without
repeating the WHIRL-COM calculations.

When reading™ an input file the user can select what threshold to set, and whether the
moving target indicator (MT]) filter switch is on or off. Once a simulation is read in to
WHIRL-DIS the user has a full range of viewing tools to enable the results to be
evaluated. These are:

. Centre the simulation by mouse and keying in;

. Zoom in and out by increments, mouse and keying in;

. Variable display persistence of radar detections;

. Start and stop simulation at will;

. Move back and forth through simulation one second at a time;
. Reset simulation.

A comprehensive description of WHIRL DIS is contained in Appendix B.2.
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34.4

Ocellus: RCS computation

3.4.4.1 QinetiQ's software for the computation of RCS is known as Ocellus. This is used more
widely for QinetiQ's RCS prediction work.

3.4.4.2  This code calculates the RCS of the turbines for parameters such as:
. Frequency of radar energy;
. Position of the transmitting and receiving antenna (Do not have to be co-located);
. Distance to target;
. Polarisation of radar energy.

3.4.4.3 It does these calculations using several mathematical methods. Most of the contribution
to the turbine’s RCS comes from the method of physical optics. When the program
detects the presence of a sharp edge, an additional factor is applied to the RCS according
to the physical theory of diffraction.

3.4.4.4 Inthe context of the present study, this program is used to generate a table of RCS values
for a particular turbine over a wide variety of parameters. Once complete the resulting
table encapsulates all the data for a particular turbine and can be used in WHIRL to
investigate many different scenarios.

3.4.5 NEMESIS: propagation calculation

3.45.1 NEMESIS is a QinetiQ program for calculating radar propagation factors taking into
account the following factors:
. Radar frequency;
. Intervening terrain;
. Radar's elevation beam pattern.

3.4.5.2  This program uses the parabolic equation method, and is used more widely in QinetiQ
where propagation calculations are required.

3.5 Model limitations

351 Currently the model does not include any of the following effects:
. Interactions between individual turbines within a farm;
. Interactions between aircraft targets and the turbines;
. Any shadowing effects caused by the turbines of the aircraft target;

3.5.2 These capabilities can be straightforwardly implemented, although they have not been

specifically introduced within this study.

Page 14 of 86



NN
H

.
=
[N

4.2.2

43.1

43.2

4.3.3

4.3.4

RCS PREDICTIONS OF WIND TURBINES

Reason for RCS predictions

As discussed in the introduction, the RCS is a measure of the energy returned from the
turbine to the radar. This is one of the key factors in determining the effects of turbines
on radar systems. All objects illuminated by the radar beam will return some energy to
the radar receiver. The only way a radar can discriminate between a real target and some
other object in the environment is if the RCS of the object is different in some way to that
of the real target. So it is clear that without a thorough understanding of the turbines RCS
its effect on radar cannot be calculated.

Input information

In order to predict the RCS of wind turbine we require detailed geometry information so
that a computer aided design (CAD) model of the turbine can be created. This is used to
generate an input file for the RCS prediction software. Also required are the electrical
properties of the construction materials if not made from metal. The turbines we
concentrated on were the Vestas V47 (used at the Hare Hill wind farm in south-west
Scotland), and the Enercon E-66 (The turbine at Swaffham, Norfolk). The E-66 turbine
was to be measured in the field trials and the data used to validate the predictions. We
also acquired information on some other blade designs so the sensitivity of the turbine
RCS to design change could be investigated.

Three companies were contacted to supply this information, Vestas (UK), Ecotricity (UK
arm of Enercon), and NEG Micon Rotors. QinetiQ also took their own measurements of
the turbines in order to build up accurate and comprehensive CAD models.

CAD Creation

All the models were created in a commercially available CAD package (SDRC I-DEAS).
All the parts of the turbine are built separately and are then "joined" together to make
different turbine configurations.

For details of all the approximations made in generating the CAD models see Appendix
A.1l. Figure 4-1 and Figure 4-2 show the models made as compared to the real turbines.

Four different CAD models were generated as follows:

. Enercon E66 turbine with a 66m diameter rotor;

. Vestas V47 turbine with a 47m diameter rotor;

. Enercon E66 tower and nacelle with a 80m rotor using NEG Micon blades;
. Vestas V47 tower and nacelle with a 52m rotor using NEG Micon blades.

All these CAD models are descriptions of the turbines’ outer surfaces, and no attempt has
been made to model the internal structure. The effect of internals on the signature is
discussed in more detail in appendix A.4.
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Figure 4-1; The CAD model of the Swaffham turbine compared to the real thing.

I i\
i

Figure 4-2; The CAD model of the Hare Hill turbine compared to the real thing. The turbine blade
edges only appear serrated due to the resolution of the image.
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4.4.2

45.1

45.2

453

45.4

Data collected

Far field RCS predictions on all four models described in section 4.3 have been carried
out. Each of the turbines has the same predictions completed on it, carried out in the
following way.

For each configuration there are three CAD model descriptions. One has a blade pitch of
0° (i.e. the blades are set to catch the maximum wind), one a pitch of 20° (feathered to
spill some wind, and 90° (feathered right back to stall the turbine). For each of these
pitches data were collected at 1.5GHz and 3GHz, and at 36 yaw angles of the rotor and
nacelle (every 10°). At each of these yaw angles data from 2400 positions of the blades
were collected to allow simulation of the blade movements in any of the yaw positions.
This means over 2 million RCS calculations have been completed. Table 4-1 summarises
the turbine set-ups predicted.

No of blade pitches 3 {0°, 20°, and 90°}
No. of frequencies 2 3GHz, 1.5GHz
No. of yaw angles 36 0° to 360° in 10° steps
No. of rotor positions for 2400 (every 0.05° of rotation)
each yaw

Table 4-1; Summary of the turbine set-ups predicted on all four turbine configurations.

Results and analysis

All of the turbine predictions exhibited several basic characteristics. To explain these
characteristics the examples of the Enercon turbine at Swaffham (with a blade pitch of 0
degrees, at yaw angles of 0 degrees and 90) degrees is used. The RPM for both of these
were set to 12.4 RPM. A more complete set of the predictions from all the turbines can
be found in Appendix A.5.

In all cases the yaw angle is specified relative to the direction of the radar. So when the
yaw is 0° the radar is pointing along the axis of rotation of the turbine rotor, with the
blades in front of the tower when viewed from the radar position. This means the turbine
is face on to the radar. When the yaw is 90° the turbine rotation axis is perpendicular to
the direction of the radar, i.e. the turbine appears side on to the radar.

We will, firstly, consider the results for the Swaffham turbine at 0 degrees yaw before
examining the results for the Swaffham turbine at 90 degrees yaw.

The RCS at 0 degrees yaw is presented in Figure 4-3. It shows a number of features
(labelled 1 to 8 on the figure) that can be attributed to the turbine blades. Since we are
investigating the RCS with time, from a single yaw angle, any contribution to the RCS
from the tower will be constant. There are two very broad peaks. At the top of which,
either side of the maxima, are two further peaks. The symmetry between these is
apparent and the likely cause of the observed peaks is the turbine blades. The positions in
time of these features are summarised in Table 4-2.
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45.5

4.5.6

4.5.7

45.8

Number Time (secs) Degrees rotated Description

0 0.000 0.0 Initial blade positions (not
marked)

1 ~0.125 ~9.3 Small peak
2 ~0.850 ~63.2 Large peak
3 ~0.980 ~72.9 Small peak
4 ~1.125 ~83.7 Large peak
5 ~1.750 ~130.2 Small peak
6 ~2.450 ~182.3 Large peak
7 ~2.600 ~193.4 Small peak
8 ~2.740 ~203.9 Large peak

Table 4-2; Summary of the main features of the RCS from the Swaffham turbine at 0 °yaw

Figure 4-4 details the blade positions at the times indicated in the table above. Position 0
is the turbine configuration at time, t = 0. It can be seen that the blade position for the
peaks 2 and 6, and, 4 and 8 are the same respectively. Likewise the small peaks observed
at 1 and 5, and, 3 and 7 are also the same. The angular spread between all of these is
~120 degrees. This confirms that these small and large peaks are a result of some
interaction with the blades.

We can explain the features observed by considering what is happening to the blades as
they rotate. It may be noted from Figure 4-4 that the peaks (features 2,4,6 and 8 in Figure
4-3), occur when a blade is just either side of the tower.

As the blades move the returns from the blades combine with the constant returns from
the tower and nacelle in different ways. As the returning signals are electromagnetic
waves they have a magnitude and a phase (i.e. are phasor quantities). Hence, due to
constructive (in-phase) and destructive (out-of-phase) interference between the different
parts of the turbine, peaks and troughs arise in the RCS pattern.

Furthermore, the inclinations of the blades' surfaces are always changing due to the
changing pitch and rotation of the blades with time. This has the effect of altering the
projected area seen by the radar. The RCS of the blades is closely related to the surface
area presented to the radar. This, coupled with the interference phenomenon described
above, will give rise to maxima and minima in a cyclic fashion. The period of this
behaviour should be equal to the angle between the individual blades, i.e. 120 degrees.
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459 We can see from the results that at times the RCS drops to low levels (below -10dBsm).
Here the destructive interference between the different parts of the turbine is so good that
the RCS return from the turbine is nearly wiped out. This only occurs for very short
times and could not be used to control the RCS of a turbine over a significant length of
time due to the constant movement of the blades.

0,3 oe o9 e L |
e |[wevondu)]

Figure 4-3; The Swaffham turbine RCS versus time at 0 °pitch, 0 °yaw.

Figure 4-4; The Swaffham turbine rotor positions at 0 °pitch , 0 °yaw.
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4.5.10

45.11

45.12

This is in fact what is observed in our results. To confirm that the effects seen are from
the blades, the zero-Doppler (ZD) components were removed from the data. This process
removes all the contributions from the data originating from non-moving parts, i.e. the
tower and nacelle. Figure 4-5 presents the data without the ZD components. It can be
seen that the same features observed in the complete RCS (Figure 4-3) are present. The
difference being that the small peaks at points 1 and 5 are approximately 5 dB lower.
When the blade positions at these points are considered (see Figure 4-4) we can see that
the small peaks correspond to when the tower is at its most visible. Therefore the reason
for the difference in levels is that at this point the RCS is dominated by the returns from
the tower, which are removed by the ZD processing.

Cwaffhom windlurbine, 1. 4mm, [ degrane blhde gitch, 4.0 decrane yow, L0GHZ
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Figure 4-5; The Swaffham turbine RCS versus time at 0 °pitch, 0 °yaw, with the zero-Doppler

component removed.

The RCS at 90 degrees yaw is presented in Figure 4-6. It shows four features (labelled 1
to 4 on the figure) that, as with the 0 degrees yaw case, can be attributed to the turbine
blades. The figure shows two very sharp spikes in the RCS (labelled 1 and 3) and two
less distinct features between these spikes (labelled 2 and 4). These are summarised in
Table 4-3.

The two sharp peaks (1 and 3) can be seen to occur when a blade is pointing vertically
downwards, as shown in Figure 4-7. The radar is looking from right to left in terms of the
figure. When the blade is positioned as shown then the leading edge is both perpendicular
and directed towards the radar. The spike is a result of this leading edge. At this point the
return from the blade will be at its highest.
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Number | Time (secs) | Degrees rotated Description
0 0.000 0.0 Initial blade positions (not marked)
1 ~0.375 ~27.9 Peak
2 ~1.150 ~85.6 Slight Peak
3 ~1.990 ~148.1 Peak
4 ~2.790 ~203.9 Slight Peak

Table 4-3; Summary of the main features of the RCS from the Swaffham turbine at 90 °yaw

45.13 Based on this we might expect to see some sort of event occurring in the RCS when a
blade is pointing directly upwards. This is indeed the case with the very small peaks seen
between the large spikes (i.e. 2 and 4). Again, the blade positions are shown in Figure
4-7. The general flatness of the RCS can be attributed to the fact that the profile of the
blades when viewed from 90 degrees yaw is very flat and any subtle effects resulting
from the blades will be swamped by the return from the tower and nacelle which will
dominate.
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Figure 4-6; The Swaffham turbine RCS versus time at 0 °pitch, 90 °yaw
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Figure 4-7; The Swaffham turbine rotor positions at 0 °pitch, 90 °yaw.

The angular "distance” between like features is, in both cases, approximately 120
degrees. This is good evidence that the peaks have originated from the blades. To
confirm this we removed the ZD components. The data without the ZD are presented in
Figure 4-8. The peaks (2 and 4) between the major spikes are significantly clearer when
the ZD is removed. This is a consequence of removing the dominant return of the tower
and nacelle.

Swoffham windturbine, 12.4rpm, J degrees blode pitch, 90.0 degrees yew, 3.0GHz
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Figure 4-8; The Swaffham turbine RCS versus time at 0 °pitch, 90 °yaw, with the zero-Doppler

component removed.
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46.1

Summary

We have explained the various features (peaks and troughs) on the predicted RCS for the
Swaffham wind turbine at two yaws (0 degrees and 90 degrees). The blades contribute
less when viewed from side-on (90 degrees yaw) than at head-on (O degrees yaw) in
terms of average RCS. However, in both cases the dominant features, such as the peaks
in the RCS, are a direct result of the turbine blades.
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5.1.2

5.1.3

RADAR MEASUREMENTS

Scale model measurements

To add confidence and credibility to the RCS prediction process and the results for this
project, one of the blade designs supplied by NEG Micon Rotors was made into a 1/15"
scale model which was measured in the QinetiQ Compact Antenna Test Range, a RCS
measurement facility at QinetiQ Malvern. By creating a 1/15™ scale model, measuring it
at 15 times the frequency of interest and adding a scaling factor, we get a realistic
assessment of the RCS of the full-scale blade. The Compact Range comprises a pulsed
radar system which operates in an anechoic environment which provides a low noise
measurement background and, therefore, very accurate measurements. By using a
parabolic reflector, far field measurements can be performed and thus we can find the
absolute RCS of the blade. Figure 5-1 shows the compact range with a business jet under
test supported in the test zone.

e

Figure 5-1; Compact Antenna Test Range

The blade was manufactured using a process known as stereolithography, where a resin
is cured by a laser, which is controlled by a computer using the CAD representation of
the blade. Once this is complete the blade must be coated with a metallic layer so it
reflects radar energy. Figure 5-2 shows a photograph of the 1/15" scale blade before
surface metallisation. The blade was mounted horizontally and full 360° rotational
measurements were made. Measurements of different blade pitch angles were made in
order to compare with the predictions for the same blade orientations.

Data were collected on four blade pitch angles: 0°, 10°, 20°, 30°, and 40°. At each of
these pitches vertical and horizontal polarisations were collected, at five frequencies:
15GHz, 16GHz, 16.35GHz, 17GHz, and 18GHz. These correspond to full-scale
equivalent frequencies of: 1GHz, 1.067GHz, 1.09GHz, 1.13GHz, and 1.2GHz. At 0°
pitch the data were collected with an azimuth step of 0.1° giving 3600 data points, and at
all other pitches at a step of 0.5° giving 720 points. An example of the data is shown in
Figure 5-3. This data set was collected at 15GHz, and has been scaled to what the full-
scale blade would give at 1GHz.
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Figure 5-2 Non-metallised 15th scale NEG Micon Rotors blade.
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Figure 5-3; RCS of blade at full-scale frequency of 1GHz with blade at 0 degree pitch. Polarisation
is vertical.

514 The leading edge of the blade is presented to the radar at 0°. Here the RCS rises to a
maximum of 22dBsm. At 90° the tip of the blade is facing the radar, and the RCS is only
-14dBsm. At 180° the trailing edge is facing the radar. This is angled slightly so
producing a peak of 14dBsm at -175°. The return at -90° is when the blade root is facing
the radar, which could not occur when attached to a turbine hub.
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RCS prediction validation with a scale model blade

The blade was mounted horizontally and full 360° rotational measurements were made.
Measurements of different blade pitch angles were made in order to offer comparison
with the predictions of the same orientations. A blade was then modelled and a plot of
one measurement compared to the prediction is shown in Figure 5-4.
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Figure 5-4; Prediction versus measurement. Blade pitch angle is 0 °, Full scale frequency = 1GHz

5.2.2

The dark red and blue lines were obtained using a smoothing function in order to see the
trends of the returns more easily. Given that the prediction software is only considering
the physical optics and not geometrical second order effects, there is very good
agreement between the two methods. From these results, we gained confidence that the
predictions would give us a very good estimate of the RCS to be expected from a full-
scale turbine.

Trial planning

This task was to specify field trials at two sites where wind farms are known to appear on
displays of ATC radar. The specification was to include:

the monitoring requirements of relevant radar parameters;
the monitoring requirements of relevant wind installation parameters;

the monitoring requirements of atmospheric, wind, and other meteorological
conditions;

the data capture and data handling requirements, including the necessary sample
rate, and necessary arrangements for correlation of the data from different sources;

the extent of the trials needed to achieve the purposes of the overall project.
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5.3.2

5.3.3

5.3.4

5.3.5

5.3.6

This specification was to be sufficient for any third party to conduct the trials and would
supply all the data needed to successfully validate the computer model. The outline trials
plan generated from this task can be found in appendix C.

QinetiQ required full-scale radar measurements of wind turbines to provide radar data for
validation of the computer model (WHIRL). The plan was to use an instrumentation
radar to make radar measurements of a single wind turbine at Swaffham, Norfolk, and to
record the information from the Watchman radar sited at Marham Royal Air Force (RAF)
base. Also data would be recorded from the primary radar at Prestwick of the twenty-
turbine wind farm at Hare Hill, Ayrshire, Scotland. Each site has particular
characteristics: the Swaffham site is located about 5Snmi from an ATC radar at the RAF
airfield at Marham, and, being a single turbine, will form a good experimental “‘control’,
and the Hare Hill site is well-known for the clutter it causes on the ATC PPI radar
displays at Prestwick Airport. No instrumentation radar measurements were to take place
at Prestwick.

In order to collect the data from the primary radar at Marham and Prestwick QinetiQ
sought a contractor who would be able to offer this service. Contact with RAF Strike
Command informed QinetiQ that Flight Refuelling Ltd (FRL) was the manufacturer of
the RAF’s current ATC displays for their Watchman primary airfield radar and also that
the company had a display recording system that is used by FRL as a service tool. A visit
was made by QinetiQ to FRL to discuss requirements, and to see a demonstration of PPI
recording playback. FRL immediately understood the requirement and the demonstration
showed that the PPI playback matched our need. The result was that FRL would be sub-
contracted for these aspects of the trials.

Exploration of QinetiQ instrumentation radar resources showed that our Multiband
Pulsed Radar (MPR), could match the needs of the trials programme. MPR, although
classed as a mobile radar, is built into four shipping containers that are permanently
attached to two 40 ft-long articulated trailers. MPR presently operates on the 3 GHz
frequency of ATC primary radar systems.

Along with collecting the radar data the MPR also logs the current weather conditions,
against time so that this information can be linked to the measurement. It also collects
video footage of the wind turbine when it collects radar data, so that visual checks of the
current state of the turbine can be made.

Another important part of the trial is the collection of data from the turbine. This must be
logged against time so that the radar measurements and the turbine data can be linked
together. We planned to collect the data direct from the turbines’ control systems using a
PC.

Swaffham trial

The Swaffham trial took place from 1 July 2002 to 5 July 2002, and was successfully
completed.

The QinetiQ MPR was stationed at Swaffham Raceway, 3.45km from the Ecotricity
wind turbine (see Figure 5-5). Radar observations of the turbine were made at regular
intervals over a period of five days, during which a variety of weather conditions were
experienced. Views of the turbine varied by more than 180° in yaw angle, with more than
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half of the aspects being seen during both wet and dry conditions (see Figure 5-6). In
total, nearly 250 RCS measurements of the turbine were recorded, lasting between one
and two minutes each. These data are split roughly half-and-half between linear
horizontal and linear vertical polarisations, and can be calibrated for absolute RCS using
sphere measurements made at the site.

Figure 5-5; The MPR radar on site at Swaffham, with the wind turbine visible in the distance.
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5.4.3

5.4.4

Wet weather measurements

Dry weather measurements

lMPR

Figure 5-6: Rough sketch showing turbine heading during measurements. Dotted lines for dry
measurements, shaded areas for wet-weather measurements

Output from the radar at RAF Marham was also successfully collected by FRL. This was
later analysed at QinetiQ using kit supplied by FRL.

The data from the turbine control system were also collected without problems, largely
thanks to the help and assistance of Ecotricity, the turbine operators. They supplied a PC
that was hooked up to the turbine supervisory control and data acquisition (SCADA)
system to record all the turbine settings every 3 seconds for the duration of the trial. Data
collected from the turbine were rotor revolutions per minute (RPM), pitch of each blade,
and yaw angle of the turbine. What this data set lacked was a means to identify where the
blades were in their rotation cycle at any given time. To do this QinetiQ developed a
sensor (see appendix D.4 for details) to record this from within the nacelle. This worked
well in lab testing, but in the nacelle of the turbines it suffered problems from
electromagnetic interference and vibration. Data lost due to these problems were
interpolated and correlated to the turbine blade positions from the recorded RCS data,
and from the MPR video footage.

Swaffham results

To give an example of the results collected from the MPR trial, a typical data set is
examined. All the main scattering features of the turbine are identified. More results are
contained in Appendix D.5.
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5.5.2

5.5.3

To give a sense of scale to these results Figure 5-7 shows a range of RCS values and
where different objects lie on this scale. This shows why wind turbines are easily
detected by radar as their scattering magnitude puts then up with some of the largest
aircraft targets. Any operating ATC radar must be sensitive enough to see the small
aircraft, which tend to have RCS of about 1m?to 10m? where as the turbine return is up
to 1000m?in some instances.

Typical RCS values (from textbook) o
1
m® 0.0001 0.001 0.01 0.1 1.0 10 100 1000 10000
dBsm -40 -30 -20 -10 0 10 20 30 40
Insects Birds Man Jumbo Ships
Small jet
Aircraft

Figure 5-7; RCS scale showing the relative scattering magnitudes of different objects.

A set of data was identified during which the turbine was rotating at almost constant
maximum speed (23 RPM). Using the video footage recorded by the radar, times were
deduced for the start and end of three full rotations, so that RCS data could be extracted
for just this period (16:25:00.02 to 16:25:08.00, 1/7/2002). The calibrated RCS and
spectra for the first revolution are shown in Figure 5-8 and Figure 5-9. Doppler spectra
for the whole period are shown in Figure 5-10.

RCS from SWT008
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Figure 5-8; Calibrated RCS for (just over) one full revolution
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5.5.4

5.55

Frame-by-frame analysis of the video allowed approximate timings to be deduced for the
occasions when a blade was either vertical or horizontal with respect to the radar line of
sight. These blade positions correspond to expected maxima and minima of the RCS for
a single blade, and hence might be expected to give rise to peaks and troughs in the
overall turbine RCS pattern. The times for these events are listed in Figure 5-11.
Comparison with the peak positions in the RCS plot, Figure 5-8, shows a fair correlation
between the video timings and the locations of peak RCS levels.

Considering Figure 5-8, it can be seen that there are three repetitions of approximately
the same RCS variation during a single revolution, giving nine RCS peaks. Since there
are three turbine blades, spaced at 120°, we expect to see 6 'flashes' as each blade passes
through the vertical, above and below the hub. It is proposed that the three additional
RCS peaks correspond to dihedral scattering, occurring half-way between the vertical
flashes as incident radar energy is reflected from one blade onto the other before
returning to the receiver. This scattering may be at a maximum when the blade furthest
from the radar is horizontal, so that the radar is looking along the axis of the dihedral
formed by the other two blades.

Spectra from SWT008
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Figure 5-9; Doppler spectra versus time corresponding to the RCS plot
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Figure 5-10; Spectrum against time for three full revolutions
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Figure 5-11; Approximate timings of blade positions (in seconds), taken from video
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5.5.6

9.5.7

5.6.2

So at this point the blades are in the position shown in Figure 5-11, at 0.52 seconds, with
the radar looking from the left of the page and the rotor turning clockwise. We will
define blade 1 as the horizontal blade, blade 2 as the lower blade and blade 3 as the upper
blade. As the blades continue to rotate blade 3 will approach vertical, where the blade
tip’s velocity vector is pointing directly away from the radar, hence negative Doppler
frequencies are observed. The Doppler frequency generated by blade 2 is decreasing as
the blade approaches horizontal, and is overtaken by the Doppler contribution from the
approaching blade 1. When blade 1 reaches vertical (1.16 seconds in Figure 5-11), we get
a maximum positive value in the Doppler frequency as now blade 3 has a velocity vector
pointing directly towards the radar.

The spectrum from the vertical blade has a curved maximum region (dark red in the
figures), which starts just before the blade reaches vertical and rapidly moves towards
zero Doppler. This can be interpreted as a strong return moving from the blade tip down
towards the root of the blade, and could be from the front or back edge, depending on the
blade curvature.

Wind farm trial

A trial using the wind farm known as Hare Hill in Scotland was due to be completed to
collect data from a wind farm with several wind turbines in site of a radar at Prestwick
airport. Unfortunately the data available from the turbines was not suitable for the trial
and budgetary constraints meant adding instrumentation to provide this data was not
possible.

However some video of the PPI display at Prestwick was collected and this has been used
for validation in section 6.5.5.
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6.1.2

VALIDATION OF THE COMPUTER MODEL

Validation philosophy

To validate the WHIRL-COM model using the data collected at Marham, we have
broken the process down in to three separate areas for which we wish to make
comparisons against the real measurement data. This comes from the requirement to
validate not only WHIRL but also the two data libraries it requires. This means we
needed to validate not just against the output of WHIRL but also the input libraries that
the code runs from. These two libraries contain the RCS data for the turbines used in the
simulation and the propagation data for the particular radar in question. Both of these
libraries were validated using the output from the MPR data collected at Marham. Once
these libraries were shown to be correct we then validated the WHIRL software with the
PPI data collected from the Watchman at RAF Marham.

The prediction data were collected sometime before the trial took place and hence a
perfect match in the set up of the measured and the predicted scenarios was not possible.
Nevertheless, the differences are small and should not greatly influence the results.

RCS validation

Overview

In order to validate the RCS predictions it was necessary to compare them with
measurement data taken from equivalent turbine configurations.

We have measurement data from the Swaffham trial for a number of different scenarios
(see section 5.4). The measurement configurations used in our comparison are
summarised in Table 6-1.

Dataset | Yaw (degs) | Pitch (degs) Average Frequency
RPM (GHz)
1 0.4 0.96 12.4 3.05
2 100.33 0.99 12.5 3.05
3 39 0.99 20.6 3.05
4 0 0 10.7 3.05
5 50 5 22.5 3.05
6 100 0 13.6 3.05

Table 6-1; Summary of the measurement configurations used in the RCS validation
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6.2.1.3 It should be noted that the turbine orientation of our prediction data does not exactly
match those of the measurements. A comparison of the predicted orientations and the
measured are summarised in Table 6-2. The differences are all very small and likely
differences in the RCS will be small enough to allow effective comparisons. Also the
measurement data refer to average or estimated values of yaw, blade pitch and RPM. We
will be referring to the orientation of our modelled turbine throughout the following
subsection.
Measured Predicted
Yaw (degs) | Blade Pitch (degs) RPM | Yaw Blade Pitch (degs) | RPM
(degs)

0.4 0.96 12.4 0 0 12.4
100.33 0.99 12.5 100 0 12.5
39 0.99 20.6 40 0 20.6
0 0 10.7 0 0 10.7
50 5 22.5 50 5 22.5
100 0 13.6 100 0 13.6
Table 6-2, Summary of the measured and predicted turbine orientations

6.2.2 Swaffham turbine at 0 degrees yaw, 0 degrees pitch
6.2.2.1  The results of the comparison between the measurement and predicted RCS data for the

turbine viewed from "head-on' (0 degrees yaw) are presented in Figure 6-1. It can be seen
in this figure that the two sets of data match very closely in terms of a general trend and
level. The main differences are a number of peaks that are not fully reproduced by the
predictions. This is due to two effects; 1) the reflectivity of the blades and 2) a scattering
phenomenon known as “multiple bounce” returns. The reflectivity of our blades was an
estimate based on the reflectivity of fibreglass, but it appears the blades are more
reflective than expected hence, the predictive values are lower than the measured values.
The scattering due to multiple bounce returns was not computed as part of the predictions
due to the computational overhead involved. Where paths exist back to the radar via two
or three bounces from the turbine structure the predictions will be lower than the
measurements. This is discussed more fully in the conclusions to this section.
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Figure 6-1; Comparison of the measured and predicted Swaffham turbine RCS versus time at 0 °

6.2.3

pitch, 0 °yaw, 12.4RPM.

Swaffham turbine at 100 degrees yaw, 0 degrees pitch

6.2.3.1

At 100 degrees yaw we find that the measured and predicted RCS values are very close.
The comparisons between the two data sets are presented in Figure 6-2. Here the mean
RCS levels are within 2 to 3dB of each other and a very good match has been
demonstrated. This indicates that the multiple bounce paths back to the radar are not
significant at this yaw angle.
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Figure 6-2; Comparison of the measured and predicted Swaffham turbine RCS versus time at 0 °

6.2.4

pitch, 100 °yaw, 12.4RPM.

Swaffham turbine at 50 degrees yaw, 0 degrees pitch

6.24.1

6.2.4.2

In Figure 6-3 the comparison between the measured and predicted data is presented for
the turbine at 50 degrees yaw. Overall the agreement is good with all the main features
replicated by the predictions.

Away from the blade flashes the prediction data are higher than the measurements by
around 5dB, and as with the 0° yaw data the peaks in the predictions are down on the
measurement equivalent by around 4dB. These differences can be accounted for, as
previously, by a lack of multiple bounce data in the predictions and differences in the
blade reflectivity. The reason for the predictions being 5dB higher than the measurements
away from the peaks is to do with the model of the nacelle used. In the predictions the
nacelle is a perfectly smooth object and so produces a strong specula return at yaw angles
near 40 to 50°. This effect in the measurements is smaller because the nacelle curvature
IS not as consistent and this causes the scattering to be incoherent. These differences are
not critical in the modelling of the turbine response and the level of accuracy is
sufficient.

Page 38 of 86



Figure 6-3; Comparison of the measured and predicted Swaffham turbine RCS versus time at 0 °
pitch, 50 °yaw, 20.6RPM.

6.2.5 Swaffham turbine at 0 degrees yaw, 0 degrees pitch

6.2.5.1 In Figure 6-4 the radar is incident at O degrees yaw. The comparison between the
measured and predicted trend is relatively good, apart from the peaks, which are lower by
around 5dB. The reasons for these differences are, as stated previously, multiple bounce
and blade reflectivity

6.2.5.2  Comparing this graph with Figure 6-1 shows the consistency of the measurement data
collected. These graphs are of the same yaw angle position but were collected at different
times during the trial period and show the very similar levels and features. This provides
confidence in the results showing that random errors introduced by the measurement are

not significant.
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Figure 6-4; Enercon turbine at Swaffham, 0 degs pitch, 0 degs yaw, 10.7RPM.

6.2.6 Swaffham turbine at 50 degrees yaw, 5 degrees pitch

6.2.6.1  In Figure 6-5 we can see the prediction data compared with the measurement data for the
turbine when the blade has been pitched at ~5 degrees. It can be observed that there is a
reasonable level of agreement between the two data sets. The predictions are generally
higher than the measurements, bar one repeating peak that is not found in the predicted
data. The higher prediction levels are due to a strong return from the nacelle that is not
present in the measurement due to imperfections in the nacelle which are not modelled in
the predictions.

6.2.7 Swaffham turbine at 100 degrees yaw, 0 degrees pitch

6.2.7.1

There is exceptionally good agreement at 100 degrees yaw (see Figure 6-6) between the
predicted and measured data in terms of trend and magnitude. The predicted data are
lower than the trial data by around 2dB.
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Figure 6-6; Enercon turbine at Swaffham, 0 degs pitch, 100 degs yaw, 13.6RPM

Page 41 of 86



6.2.8

Conclusions

6.2.8.1

6.2.8.2

6.2.8.3

6.2.8.4

6.2.8.5

6.2.8.6

6.2.8.7

The RCS predictions of the Swaffham turbine discussed in the previous sub-section have
been compared to measurement data successfully. The positions of the peaks and basic
trend of the measurement data were shown to be accurately predicted. The level of
agreement is sufficient for the current purpose and the differences are understood and
explainable.

It was noted that some of the predictions are 4 to 6 dB lower than the measurements, near
RCS peaks. EMRAD noted this in their review of the model — see appendix G. On
further consideration it was concluded that this is the result of two main factors.

Firstly, the blades are modelled as solid fibreglass bodies. The properties of the fibreglass
we used give rise to an 8dB reduction in the returns emanating from the blades. The
blades appear to be more reflective increasing the level of the measurement data over the
predictions.

Secondly, the predictions carried out do not model any returns resulting from multiple
interactions within the turbine structure. An example of this would be energy reflected by
a blade onto the tower and then returned to the radar. This effect is commonly referred to
as “multiple-bounce” returns. The Ocellus prediction code is capable of predicting
multiple bounce returns from a structure, but this has not been computed because of the
computational overhead involved if calculated for a full rotation of the blades. Given
geometry that gives rise to paths back to the radar via multiple bounce these returns can
be very large. Without this mechanism the predictions will be different from the
measurement where strong multiple bounce returns are present.

To overcome this difference we must deal with both of these factors. The turbine blades
need to be modelled with a more realistic reflectivity. It should be noted that the genuine
blades are fibreglass shells, containing lightning conductors and have metal tips. The
shell structure and metallic elements will undoubtedly affect the level of the RCS.
Reflectivity values would ideally come from small scale measurements of the materials
involved, but if this was not possible then a more reflective blade could be modelled to
make sure the predictions do not fall below the actual scattering levels.

The multiple bounce calculations must be included in the turbine calculations. To predict
this mechanism for the complete detailed model is not impossible but is a time
consuming process. A better solution might be to calculate the multiple bounce on a
simplified turbine and then add these results into the final solution. Some investigation
would need to be carried out to find the right trade-off between accuracy and
computational efficiency, so that the predictions could be carried out in an optimum way.

At around 40 to 50° yaw the predictions showed a higher RCS than the measurements at
times when the blades are not causing large returns. At these points the RCS is
dominated by the scattering from the nacelle, which in the computer model of the turbine
gives a stronger return than observed from the measurements. This is due to the model
nacelle being a perfectly smooth object creating a large specula return at this yaw angle.
This is not seen in the measurements due to imperfections in the nacelle surface.
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6.3.2

6.3.3

Spectral content validation

To further validate the predictions we have looked at the spectral content of the returning
signal as compared to the measured data. To make the comparison the measurement data
and prediction data were processed using the same Fourier transform routine. The
measurement data were re-sampled at the rate of the collected prediction data to allow a
comparison to be made.

The spectra have been calculated using a complete revolution of the rotor, so shows the
frequency content averaged over the whole cycle. We expect to see negative and positive
frequency components for parts of the cycle when a blade is moving towards and away
from the radar. The maximum significant frequency component should match up to the
blade tip speed in the direction of the radar.

Yaw -100° and an RPM of 16.5 comparison

6.3.3.1

6.3.3.2

6.3.3.3

6.3.3.4

Figure 6-7 shows the results of this comparison. The main features to note are the large
zero Doppler spike showing a large part of the turbine has no movement relative to the
radar (tower and nacelle). This is present in both the prediction and the measurement and
they are within 1dB of each other in magnitude.

The prediction data show a sharp cut-off at around £1170Hz. This corresponds to a blade
tip speed of 58.5ms™. Calculating the tip speed from the rotation rate of 16.5 RPM gives
a tip speed of 57ms™, a good match. Beyond this frequency there are no data and we are
left with the noise level. For the measurements this is around 50dB and in the
predictions, a much cleaner data-set, this is down at —80dB. These differences are not
important when studying these graphs.

The effect of the higher noise level on the measurement data is that the highest frequency
component is not as distinct due to the higher noise level. Also the real turbine has more
degrees of freedom. Vibration, sway and flex will all give rise to spectral components
that are not modelled in the prediction.

Overall the measurements and the predictions show a good level of agreement with
similar patterns and the same basic features.
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Figure 6-7; Frequency spectrum for one revolution of the Enercon E-66 turbine, measured and

6.3.4

predicted comparison. Yaw -100 ¢, Pitch 0 ¢, RPM 16.5.
Yaw 10° and RPM of 12.4 comparison

6.34.1

6.3.4.2

6.3.4.3

6.3.5

Figure 6-8 shows the comparison when looking at 10° yaw. This is close to looking
normal to the rotor when the spectral content will be smaller as the blades do not move
much in the direction of the radar.

As before both the data-sets show a zero Doppler spike and then frequency components
up to the blade tip speed in the direction of the radar. The slower drop-off in spectra
components seen in the measurement data is probably due to the greater range of
movement possible for the real turbine. The prediction roll-off frequency is +160Hz
which corresponds to a tip speed of 8ms™ in the direction of the radar. Working from the
RPM and the yaw angle we get a tip speed of 7.8ms™ in the radar direction a good match.

Results agree well out to the tip speed frequency of £160Hz, then beyond this frequency
there is some extra frequency components in the measurement data from movement not
modelled in the predictions (i.e. flex and bending of the blades and tower). Data -50dB
or lower are not significant as this is the noise floor of the measurements.

Yaw 90° and 12.5 RPM comparison

6.3.5.1

Figure 6-9 shows the comparison with a yaw of 90°. Again the main features to note are
the large zero Doppler return shown in both data sets and the cut-off frequency that
occurs at +850Hz. This corresponds to a tip speed of 42ms™. Using the RPM we find a
tip speed of 43ms™, a good match.
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6.3.5.2  The comparison shows the main features are replicated, with the predictions being at a
slightly lower level than the measurements.
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Figure 6-8; Frequency spectrum for one revolution of the Enercon E-66 turbine, measured and
predicted comparison. Yaw -10 ¢, Pitch 0 ¢, RPM 12.4

yawe=3l, pRch={l rpm=175%
predizies

e I

SRR ik f
: |

| prs— .

oo 500 -00m 500 1
Drspber Trecuency (He)

Figure 6-9; Frequency spectrum for one revolution of the Enercon E-66 turbine, measured and
predicted comparison. Yaw 90 ¢, Pitch 0 ¢, RPM 12.5
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6.4.2

6.4.3

Propagation validation

The validation of the propagation model has been limited to a simple comparison
between NEMESIS (used for input to WHIRL) predictions and those from another
widely used model, the Advanced Refractive Effects Prediction System (AREPS version
2.01.2014). This is produced by the Space and Naval Warfare Systems Center, San
Diego, Atmospheric Propagation Branch.

The scenario chosen for comparison was a simulation of the MPR looking at the
Swaffham wind turbine. The radar was placed at 52°39.2'N, 0°37.9'E, at a height of 2m
above ground level. The direction of illumination was 085°, at 2° elevation, using a
frequency of 3.05GHz. A vertical slice prediction was made with both models, showing
the one-way path loss as a function of height and range. Results are shown in Figure 6-10
and Figure 6-11, which have been plotted using the same scales as far as possible. The
graphs show the one-way path-loss for a bearing from the radar, taking into account the
terrain. The terrain is a brown colour in both of the plots at the bottom of each graph, and
the other colours show the path-loss at a range and height from the radar. The AREPS
plot only shows data below an elevation angle from the radar of 45°, hence the area of no
colour in the top left of the plot. We can see areas of high loss close to the ground where
the terrain is screening the radar’s view and a lobe structure as the elevation angle is
increased. These lobes are caused by energy travelling via the ground and energy
travelling directly from the radar constructively interfering with each other to create a
lobing pattern. The NEMESIS output has more subtle variations in colour, making
comparison difficult, but it shows broadly similar features to the AREPS output.

This is only a one-off comparison, but other projects within QinetiQ have used the
NEMESIS propagation model successfully. One such project states that the model has
been tested and accepted for maritime radar studies at 3GHz. This project confirmed that
NEMESIS predictions of propagation factor, as a function of height and range, were
consistent with measurements for the VHF band. Comparisons in the general literature
indicate that NEMESIS agrees well with ray optics and diffraction solutions in their
respective regions of validity, and that NEMESIS agrees with other parabolic wave
equation solutions.
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Figure 6-11; AREPS propagation loss prediction
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WHIRL validation

Scenarios tested

6.5.1.2

To carry out the validation a few scenarios were picked so that the turbine returns could
be studied and compared with the results from WHIRL. The comparison is done based on
the physical size of the turbine return, and the number of times in 50 radar scans the
turbine is "hit" or "missed" by the radar. We maintained a consistent approach when
comparing the predictions with the real display. Table 6-3 lists the scenarios investigated.

As an example of the radar picture at Marham an image with a range of 13nmi is shown
in Figure 6-12. Here the wind turbine can be seen as a small yellow return, along with
other clutter that appears to be from trees, road traffic and other large man-made
structures, plus several aircraft targets. To examine the clutter caused by the turbine we
have zoomed right in on its position to get the best view. This is clearly not how the radar
operators would use the PPI but is required to properly compare the simulation with the
real data.

Date Time Turbine RPM Turbine blade | Turbine Yaw
Pitch angle  (from
radar
direction)
02/07/2002 17:26 23 6 39
04/07/2002 16:06 12.4 1 0.4
05/07/2002 12:20 125 1 93
01/07/02 18:18 Turbine switched 90 28
off

Table 6-3; Turbine configurations investigated for validating WHIRL
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Figure 6-12; Screen shot from the recorded Marham data showing the turbine return and some air
traffic.

6.5.2

Turbine at 40° yaw

6.5.2.1

6.5.2.2

6.5.2.3

The first scenario tested has the turbine at 40° yaw to the radar with a pitch of 6° and a
rotation speed of 23 RPM. Referring to the RCS data from the turbine in Figure 5-8 and
Figure 6-3, when not close to either 90° yaw or 0° yaw from the radar direction, the
signature levels of the turbine have similar characteristics. The major differences in the
scattered energy occur in the frequency spectrum.

To compare the data from WHIRL with the recorded picture, two parameters were
considered; the size of the return on the screen and the amount of valid hits seen in a
sample of 50 radar revolutions. Examples of a valid hit and a miss are shown for the
simulation and the recorded data in Figure 6-13 and Figure 6-14. The radar display shows
hits in the last scan as yellow and then this fades with each subsequent scan of the radar
without a hit to orange though to black. The colours and persistence of the plots can be
set by the user of the display. In WHIRL we have only modelled the clutter caused by the
turbine, which is shown in Figure 6-13 and Figure 6-14 as the central orange or yellow
plot. The other plots seen in the real radar display are from other clutter sources not
associated with the wind turbine.

The size of the return from the wind farm when a good hit is returned in the real data is
410m in azimuth and 160m in down range. In the prediction large returns are 400m in
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azimuth and 150m in down range. Out of 50 rotations of the radar 10 do not see the
turbine in the recorded data. The WHIRL results miss 12 times in 50 radar scans.

6.5.2.4  These results show that the model accuracy reproduces the effects of the radar with the
turbine in this configuration.

R e §
3

3
s

Figure 6-13; Results for turbine at 40 °yaw when the turbine is missed (orange is afterglow of
display) for the real data (top) and WHIRL (bottom).
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Figure 6-14; Results for turbine at 40 °yaw when the turbine is well seen (yellow marks recent hits)

6.5.3

for the real data (top) and WHIRL (bottom).
Turbine at 0° yaw

6.5.3.1

6.5.3.2

6.5.3.3

In this example the turbine is facing the radar, meaning that there is a small radial
velocity component return from the turbine in the direction of the radar. The blade pitch
is 1° and the rotation speed is 12.4 RPM. If the MTI filter is working well then this is the
yaw angle for which the turbine causes the least amount of clutter. When the real data
were analysed the number of times the return signal from the turbine was rejected was
little different to the results at 40° yaw. The radar missed detection of the turbine 11
times in 50 scans. What is apparent (see Figure 6-15) is that the size of the clutter on the
display is smaller than at 40° yaw, so the turbine return has been better suppressed but
not enough for the radar to reject the turbine altogether. The range cell size of a good hit
on the radar display is 130m by 260m.

The simulation of this situation showed very little sign of turbine clutter. This is caused
by the simulation using a perfectly repeating wind turbine signature and perfectly
implemented radar processing. The real turbine has a more variable return due to minor
fluctuations in its operational state and has more degrees of freedom to create Doppler
shift than the predictions.

To further investigate the performance of the MTI filter the returns on the PPI display
were viewed when the turbine was non-operational and only drifting in the wind. A small
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return from the turbine was still intermittently appearing on the screen. Clearly the real
MTI filter does not have the suppression capability to remove this target all of the time.

Figure 6-15; Typical maximum return from the turbine when at 0 °yaw (i.e. facing the radar)

6.5.4 Turbine at 90° yaw

6.5.4.1 In this final example at Swaffham, the turbine is yawed 90° from the radar direction, has
a blade pitch of 1°, and a rotational speed of 12.5 RPM.

6.5.4.2  The real data were investigated for 50 radar scans and only 13 good hits were seen. This
makes sense as at this angle the bulk signature of the turbine is at its lowest and so the
MTI will filter nearly everything but for the very large spikes from the blade flashes
which have significant Doppler. A good hit on the radar display appears as 160m by
440m (see Figure 6-16).

6.5.4.3  The simulation of this scenario gave 11 good hits out of 50 radar scans, which agrees

well with the real data. Also the size appears to be correct with large returns appearing at
150m by 400 - 500m. So the simulation gives good results in this situation.
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Figure 6-16; Results for turbine at 90 °yaw when the turbine is well seen (yellow marks recent hits)

6.5.5

for the real data (top) and WHIRL (bottom).

Prestwick test

6.5.5.1

6.5.5.2

6.5.5.3

No official trial took place at Prestwick. While we were on site video data were collected
from a PPI unit of the clutter caused by the Hare Hill wind farm. As a test of the model
we ran a simulation of the Hare Hill site to compare with these data. Because no
information is available of the wind turbines state while these data were recorded we
have selected a yaw angle of 40° and a rotation speed of 23 RPM. All the turbines have
exactly the same yaw and RPM and are all given random rotor start positions at the start
of the simulation.

The data collected showed good correlation with the recorded data from Prestwick (see
Figure 6-17). The display at Prestwick uses different colours from Marham with yellow
used for a current plot and greens used for fading older plots. This is chosen by the user.
The size of the clutter on the real screen extends approximately 2300m in down range
and 3000m in cross range. In the simulation the extent of the clutter predicted is 2500m
in down range and 4000m in cross range. This shows the predicted region of clutter
appears wider than the recorded video. This may be due to the real turbines being at a
yaw angle that is more easily filtered than the simulation. This would cause the cross-
range extent to be smaller but without knowing the configuration of the turbines at this
time no certain conclusions can be drawn.

This test has demonstrated that with a multiple turbine site the simulation gives useful
information about radar impact.

Page 53 of 86



Figure 6-17; Comparison of the simulation of clutter produced from the Hare Hill wind farm on the

Prestwick primary radar (bottom) with a real video recording (top).
Summary

The RCS predictions of the Swaffham turbine discussed in the previous sub-section have
been compared to measurement data successfully. The positions of the peaks and basic
trend of the measurement data were shown to be accurately predicted. Some of the
predictions are 4 to 6dB lower than the measurements, near RCS peaks but the
differences are understood, explainable and could be corrected for.
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6.6.2

6.6.3

6.6.4

6.6.5

The validation of the propagation model has been limited to a simple comparison
between NEMESIS (used for input to WHIRL) predictions and those from another
widely used model, the Advanced Refractive Effects Prediction System (AREPS version
2.01.2014). This is produced by the Space and Naval Warfare Systems Center, San
Diego, Atmospheric Propagation Branch. The comparison showed good agreement
between the two models. Also NEMESIS has been extensively used and validated in
previous QinetiQ projects carried out for military customers.

The WHIRL model has been validated using the data recorded for a single turbine at
Swaffham from the RAF Marham primary radar. The simulation agrees well with the
recorded video picture for most turbine configurations. The turbine configuration that
agrees least well is when it is pointing at the radar (0° yaw).

To quantify the accuracy of the model we can compare the number of scans a turbine is
observed and detected by the radar with that predicted by WHIRL for each configuration.
When the turbine is at 40° yaw the radar hit rate is 80%, whereas the WHIRL hit rate is
73%. This is a 7% error or expressed another way the model is correct 93% of the time.
At a yaw angle of 90° the radar hit rate is 26%, and the WHIRL hit rate is 24%. This
makes the model correct 98% of the time. At 0° yaw where the agreement is not so good
the radar hit rate is 78%, and the WHIRL hit rate is 40%. This makes the model 62%
accurate at this yaw.

The model has been shown to be sufficiently accurate to assess the effect of a turbine on
radar. The results from Prestwick, although not a proper validation of a multiple turbine
site, give encouragement and confidence that the model can give a realistic assessment of
the clutter levels to be expected from a large wind farm.
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