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ABSTRACT

The benefits of wind turbines as a means for renewable energy generation are offset
by the turbines’ creation of signal interference, such as Doppler shift, for radar systems
used for air traffic control and weather forecasting. This restricts the placement of wind
farms in the vicinity of radar installations. In this research, we investigate the effectiveness
of placing a screen in front of a wind turbine in reducing turbine-generated Doppler shift
interference. Software-defined radar (SDR) transmitting in continuous-wave mode was
used to collect data required to analyze the signature of the Doppler returns. We built a
rotator (i.e., an arm with metallic ball attached to one end) to establish the computation
method to analyze the Doppler signature. Once the computation method was determined,
measurements at various angles were carried out on the rotator with the aluminum shroud
and screen included. Similar measurements were carried out on the scaled-down wind
turbine model in Port Hueneme, CA, for comparison. This research shows that the SDR
can be used to accurately measure the Doppler shift, and high-quality screens are effective

in reducing the turbine-generated Doppler shift by more than 20 dB.



THIS PAGE INTENTIONALLY LEFT BLANK

Vi



TABLE OF CONTENTS

INTRODUGCTION. ...ttt ettt b 1

A OVERVIEW ..ottt sttt 1

B. RADAR INTERFERENCE FROM WIND FARMS..........ccocvviviiviianns 2

C. MITIGATION APPROACHES ........coieeie et 3

1. SIING OPLIONS .....oeiiiiiiiiie e 3

2. Radar OPLIONS........coveieiieieee e 3

3. Wind Turbing OPLioNS ........ccoeiveieiie e 4

D. INTERFERENCE REDUCTION TECHNIQUES...........ccooooeiiiie, 4

1. RCS Reduction for Tower and Blades...........cccocovviieieiinnennns 4

2. Addition of Shroud and Wire Grid Screen...........cccocevceviennennns 5

E. RELATED WORKS ..ottt 6

F. THESIS OBJIECTIVES. ..ot 6

G. THESIS OUTLINE. ...ttt 7

CW RADAR OPERATION AND WT RCS......ccootiiiieieieieiese e 9

A. CW RADAR OPERATION .....oiiiiiiiiinere st 9

B. INTERFERENCE FROM WIND TURBINES........ccocoiiiiiiiniiinn 10

1. Radar Cross Section of the Wind Turbing ........c.cccceeevveveennnn, 10

2. Doppler Frequency Shift from the Wind Turbine.................... 11

C. SYSTEM DESCRIPTION AND SIGNAL PROCESSING ................. 11

1. Software-Defined Radar ... 11

2. Extracting Doppler Frequency Shift...........ccocoiviiniiiininnne 13

3. Time-Frequency Analysis of Doppler Signature....................... 14

SIMULATION AND MEASUREMENT RESULTS ....ccccoeiiiiiee e 19

A. SIMULATION AND MEASUREMENT FOR THE SCREEN .......... 19
1. Simulation Result for Screen with 0.5 Inch by 0.5 Inch

(@] 01=] 0 oo OSSR 20

2. Simulation Result for Wire Mesh..........ccocciveiiiiiiiincieieens 20

3. Insertion Loss Measurement for Wire Mesh...........ccccccoeevenee. 21

B. RADAR MEASUREMENT RESULTS......ccooiiiieieece e 23

1. Measurement Setup UsSiNg SDR .........cccccevviievieene e 23

2. Measurement Results for Metallic Ball on Rotating Arm ....... 26

3. Measurement Results for the Wind Turbine Model................. 38

SUMMARY AND CONCLUSIONS ...t 51

A SUMMARY OF FINDINGS ......ccoiiiiiiie it 51

vii



1. FIiNdings for ROAtOr .........cccvoiiee e
2. Findings for Wind Shroud Model ...........c.cccooeiiiiiiieiice,
B. FUTURE WORK ..ot

LIST OF REFERENCES

INITIAL DISTRIBUTION LIST .o

viii



Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.
Figure 6.
Figure 7.
Figure 8.

Figure 9.

Figure 10.

Figure 11.

Figure 12.
Figure 13.
Figure 14.
Figure 15.
Figure 16.
Figure 17.

Figure 18.

LIST OF FIGURES

Wind Power Installation Capacity from 1999 to 2016. Source: [3]. ........... 1
Doppler Returns from Wind Farms (yellow circle) on the Weather

Radar Display. SOUICE: [5]...vurueiierieieiiereeie et 2
Data Fusion Architecture. SOUICe: [6]. ...cccovvrvrreeririeiieiese e 4

Shroud Model Used to Investigate Wind Capturing Efficiency.

SOUICE: [8]- e veeieeiiisiie ittt bbbt 5
Simple CW Radar Block Diagram. Source: [13].....cccccvvvrriveresieernerinsenne 9
Doppler Shifts Extracted by a Quadrature Detector. Source: [12]. ........... 10
SDR System Block Diagram. Source: [16]......cccccveveviverviiieneeriesieseenenns 12
Short-Time Fourier Transform. Source: [19].......ccccceviviiininniiniiie e 15

Time/Frequency Uncertainty of a Rectangular Window. Source:

Estimating Insertion Loss of Plane Wave Passing through Screens:
(a) Simulation of Screen Using Floquet Technique (unit cell
highlighted). (b) Photograph of Actual Screen.........ccccoccvvvevvecviieieenenn, 19

S11 Parameters for Screen with Opening of 0.5 Inches by 0.5 Inches......20

S11 Parameters for Mesh of 1.0 mm by 1.0 mm Opening ...........ccccvveneee. 21
Wire Mesh of 1.0 mm by 1.0 mm Openings........cccoovvverrenieneenenniesenens 21
Baseline Measurement Using Labvolt Instrumentation...........c...cccccvevennee. 22
Measurement with Wire Mesh Using Labvolt Instrumentation ................ 22
Equipment Setup to Determine Measurement Accuracy of SDR.............. 23

Received Signal in dB Versus Time with No Attenuation Applied:
(@) Spectrogram and (D) POWET .........ccoveieiieii e 24



Figure 19.

Figure 20.

Figure 21.

Figure 22.
Figure 23.

Figure 24.

Figure 25.

Figure 26.

Figure 27.

Figure 28.

Figure 29.
Figure 30.

Figure 31.

Figure 32.

Figure 33.

Figure 34.

Received Signal in dB Versus Time with 10 dB Attenuation
Applied: (a) Spectrogram and (D) POWEr .........ccccoiiiiiiiiiiniieseee e

Received Signal in dB Versus Time with 20 dB Attenuation
Applied: (a) Spectrogram and (D) POWEr .........ccccoviiiiiiiiinieneseee e

Received Signal in dB Versus Time with 30 dB Attenuation
Applied: (a) Spectrogram and (D) POWET .........ccccoviiiiiiiiiieseneee e

Measurement at 0° Offset ANgIe .....cocovveeiieieeee e
Measurement at 60° OffSet ANGIE .......c.ooviiieiiii e

Doppler Spectrogram (dB) for Antenna at: (a) 0°, (b) 20°, (c) 40°,
and (d) 60° Offset Angle from Rotator at 80 rpm........ccccccvevveiieeiiecnnne,

Comparison of the Values between Theoretical Doppler and
Measured Doppler Frequencies for Rotator...........ccccevevieiie i vic e,

Power Plot for Antenna at (a) 0°, (b) 20°, (c) 40°, and (d) 60° Offset
Angle from Rotator at 80 rPM........cccooveiiiiiieeee s

Different Configurations for Measurements: (a) Shroud, (b) Shroud
and 0.5 Inch by 0.5 Inch Screen, and (c) Shroud and 1.0 mm by 1.0
MM WITE IMESH ..

Side View of the Setup for Wind Turbine Measurement ..............ccccue....
Top View of the Setup for Wind Turbine Measurement............cc.cccccvennnne

Wind Turbine Model Configurations: (a) Bare, (b) with Shroud, and
(c) Shroud and 0.5 Inch by 0.5 InCh SCreen........ccccoveveeieiieeie e,

Doppler Spectrogram for Antenna at 90° Offset Angle from Wind
Turbine Model at 120 rPIM .....c.oeiieeee e

Doppler Spectrogram for Antenna at (a) 0°, (b) 20°, (c) 40°, and
(d) 60° Offset Angle from Wind Turbine Model at 120 rpm ....................

Comparison between Theoretical Doppler and Measured Doppler
Frequencies for Wind Turbine Model...........cccovvvveiviie i

Power Plot for Antenna at (a) 0°, (b) 20°, (c) 40°, and (d) 60° Offset
Angle from Wind Turbine Model at 120 rpm........cccccevvevveveeiiieiesiesienenns



Table 1.
Table 2.

Table 3.

Table 4.

Table 5.

Table 6.

Table 7.

Table 8.

Table 9.

Table 10.

Table 11.

Table 12.

LIST OF TABLES

SDR-KIT 980AD Parameters. Source: [16]. ....cccccovevvereiiienneriesieseenenn 13
Result Summary for Different Attenuation Applied.........ccccovveriiivinnnne. 26

Comparison between Theoretical and Measured Doppler
FIEOUENCIES ...ttt ettt nns 29

Spectrogram and Power Plot Comparison for Antenna at 0° Offset
Angle for Different Cases for ROALOr ..........cccoveeiiiiiniinieeee e 34

Spectrogram and Power Plot Comparison for Antenna at 20° Offset
Angle for Different Cases for ROALOr ..........cccovveeviiiiiiiiieesee e 35

Spectrogram and Power Plot Comparison for Antenna at 40° Offset
Angle for Different Cases for ROALOr ..........cccovveeviiiiiiiiieesee e 36

Spectrogram and Power Plot Comparison for Antenna at 60° Offset
Angle for Different Cases for ROALOr ..........cccoovevvieiiiiiieeee e 37

Comparison between Theoretical and Measured Doppler Return
Frequency for Wind Turbine Model ... 42

Spectrogram and Power Plot Comparison for Antenna at 0° Offset
Angle for Different Cases for Wind Turbine Model ... 45

Spectrogram and Power Plot Comparison for Antenna at 20° Offset
Angle for Different Cases for Wind Turbine Model ...........c.ccccovveiinennee. 46

Spectrogram and Power Plot Comparison for Antenna at 40° Offset
Angle for Different Cases for Wind Turbine Model ...........ccccccovveinnnee. 47

Spectrogram and Power Plot Comparison for Antenna at 60° Offset
Angle for Different Cases for Wind Turbine Model ..............c.cccoeovrnnee. 48

Xi



THIS PAGE INTENTIONALLY LEFT BLANK

Xii



LIST OF ACRONYMS AND ABBREVIATIONS

ADC Analog-to-Digital Converter
CST Computer Simulation Technology
Cw Continuous Wave

DAC Digital-Analog Converter

DC Direct Current

FMCW Frequency-Modulated Continuous Wave
FPGA Field-Programmable Gate Array
FSK Frequency-Shift Keying

FT Fourier Transform

GUI Graphical User Interface

I In-phase

MWS Microwave Studio

Q Quadrature

RAM Radar Absorbent Material

RCS Radar-Cross Section

RF Radio Frequency

RLOS Radar Line-of-Sight

SDR Software-Defined Radar

STFT Short Time Fourier Transform
X Transmit

USB Universal Serial Bus

VCO Voltage-Controlled Oscillator
WT Wind Turbine

Xiii



THIS PAGE INTENTIONALLY LEFT BLANK

Xiv



ACKNOWLEDGMENTS

I would like to thank my advisor, Professor David Jenn, for his patience and
guidance throughout this period. | appreciate the time he spent sharing his knowledge with
me, enabling me to understand the concepts and leading me in the right direction to achieve

the results required.

I would like to thank Professor Terry Smith for readily agreeing to be my second

reader. His comments and suggestions definitely added clarity to the thesis.

Special thanks to Dr. James Calusdian for building the rotator to support the
collection of data for this thesis, which established the foundation for me to better

understand the issues.

My deep appreciation goes to Mr. Robert Broadston for his constant assistance
throughout this journey in providing his laboratory experience and tools for the thesis. Final
measurements of the model in various configurations and angles would not have been

possible if he had not built the supporting frame for the radar system.

Thanks also go to my beloved wife, Ms. Jolene Ge, for her love and unwavering
support for my studies here at NPS. Thank you for taking good care of my two kids, Joel
and Charmaine, back in Singapore so that | could fully focus on my studies here. This

journey would not be possible without you.

Lastly, I thank the Lord Jesus Christ for His blessings in the completion of this
master’s degree.

XV



THIS PAGE INTENTIONALLY LEFT BLANK

XVi



l. INTRODUCTION

A OVERVIEW

It is known that greenhouse gases such as water vapor, nitrous oxide, methane, and
carbon dioxide are major contributors to global warming. Ever since the industrial
revolution that began in the 1760s, human activities have been releasing increasing
amounts of carbon dioxide into the atmosphere every year. A large percentage of these
emissions comes from the burning of fossil fuels to generate electricity or energy for our
everyday needs [1]. In order to reduce harmful carbon emissions from the combustion of
hydrocarbons, various cleaner alternatives for generating electricity are being explored and

implemented. Harnessing wind energy using wind turbines (WT) is one of them.

The concept of harnessing wind energy in the United States is not something new,
as it has been around since the establishment of U.S. Wind Engine Company in the 1850s,
and, more recently, with the first large wind farm installed in California in 1980 [2]. The
growth of wind farms over the last 15 years has been exponential with the cumulative wind
power capacity increasing nearly 30 times or more in MW since 1999, as illustrated in
Figure 1 [3].

90,000
B Annual Capacity Installations
80,000 B Cumulative Capacity
: o 1Q Capacity Installations
B 2Q Capacity Installations
g = 3Q Capacity Installations
M 4Q Capacity Installations
< 40,000 |
>
£
o
8 50,000
J
™y
g 40,000
)
o
T 30,000
b=
20,000
10,000

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Figure 1.  Wind Power Installation Capacity from 1999 to 2016. Source: [3].
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B. RADAR INTERFERENCE FROM WIND FARMS

There are also challenges that come with the benefits of WTs. As the size and
number of wind turbines increase, their operation can affect the military readiness of the
surveillance radar installations near wind farms and the proper functioning of other
commercial systems such as Air Traffic Control (ATC) Radar and Weather Radar,
especially when the wind farms are within the radar line-of-sight (RLOS) [4]. One such
example of radar interference is shown in Figure 2. The Doppler returns from a wind farm
of 36 wind turbines negatively affect the Doppler weather radar’s ability to provide
accurate precipitation forecasts and advanced severe weather warnings, which has safety

implications [5].

Figure 2.  Doppler Returns from Wind Farms (yellow circle) on the Weather
Radar Display. Source: [5].
2



C. MITIGATION APPROACHES

In order to mitigate the Doppler interference from the WTs, working groups have
been formed to conduct studies to formulate strategies to overcome unintended
interference. In general, there are three mitigation approaches, which are described in the

following paragraphs.

1. Siting Options

A terrain survey can be conducted to determine a location’s suitability for wind
farms. With the height and radar-cross section (RCS) of wind turbines known, calculations
can be conducted to determine whether the Doppler returns from the wind farms are small
enough to avoid having an impact on the radar systems within the wind farms’ vicinity [6].
An elevated terrain between the wind farms and radar sites can also serve as an effective
obstacle to attenuate any Doppler returns. As such, advance planning for the location of

wind farms can reduce or eliminate any impact to the radar operations.

2. Radar Options

For situations where wind farms affect current radar operations, it is possible to
make certain adjustments or modifications to the radar systems. Antenna tilting can reduce
the returns from the wind farms, for example, but if the RCS of the wind turbine is very
large, a large tilt is needed, and this adversely affects the detection performance of low
altitude air targets [6]. Modifications can also be made to the processing and tracking
algorithms for the system to distinguish between the static returns from the wind farm

clutter and valid returns from moving targets of interest.

A secondary radar system known as “fill-in” or “gap filler” radar can be installed
in the vicinity to provide additional coverage after a terrain survey has been carried out.
These two systems can be linked up to complement the primary radar through data fusion
(see Figure 3) and filtering processing to allow the display of targets detected over the wind
farm [6].



Original radar

Fusion o| Operator
equipment displays

Figure 3.  Data Fusion Architecture. Source: [6].

Fill-in radar Data link

3. Wind Turbine Options

Lastly, it is possible to modify the wind turbine in terms of the structural design
and materials used in order to reduce its RCS. The shape of turbine towers and nacelles
can be designed such that any radio waves are reflected away from the radar. Furthermore,
coating the surface of the turbine blades with radar absorbent material (RAM) can reduce

the strength of the reflected signal back to the radar [6].

D. INTERFERENCE REDUCTION TECHNIQUES

As discussed earlier, there are various options available to mitigate the interference
from the wind turbine; more details on modifications to the physical structure of the wind
turbine to reduce the interference are now discussed. The RCS of the wind turbine has been
investigated in [7]. It was found that in the static condition (fixed rotor position), the tower
was the major contributor to interference at approximately 75% of the overall RCS, with
the blades being the next major contributor at around 15%. Even though the blade

contribution is small, its RCS is still much larger than that of targets-of-interest.

1. RCS Reduction for Tower and Blades

RAM can be applied to the tower easily and can potentially reduce the RCS up to
20 dB, but issues such as durability of the RAM material in an exposed environment and
the additional cost and weight to the structure tend to negate the benefits. It was found
that a conical structure tower replacement can reduce the RCS up to 43 dB. Since the
blades are already optimally designed to capture the wind, however, it is not practical to
change their shape. Alternatively, research shows that by applying a modified Salisbury
screen-based absorber, it is possible to achieve an RCS reduction of around 15 dB for
the blades [7].



2. Addition of Shroud and Wire Grid Screen

Studies have been conducted in [8] for different models of shrouds on their
effectiveness to increase the wind capturing efficiency. With proper design on the
profile of the shroud, a smaller inlet opening gradually flared to a bigger outlet, as shown
in Figure 4, can increase the wind flow through the shroud by 28%. In contrast, the use of
a common window screen (1.0-mm openings) at the inlet disrupts the pressure, preventing
the wind turbine from operating efficiently. Use of mesh with a coarser weave (larger
openings) was not investigated in [8].

5.08 cm

Figure 4.  Shroud Model Used to Investigate Wind Capturing Efficiency.
Source: [8].

Wire grids have been frequently used to represent solid conducting surfaces; and
when the spacing between the wires is small relative to the wavelength of the incident
wave, the reflection coefficient is approximately one [9]. This means that by placing a
screen of appropriate mesh size in front of a wind turbine, we can cause the electromagnetic
waves transmitted by a radar to be reflected by the screen before they reach the blades,
thereby reducing the Doppler return. Too coarse a mesh with respect to the radar

wavelength renders the screen ineffective, and too fine a mesh might affect the
5



performance of the wind turbine in capturing the wind for power generation as found
in [8].

An important frequency band for radar applications is the X-band (8-12 GHz). At
this frequency, a metallic screen with openings of 0.5 inches by 0.5 inches or smaller should
yield a reduction of Doppler return as the wavelength is 3.06 cm (1.2 inches) for a 9.8-GHz

radar system.

E. RELATED WORKS

Radar signature measurement for a new model of wind turbine lens has been carried
out in [10] in a setup that requires an area with a dimension of a football field. RCS and
Doppler analysis have been carried out to determine the variations in RCS and Doppler
shift with and without a metallic mesh around the shroud. The result shows that it is
possible to achieve a radar return reduction of approximately 10 to 15 dB by fitting the
metallic mesh around the shroud. On a smaller scale, the Doppler due to the wind turbine
scattering was investigated in [11] by comparing the simulation result using Numerical
Electromagnetics Code (NEC) to measurements conducted in the laboratory on a scaled-
down wind turbine model. From the result, the Doppler features of a scale-model turbine
are comparable to those reported for a large wind turbine. It was also observed from the
Doppler signature that the shape and spacing of the blade flashes are related to the shape
of the turbine blade.

F. THESIS OBJECTIVES

The objective of this thesis research is to validate the effectiveness of a shroud with
metallic screens (one with 0.5 inches by 0.5 inches mesh and another with 1.0-mm by
1.0-mm mesh) in the reduction of Doppler interference for a scaled-down wind turbine
model. The wind turbine is first simulated using a rotating arm with a metallic ball attached
at one end (rotator) to generate the Doppler return. Doppler shift measurements are then
carried out using a software-defined radar (SDR) through the transmission of a continuous
wave (CW) signal. Post processing of the collected data (in the form of in-phase (1) and
quadrature (Q) data) was carried out using MATLAB to generate the micro-Doppler

signature [12]. Subsequently, we added a shroud and screen to determine their
6



effectiveness in Doppler suppression. Finally, we performed similar measurements on a

wind turbine model in Port Hueneme, CA, for comparison.

G. THESIS OUTLINE

The organization of the thesis is as follows. In Chapter Il, the background and
concepts related to the understanding of the topic, such as CW radar operation and its
performance characteristics, are introduced. Doppler clutter and its effect from WTs is
discussed to illustrate the motivation of this thesis. Doppler processing of I and Q signals
are also presented in Chapter I1. Simulation results using the software Computer Simulation
Technology (CST) Microwave Studio (MWS) to estimate the insertion loss expected using
the metallic screen and wire mesh and measurement results of the two types of models are
presented in Chapter Ill. Finally, we present a summary of findings and conclusions
obtained from the analysis, simulations, and measured results in Chapter 1V, along with

recommendations for future work.



THIS PAGE INTENTIONALLY LEFT BLANK



II. CW RADAR OPERATION AND WT RCS

A. CW RADAR OPERATION

For a target in motion, the electromagnetic energy reflected back to the CW radar
receiver has a change in frequency compared to the transmitted frequency. This change in

frequency, known as Doppler frequency [12], can be calculated as

fD: —, 1)

where v, is the relative radial component of the velocity of the target, f, is the transmitted

frequency, and c is the speed of light. A closing target approaching the radar has positive
velocity, resulting in a positive Doppler frequency. A negative Doppler frequency occurs
for a receding target.

For the simple CW radar system shown in Figure 5, transmitted and received
signals share a common channel. The received signal is mixed with the transmitted signal

at the detector, and the Doppler frequency is extracted after the Doppler filter.

< L cW

A
l/ f__:ffnv (r ) ﬁ“

Mixer / Doppler
Detector filters

Figure 5. Simple CW Radar Block Diagram. Source: [13].

The received signal can be in the form of I and Q components, where the Doppler

shifts can be extracted using a quadrature detector, as shown in Figure 6.



Received signal

s () =cos[27(f + 1,)1] Low-pass I(t) =cos (27 ft)
(8 Y filter >

Transmitted signal

s,(t) =cos(27f1)

hJ

90° phase shift

o(t) = —sin (27.£t)
—>

Low-pass
filter

Figure 6.  Doppler Shifts Extracted by a Quadrature Detector. Source: [12].

B. INTERFERENCE FROM WIND TURBINES

The characteristics and features of the wind turbine and how its operation can affect
the operation of a radar system are discussed in more detail in this section. The main
function of radar is to detect and track targets of interest based on the information extracted
from the reflected signal. When undesirable clutter or noise is received together with the
reflected signal, the processor’s ability to obtain the required target-of-interest information
is affected. The strength, or magnitude, of the reflected signal and the Doppler frequency
shift from the moving target are two of the basic features the radar uses to detect and track

the target.

1. Radar Cross Section of the Wind Turbine

A typical horizontal wind turbine mainly comprises the rotor, which catches the
wind; the nacelle, which houses the turbine to convert Kinetic energy to electrical energy;
the tower structure supporting the rotor and nacelle; and the foundation for the tower. Due
to the large size of the wind turbine relative to the radar’s wavelength, it has a large RCS,

which gives a strong electromagnetic signal return to a radar system.

The large RCS from the wind turbine results in a large amount of unwanted clutter.

The clutter, when added onto the noise level, can potentially mask the returns of any

10



smaller targets-of-interest in the vicinity [13]. The large returns to the radar can also take
multiple paths (reflections), thus appearing as “ghost” targets on the radar display [14].
These *“ghosts” affect the radar’s ability to unambiguously detect and discriminate
targets-of-interest. As pointed out previously, the static (non-time varying) components of
the RCS are more easily handled by the processor than are the Doppler returns from the

moving WT parts.

2. Doppler Frequency Shift from the Wind Turbine

The main moving parts of the wind turbine, which are the rotating blades, generate
strong Doppler frequency shift, causing issues for the radars to discriminate between the
wind turbine and moving targets. Depending on their length, size, and shape, rotating
blades can produce a tip velocity of 50 to 150 m/s depending on the prevailing wind speed
[12]. Accuracy of wind estimates from the Doppler weather radar can also be affected as

the Doppler frequency shift can be processed as wind speed.

C. SYSTEM DESCRIPTION AND SIGNAL PROCESSING

The system description of the radar system used to collect the data and the process

of extracting the Doppler information for further analysis are discussed in this section.

1. Software-Defined Radar

In this thesis, data is collected using the SDR-KIT 980AD module from Ancortek,
Inc. SDR-KIT 980AD is an X-Band, software-defined radar with most of the processing
occurring on a field-programmable gate array (FPGA), while the computer connected to it
handles the controls and display of measured results. As highlighted in [15], the main
advantage of using an SDR is its flexibility to operate multiple modes using the same
hardware with only changes to the processing algorithm implemented in the FPGA. This
leads to faster development and reduced cost. The SDR system block diagram is shown in
Figure 7.
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Figure 7. SDR System Block Diagram. Source: [16].

As demonstrated in [17], an SDR-KIT 980AD can accurately collect data for the
processing of micro-Doppler signatures. The system uses a graphical user interface (GUI)
to control the transmission parameters as well as the display settings of the SDR on the
computer, which is connected to the SDR via a universal serial bus (USB) cable. The SDR
FPGA-based processor module generates digital samples of control voltage that are
converted to an analog control voltage by a digital-to-analog converter (DAC). The DAC
drives the voltage-controlled oscillator (VCO), which generates the desired type of
waveform for transmission. The output signal of the VCO is amplified before it is
transmitted. At the same time, the output signal is also fed to the receiver channel to be
mixed with the received signal to obtain the I and Q data. The I and Q data are then digitized
through an analog-to-digital converter (ADC) and displayed in the GUI or stored in the
computer for post-processing. The output of the mixer in the receive chain is digitized and
streamed to the host computer for further processing. Some of the key system parameters
for the SDR-KIT 980AD are shown in Table 1. Instead of the patch antennas that came

with the system, our research used two horn antennas with higher gain [18].
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Table 1. SDR-KIT 980AD Parameters. Source: [16].

Parameter Unit Value

Waveforms - FMCW / CW / FSK

Center Frequency GHz 9.8

Power dBm 18
Bandwidth MHz 100, 150, 300, 400

Sweep Time ms 1,2,4,10

Number of Samples per Sweep - 128, 256, 512, 1024

Horn Antenna Gain [18] dB 20

2. Extracting Doppler Frequency Shift

As described in Figure 6, the Doppler frequency generated by a target of interest
can be extracted by mixing the transmitted and received signals to get the baseband I and
Q data. The transmitted signal is of the form [12]

s,(t) =cos (27 fyt). 2)

The received signal will have amplitude a with a phase shift due to the motion of the

moving target.
s, (t)=a cos(27(f,+ f,)t) 3)

The received signal is mixed with the transmitted signal and undergoes low-pass

filtering to get the I signal and the Q signals. The I signal before filtering is

,_a a

I =Ecos(47rf0t+27szt)+Ecos(27szt). 4)
The | signal after low-pass filtering is

|=%COS(2ﬂ'th). (5)
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The Q signal before filtering is
L a . a .
Q ZESIn(M f0t+27szt)—ES|n(27szt). (6)
The Q signal after filtering is
a .
Q= —Esm(Zﬂth). (7)
Equations (5) and (7) combined give the complex Doppler signal

5o(t) = 1(t) + jQ(t) = ge-“””o” . (®)

3. Time-Frequency Analysis of Doppler Signature

The Fourier Transform (FT) is a very useful and powerful tool to process signals
and understand their frequency characteristics. The definition of the FT of a signal x(t) is
given as [19]

X (f) =FT{x(t)} = j: x(t)e 127"t | (9)
where FT of the signal is carried out as a whole.

As the reflected signal from the rotator or wind turbine is a signal that varies over
time, taking the FT of the whole sampling duration does not allow us to observe the
characteristics at different time intervals. In this case, the short-time Fourier Transform
(STFT) [19] is used to process the received signal and display it as a spectrogram. The
STFT performs the Fourier Transform on segmented portions of the signal using a time-
limited window function and is defined as [19]

X (7, f) =STFT{x(t)} = FT {x(t)w(t-7)} , (10)

where W(t—7) is the window signal centered around the time variable 7z depicted in

Figure 8.
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Figure 8.  Short-Time Fourier Transform. Source: [19].

Taking Equation (10) into consideration, we expand the FT to get
X(z, 1) = [ x®w(t-r)e > "dt. (11)

In using STFT, signal processing leads to time/frequency uncertainty due to the
windowing. The frequency resolution is inversely proportional to the width of the window

(observation time), as shown in Figure 9, using the example of a rectangular window.

L40)]
“‘U) 3
1
m T Mf\/J\AM
I > P >/
W)

w(t) A
r 3

Figure 9.  Time/Frequency Uncertainty of a Rectangular Window.
Source: [19].
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Gaussian windowing is typically used as it has been shown to give the best
performance for time/frequency uncertainty, as shown in Figure 10 with a Gaussian

window of the form [19]

1 2
w(t) =——e™. (12)
Jr
w(?)
\
w(.-‘_}=J1re 7
» [
At
FT Wi
I &
W)= e
>
Y

Figure 10. Best Time/Frequency Resolution with Gaussian Window.
Source: [19].

The received signal is sampled at a specific rate and is stored as complex I-Q data
for post-processing. Before processing, the direct current (DC) bias of the received data is
removed and separated into | and Q data before I-Q imbalance correction is carried out
[20]. As the number of samples of the received signal collected are much greater than

necessary, de-sampling by a factor of 2V is performed to reduce the number of samples.
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In this chapter, the operations of a CW radar system and the effects of the RCS and
Doppler frequency shift from wind turbines on radar systems were discussed. Benefits of
SDR and the use of the STFT to process the data to analyze the Doppler signature were

presented.

In the next chapter, simulation and measurement results are compared to determine

the effects of a shroud and screen in reducing Doppler interferences from a wind turbine.
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1. SIMULATION AND MEASUREMENT RESULTS

In this chapter, we present the results of simulations on screens to estimate the
reduction in Doppler returns. Measurements are conducted on a rotator and a scaled WT,
both with shroud, to verify the simulation data. The preparation work and setup for

measurement are also presented in this chapter.

A SIMULATION AND MEASUREMENT FOR THE SCREEN

CST Microwave Studio (MWS) simulations were carried out to estimate the
insertion loss of a plane wave going through screens, and the results are compared against
the actual measurements. The simulation is carried out using the Frequency Solver
employing the Floquet Technique [9] (see Figure 11) as the screen or mesh can be
considered as an infinite planar periodic structure. Computation of the fields and current
only needs to be applied to one unit cell. The unit cell result is applied to obtain the total

fields and currents for an infinite periodic structure.

I o e
=-- -

(@) (b)

Figure 11. Estimating Insertion Loss of Plane Wave Passing through Screens:
(a) Simulation of Screen Using Floquet Technique (unit cell
highlighted). (b) Photograph of Actual Screen
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1. Simulation Result for Screen with 0.5 Inch by 0.5 Inch Opening

A one-way insertion loss of approximately 14 dB (see Figure 12) is expected for a
9.8 GHz signal normally incident on the screen shown in Figure 11b. For a monostatic

radar, the return from blades behind the screen sees a two-way reduction (~28 dB).

S-Parameters [Magnitude in dB]

14 4

-14.5

-15 +

-15.5 7

-16 4

-16.5 7

9 9.1 9.2 9.3 9.4 9.5 9.6 9.7 9.8 9.9 10
Frequency / GHz

Figure 12. S11 Parameters for Screen with Opening of 0.5 Inches by 0.5 Inches

2. Simulation Result for Wire Mesh

A one-way insertion loss of approximately 29 dB (see Figure 13) is expected for a
9.8 GHz signal incident on the wire mesh as shown in Figure 14. The result seems to
suggest a two-way loss of 58 dB, which might not be achievable as the simulation assumes
the mesh is made up of perfectly conducting material with perfect connections at the wire
junctions. The actual mesh does not have such features, and it can be expected that the

actual loss will be less.
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Frequency [/ GHz

Figure 13. S11 Parameters for Mesh of 1.0 mm by 1.0 mm Opening

3. Insertion Loss Measurement for Wire Mesh

To verify the simulation data and obtain a better understanding of the effectiveness
of the wire mesh (Figure 14), we performed an insertion loss measurement using the
Labvolt antenna instrumentation. A CW signal at 9.8 GHz was fed to the transmit antenna,
and the screen was placed between the transmitting and receiving antennas. Measurements
were carried out as the receiving antenna makes a 360° rotation to capture the signal
strength at various angles. The maximum signal strength occurred when the transmitting
and receiving antennas were aligned with each other at 0° or 360°. A measurement made
without the screen established the baseline signal level. Insertion loss can be obtained by
taking the difference between the measurement with the wire mesh and the baseline

measurement.

——

e 3 o O e v s B 6
T.. . (et i ol D VRN PR -
S . 4 =1

Figure 14. Wire Mesh of 1.0 mm by 1.0 mm Openings
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An insertion loss of approximately 18 dB was obtained by comparing the
differences between the measurement data shown in Figures 15 and 16. This is about 10 dB
less than the MWS simulation. The measurement has errors (i.e., multiple reflections are
present and leakage occurs around the sample). Additionally, the sample is not a perfect

conductor with perfect contact at the junctions.
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Figure 15. Baseline Measurement Using Labvolt Instrumentation
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Figure 16. Measurement with Wire Mesh Using Labvolt Instrumentation
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B. RADAR MEASUREMENT RESULTS

The preparation work before the actual data collection using the SDR and the

methodology are discussed in this section.

1. Measurement Setup Using SDR

To determine the accuracy and capability of the SDR to measure the Doppler return
frequency and the changes to amplitude of the signal returns, we devised the laboratory

setup shown in Figure 17.

«——»
HP 8496H ﬂ
Attenuator — I
10dB (20dB ‘ : :
Power Supply
HP 59306A
24V

Relay Actuator SDR98S0AD

Figure 17. Equipment Setup to Determine Measurement Accuracy of SDR

The equipment includes the power supply to provide 24 VVdc to an HP 59306A relay
actuator. The HP 59306A relay actuator selects the required relay to be energized for the
attenuation required at the HP 8496H attenuator. The HP 8496H attenuator allows
attenuation up to 110 dB for frequencies up to 18 GHz. In this setup, 10 dB and 20 dB
attenuation cards in the HP 8496H are connected to the relay actuator for selection. The
output of the receiving antenna is connected to the attenuator to apply the attenuation

required before going back to the SDR980AD as data samples for post-processing.

During the measurement, the radar illuminates the rotator at a fixed distance of
about 6.0 m and collects samples at 0 dB, 10 dB, 20 dB, and 30 dB attenuation levels for
comparison. The rotation rate is about 50 rpm. The SDR is transmitting in CW mode
with a sweep time of 1.0 ms and 128 samples collected per sweep. With a radius of about

r = 0.29 m, the maximum radial velocity of the rotator in m/s is

V=2xr % : (13)
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The maximum Doppler frequency can be calculated using Equation (1), which
gives approximately 99.2 Hz. The results for different applied attenuation levels are shown

in Figures 18 to 21.

40 L

30

10

Doppler(Hz)
Power(dB)

Figure 18. Received Signal in dB Versus Time with No Attenuation Applied:
(a) Spectrogram and (b) Power
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Figure 19. Received Signal in dB Versus Time with 10 dB Attenuation
Applied: (a) Spectrogram and (b) Power
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Figure 20. Received Signal in dB Versus Time with 20 dB Attenuation
Applied: (a) Spectrogram and (b) Power
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Figure 21. Received Signal in dB Versus Time with 30 dB Attenuation
Applied: (a) Spectrogram and (b) Power

From the spectrogram in Figure 18, we observe the maximum Doppler frequency
is approximately 100 Hz, which agrees reasonably well with the calculated value of
99.2 Hz. It can also be seen from the spectrograms in Figures 18 to 21 that the reduction in
the strength of the Doppler signal power level is clearly a function of attenuation level.
From the attenuator specifications [21], we observe the accuracy of the attenuation of
10 dB, 20 dB, and 30 dB is 0.5 dB, 0.7 dB, and 0.9 dB, respectively. The results from
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Table 1 suggest that the attenuation accuracy does not meet the manufacturer’s
specifications. This can be due to several reasons such as the aging of components,
additional loss due to cables and coupling, and other measurement errors; however, this
exercise does show that any reduction of the returned signal due to the shroud and screen

can be processed and presented in the form of a spectrogram and power plot.

Table 2. Result Summary for Different Attenuation Applied

Attenuation Applied Maximum Power Difference from
0 dB measurement
0dB 30dB -
10 dB 19 dB 11 dB
20 dB 8 dB 22 dB
30 dB 0dB 30 dB
2. Measurement Results for Metallic Ball on Rotating Arm

A structure was needed to mount the horn antennas and allow variable aspect angles
to the rotator. The main design consideration is to ensure that the distance between the
antenna and the rotator is sufficient to meet far-field conditions, which can be calculated
using [22]

2
. (14)
r>5D (15)
r>1.641, (16)

where r specifies the minimum distance required for far-field conditions and D is the

maximum dimension of the antenna.

For transmission in the GHz region, Equation (14) is usually the limiting condition
for the far-field condition. For a horn antenna with dimensions of 123.8 mm by 91.9 mm
[18], a minimum distance of approximately 1.0 m is required between the antenna and

rotator.
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The structure allows for measurements to be made from angles of 0° to 60° offset
from the rotator. At 0°, the antenna is at the center with the rotator directly below, as shown
in Figure 22, and the 60° offset angle is shown in Figure 23. Measurements are carried out
at increments of 10° to 60° for four different configurations, and samples for a period of
10.0 s are stored for post-processing. The results from the rotator itself form the point of

comparison for the other configurations.

Figure 22. Measurement at 0° Offset Angle
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Figure 23. Measurement at 60° Offset Angle

From the spectrogram shown in Figure 24, we observe the Doppler frequency is the
highest when the offset angle is the largest. This is related to the sin & factor where the
maximum Doppler frequency of 158.8 Hz occurs when the offset is at 90° with the rotator
rotating at 80 rpm. It is worthwhile to note that the rotator rpm is not always constant at
80 rpm but fluctuating between 76 rpm to 84 rpm, giving a maximum Doppler between
150.7 Hz to 166.5 Hz. A comparison between the theoretical and measured Doppler

frequencies is provided in Table 3.
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Figure 24.

Doppler(Hz)

Doppler(Hz)
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Doppler Spectrogram (dB) for Antenna at: (a) 0°, (b) 20°, (c) 40°,

and (d) 60° Offset Angle from Rotator at 80 rpm

Table 3. Comparison between Theoretical and Measured Doppler Frequencies

Ol(‘f;et Theoretical Doppler (Hz) sza}zgzﬁz)
fomax= 150.7 Hz fomax= 158.8 Hz fomax= 166.5 Hz
0 0.0 0.0 0.0 13
10 26.2 27.6 28.9 23
20 51.5 54.3 56.9 58
30 75.4 79.4 83.3 80
40 96.9 102.1 107.0 107
50 115.4 121.6 127.5 126
60 130.5 137.5 144.2 139
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The theoretical Doppler and the measured Doppler return frequencies agree
reasonably well for most angles (especially with the upper theoretical limits) as seen from
Figure 25, except in the region between 0° and 10°. There are some possible factors that
contributed to the Doppler return frequencies observed: the antenna and the rotator are not
perfectly aligned such that the rotator is centralized between the antennas; placement of the
metallic ball is not exactly at equal distance from the other end on the rotator arm;
vibrations from the rotator leading to micro-Doppler generated and received by the
antenna; and lastly, as the environment is not padded with absorbing material and the
rotator is seated near to the floor, reflections from the rotator’s movement may be

contributing to the discrepancy in the Doppler return frequency comparison.

160.0
140.0
120.0
100.0
80.0
60.0
40.0

20.0
.~/

0.0

Doppler Frequency (Hz)

0 10 20 30 40 50 60
Offset Angle (degree)

| ower Limit Upper Limit Measured Doppler

Figure 25. Comparison of the Values between Theoretical Doppler and
Measured Doppler Frequencies for Rotator

The total power of the received signal in the receiver’s passband (10 MHz) at
different antenna offsets was processed, and a comparison was made based on the peak
value of the power envelope. Other than the case when the antenna is at 0° offset, which is
about 20 dB, the power generally falls within 45 dB to 50 dB, as shown in Figure 26. The
results depicted in Figures 24 and 26 serve as the baseline for comparison with those for

the shroud and screen.
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Figure 26. Power Plot for Antenna at (a) 0°, (b) 20°, (c) 40°, and
(d) 60° Offset Angle from Rotator at 80 rpm

Next, we take measurements for the three configurations shown in Figure 27:
(1) with shroud, (2) with shroud and screen, and (3) with shroud and wire mesh. The shroud
is made of aluminum and is approximately 0.9 m in diameter at the front (narrow) opening.
It is approximately a 1/10 scaled model of what would be used on a small commercial
20-kW WT with a rotor diameter of 10.0 m. A comparison of the data is given in Tables 4
through 7.
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Figure 27. Different Configurations for Measurements: (a) Shroud,
(b) Shroud and 0.5 Inch by 0.5 Inch Screen, and
(c) Shroud and 1.0 mm by 1.0 mm Wire Mesh
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At the 0° offset, the configuration with the shroud and screen gave the largest
attenuation of approximately 20 dB, while the other two configurations gave an attenuation
of approximately 12 dB, as shown in Table 4. The typical Doppler signature of the rotator
was also not observed from the spectrogram.

At the 20° offset, the addition of the shroud does not cause much difference to the
power level but appears to increase Doppler clutter. This can be due to the multibounce
effect [12], where the reflected waves from the metallic ball are reflected from the shroud
and floor before returning to the receiving antenna. We observed power attenuations of
approximately 35 dB and 40 dB, shown in Table 5, with the addition of the screen and wire

mesh, respectively.

At the 40° offset, similar to the result for 20°, the addition of the shroud does not
cause much difference in the power level but appears to increase Doppler clutter due to the
multibounce effect from the shroud and floor. We observed power attenuations of
approximately 35 dB and 40 dB, shown in Table 6, with the addition of the screen and wire
mesh, respectively.

At the 60° offset, similar to the previous result, the addition of the shroud does not
cause much difference to the power level but appears to increase Doppler return due to
multibounce from the shroud and floor. We observed power attenuation of approximately

30 dB, shown in Table 7, with the addition of the screen or wire mesh.

In summary, the addition of the shroud causes an increase in the Doppler return due
to the multibounce effect, and an average reduction of about 30 dB in reflected power can
be achieved with the addition of the screen or wire mesh. The measurement for the 0.5 inch
by 0.5 inch screen agrees reasonably well with the 14 dB one-way attenuation from the
simulated result, and approximately 18 dB one-way attenuation expected for the wire mesh.
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Table 4. Spectrogram and Power Plot Comparison for Antenna at 0° Offset
Angle for Different Cases for Rotator

Case Spectrogram (dB) Power Plot
Without Shroud and | £ % .
Screen 8 :
Time(s)
With Shroud g E .,

With Shroud and
Screen

Doppler(Hz)
Power(dB)

Time(s)

With Shroud and
Wire Mesh

Doppler(Hz)
Power(dB)

Time(s)




Table 5. Spectrogram and Power Plot Comparison for Antenna at 20° Offset
Angle for Different Cases for Rotator

Case Spectrogram (dB) Power Plot
Without Shroud and | £ - E W " {
Screen 8 oF
Time(s)
With Shroud | ¢ o m w
Time(s)

With Shroud and
Screen

Doppler(Hz)
Power(dB)

Time(s)

With Shroud and
Wire Mesh

Doppler(Hz)
Power(dB)

Time(s)
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Table 6. Spectrogram and Power Plot Comparison for Antenna at 40° Offset
Angle for Different Cases for Rotator

Case Spectrogram (dB) Power Plot
50
40
30
Without Shroud and | £ F
Screen s >
o
-10
-20 .
[ 1 2 3 4 5 6 7 8 9 10
Time(s)
60 T
50
40 ‘
§ E 30 i\ ‘
With Shroud | £ .
10
o
0 1 2 3 4 ; 6 7 8 9 10
Time(s)
20
10
o
= @ -10
With Shroud and | & i
Screen 8 -
-30
-40
o 1 2z 32 4 s s 1 s s w
Time(s)
20
With Shroud and | £ E
Wire Mesh 8 i
-40
o 1z 1 4+ s & 1 8 s w
Time(s)




Table 7. Spectrogram and Power Plot Comparison for Antenna at 60° Offset
Angle for Different Cases for Rotator

Case Spectrogram (dB) Power Plot
Without Shroud and | t
Screen 8 =
Time(s)
50 ‘
o
30 |l
With Shroud | £ ;e

Time(s)
30
With Shroud and | £ s
Screen 8 .
Time(s)
AL G \ .'. XA A .
: = (RN A AR N B N AR AN AR BR R 3
With Shroud and | & °|j A BB B | g ‘
. g N UL RN R Y AR R DN L BN D BN e 0
Wire Mesh 8 ‘
Time(s)
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3. Measurement Results for the Wind Turbine Model

Measurements for the wind turbine model and fiberglass shroud were taken at Port
Hueneme (Naval Facilities Engineering and Expeditionary Warfare Center-NAVFAC
EXWC). The test setup is shown in Figure 28 and Figure 29. The three different
configurations for measurement are shown in Figure 30. The distance between the wind
turbine model and antenna is 12 ft (3.66 m). The wind turbine model is tilted in azimuth
for the angle offset instead of tilting the radar antenna as in the rotator case. The wind
turbine is also rotating at a faster speed of 120 rpm. Similarly, the shroud in use is larger
than the one previously used with the rotator and is made of composite fiberglass with
a thickness of about two inches. In addition, there is a vertical aluminum septum behind

the rotor.

BACK
FRONT

RADAR

6 feet
12 feet

Figure 28. Side View of the Setup for Wind Turbine Measurement

BACK

RADAR

s

12 feet
Figure 29. Top View of the Setup for Wind Turbine Measurement
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Figure 30. Wind Turbine Model Configurations: (a) Bare, (b) with Shroud, and
(c) Shroud and 0.5 Inch by 0.5 Inch Screen

Measurements are conducted first on the bare configuration (just the wind turbine)
to obtain the reference data for subsequent comparison. The wind turbine model rotates at
120 rpm, generating a maximum Doppler return of about 168 Hz, as shown in Figure 31.
The data was collected for 10.0 s at 128 samples per sweep with a sweep time of 1.0 ms.
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Figure 31. Doppler Spectrogram for Antenna at 90° Offset Angle from Wind
Turbine Model at 120 rpm

From the spectrograms shown in Figure 32, the results are similar as compared to
those for the rotator described in Section B.2. The Doppler return frequency increased
as the offset angle increased to reach its maximum at 90°. At the 0° offset angle, some
Doppler return was captured as is the case observed for the rotator and does not display the
typical Doppler signature from wind turbine. This could be due to the alignment between
the wind turbine and the antenna, and the hub’s uneven surfaces at the center of the rotor
could also have contributed to the Doppler return. The reflections from the blades off from

the tower contributed to the Doppler return as well.

The Doppler signature from the wind turbine is significantly different from that of
the rotator, displaying as a sharp spike instead of the sinusoidal shape from the rotator. The

differences of the signature are mainly due to the design of the blade, which is thin and
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long while the metallic ball is round. The Doppler return frequency is also higher, since
the wind turbine is rotating at a higher rpm.

Doppler(Hz)
Doppler(Hz)

Doppler(Hz)
Doppler(Hz)

(d)

Figure 32. Doppler Spectrogram for Antenna at (a) 0°, (b) 20°, (c) 40°, and
(d) 60° Offset Angle from Wind Turbine Model at 120 rpm

The expected Doppler characteristics based on the measured maximum Doppler
agree reasonably well with the measured Doppler for most of the angles, as seen from
Table 8 and Figure 33, except in the region between 0° to 10°, where the factors that may
have contributed to the differences between the expected and measured Doppler return
frequencies were discussed earlier.
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Table 8. Comparison between Theoretical and Measured Doppler Return
Frequency for Wind Turbine Model

Offset (°) (BasEe)c(jpggtggmaDXO:pFl)IG%er) Measured Doppler (Hz)
0 0 23
10 29.2 41
20 57.5 58
30 84 89
40 108.0 110
50 128.7 127
60 145.5 145
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Figure 33. Comparison between Theoretical Doppler and Measured Doppler
Frequencies for Wind Turbine Model

The power of the received signal at different antenna offset angles was processed,
and the peak power of the envelope was compared, as shown in Figure 34. Besides the case
when the antenna is at 0° offset angle at about 30 dB, the power falls between 42 dB to
45 dB. The results in Figures 32 and 34 serve as the baseline for comparison with the other

two measurement configurations.
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Figure 34. Power Plot for Antenna at (a) 0°, (b) 20°, (c) 40°, and (d) 60° Offset
Angle from Wind Turbine Model at 120 rpm

The results for different configurations at different offset angles were compared
and are shown in Tables 9 to 12. At the 0° offset angle, there is power attenuation of about
20 dB for the shroud configuration and attenuation of about 25 dB for the shroud and screen
configuration. Most of the Doppler return was suppressed, and this is more evident in the

spectrogram of the shroud and screen configuration.

At the 20° offset angle, there is no significant difference between the power levels
of the bare configuration and the shroud and screen configuration. The power level

remained at about 45 dB; although, the shroud configuration power level was about
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2-3 dB larger. This could be due to the aluminum septum of the shroud that becomes more
visible as the angle increases. In addition, there is also transmission through the shroud
(which is made of fiberglass), which adds on to the return power. With the addition of the
0.5 inch by 0.5 inch screen in front of the wind turbine, the power level was attenuated by
about 25 dB, reducing the Doppler return as well. The wind turbine Doppler signature

remains observable but at a reduced strength of about 10 dB on the spectrogram.

At the 40° offset angle, power levels for both the bare and shroud configurations
remain about the same at about 42 dB. As in previous case, the Doppler return increases
due to the shroud. Power attenuation of about 22 dB was achieved with the addition of the
screen. The wind turbine Doppler signature remains observable at about 10 dB on the

spectrogram.

At the 60° offset angle, power levels for both the bare and shroud configurations
remain about the same at about 42 dB. We also observe increased Doppler returns due to
the shroud. Power attenuation of about 30 dB was achieved with the screen. The higher
attenuation is likely due to the shroud and screen obscuring the view of the antenna on the
wind turbine. The scattering effects from the screen and curvature of the shroud contributed
to the weaker returns back to the antenna as well. Traces of the wind turbine Doppler

signature can still be observed at about 5 dB on the spectrogram.

In summary, the addition of the shroud causes an increase in the Doppler return due
to the multibounce effect from non-metallic shroud, which permits most of the transmission
to pass through with slight attenuation. An average reduction of about 25 dB in reflected

power can be achieved with the addition of the 0.5 inch by 0.5 inch screen with the shroud.
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Table 9. Spectrogram and Power Plot Comparison for Antenna at 0° Offset

Angle for Different Cases for Wind Turbine Model

Case Spectrogram (dB) Power Plot
Without Shroud and | £ $
Screen 8 S
Time(s)
Wwith Shroud | & :

Time(s)

With Shroud and
Screen

Doppler(Hz)

Power(d8)

Time(s)
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Table 10. Spectrogram and Power Plot Comparison for Antenna at 20° Offset
Angle for Different Cases for Wind Turbine Model

Case Spectrogram (dB) Power Plot

A

= FEAREE A R
Without Shroud and | £ ° [y} A
Screen 5 t

With Shroud

With Shroud and | £
Screen g
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Table 11. Spectrogram and Power Plot Comparison for Antenna at 40° Offset
Angle for Different Cases for Wind Turbine Model

Case Spectrogram (dB) Power Plot

Without Shroud and
Screen

Doppler(Hz)
Power(dB)

5
Time(s)

With Shroud

Doppler(Hz)
Power(dB)

5
Time(s)

With Shroud and
Screen

Doppler(Hz)
Power(d8)

. mw WW‘*WTTWW?

5
Time(s)
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Table 12. Spectrogram and Power Plot Comparison for Antenna at 60° Offset
Angle for Different Cases for Wind Turbine Model

Case Spectrogram (dB) Power Plot
40
\
30 ’
g & 20
Without Shroud and | £ i
Screen 8 -
of
-10 |
0 1 2 3 4‘ ; S‘ 7‘ E; 9‘ 10
Time(s)
40
30
20
% 10
With Shroud : A |
-20
-30
o 1 2 3 4 5‘ 6 7 8 9 10
Time(s)
20
10 L
0
» -10
With Shroud and | 3 E
Screen 8 L
-40
-50
o 1 2 3 4 5‘ 6 7 8 9 10
Time(s)
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In this chapter, simulation results on the reduction effect of the screens were shown
and compared to the measurement results. The measurement setup and procedure were also
presented. Measurement results in the form of spectrograms and power plots for both the
rotator and wind turbine model at various offset angles were compared for analysis of the
screens’ effectiveness in reducing the Doppler interference from the rotator and wind

turbine blades.

The summary of findings and recommendations for future work are presented in

the next chapter.
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IV. SUMMARY AND CONCLUSIONS

A. SUMMARY OF FINDINGS

In this thesis, we investigated the effectiveness of the addition of a shroud and
screen to the wind turbine to reduce Doppler interference to radar system. The addition of
a shroud enhances the air flow rate through the wind turbine, and the screen and shroud
can act as a reflector of electromagnetic waves before reaching the wind turbine blades.
The addition of the shroud and screen can potentially increase the static RCS of the wind
turbine, but most radar processors are able to detect and track moving targets-of-interest

using the filtering techniques mentioned in Chapter I.

The software-defined radar employed in this research, SDR-KIT 980AD, is suitable
for use in the laboratory due to its compact size. It is also able to provide the raw | and Q
data for post-processing to extract the Doppler returns for analysis. The capabilities of the
SDR were first verified using the rotator built in the control laboratory before
measurements were carried out with the shroud and screen. Finally, we performed

measurements on a 1/10 scale model of a WT with and without the shroud and screen.

1. Findings for Rotator

The addition of a shroud made of aluminum, which is reflective in nature, increases
Doppler return back to the radar except in the case of the 0° offset angle where the Doppler
return was attenuated. This could be due to the reflection from the floor behind the rotator
where destructive interference can occur. There are also contributions due to reflections
from the internal surface of the shroud. At other offset angles, an average power level
increase of approximately 1 to 3 dB was observed, likely due to the multipath from the
internal surface of the shroud. With the inclusion of the screen (0.5 inch by 0.5 inch
openings) or wire mesh (1.0 mm by 1.0 mm openings), we observed a power level
attenuation of at least 30 dB. The performance of the 0.5 inch by 0.5 inch screen and the
wire mesh is comparable. As such, the screen is a better choice for application as the coarser
the weave, the less effect the screen has on air flow to the wind turbine.

o1



2. Findings for Wind Shroud Model

Similar results were observed from the measurement for the wind shroud model;
although, the design and material used for the shroud are slightly different compared to
those used for the rotator. The fiberglass shroud only provides about 4 to 5 dB of two-way
loss (based on a relative dielectric constant & = 4.2, loss tangent tan 6 = 0.015, and 2.0 inch
thickness). We observed increased Doppler return when the antenna was offset from the
wind turbine except in the case of the 0° offset. We also observed an average power level
attenuation of 25 dB when a 0.5 inch by 0.5 inch screen was placed before the wind turbine,

which is comparable to the result for the rotator measurement.

From the measurements, it was verified that with the usage of a screen with 0.5 inch
by 0.5 inch openings and the shroud, the Doppler return can be reduced by at least 25 dB,
potentially mitigating the Doppler interference to the radar system. A metal shroud with a
common window screen (or finer mesh) is more effective than a shroud alone. Mesh
attenuation is only marginally better than screen. Although this study focuses on a single
wind turbine, the basis for further research into large-scale implementation has been
established.

B. FUTURE WORK

Future work to reduce Doppler interference can be done in a few ways. First, the
usage of RAM on the shroud can be explored to further reduce the Doppler return from
rotor reflections from the shroud. Simulation using ray-tracing methods can be employed
to understand the reflected wave trajectories within the shroud for the development of other
Doppler reduction approaches. Furthermore, different geometric designs of the screen
weave can be explored to further reduce the Doppler interference to radar system while
maintaining the wind flow rate for maximum wind turbine efficiency. Lastly, simulation
can be carried out to understand the effectiveness of shroud and screen in reducing Doppler
interference from wind turbine in large-scale implementation in order to determine the

viability of this approach.
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