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@ Bottom Line Up Front

Wind Turbine model developed

— Based on the Numerical Electromagnetics Code (NEC)
version 4.2 method of moments solution of the electric field
integral equation for thin wires

Model used with radar parameters to generate Doppler
sighatures of wind turbine modulated clutter

Model used to estimate changes to standoff requirements
based on wind direction

A great deal of effort was expended attempting to validate
all modeling efforts

— Limited runs were performed

Turbine Study- 3 LINCOLN LABORATORY

Outbrief 19 Sept 13
utbrie ep MASSACHUSETTS INSTITUTE OF TECHNOLOGY



@ Wind-Farm Clutter Interference

Clutter patch

Near field array focusing
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@ Standoff Range vs Turbine Aspect Angle

« ROTHR! and Lincoln Laboratory simulations show the same
dependence on Turbine Aspect Angle (i.e., wind direction)

— Up to 20 dB less interference for broadside aspect vs end-on aspect

Interference vs Aspect Angle for Approximate Range of Standoff

ROTHR and Lincoln Models values for 30 km Minimum Approximate Range of Standoff
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]:[ Single Wind Turbine Clutter Interference

Clutter patch

Three main ingredients:
1 Turbine scattering

2. Antenna response

3. Propagation
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G,.(0) = R, antenna response to incident wave P; at 0
G.(0) = R, antenna response to ground wave P, at zero elevation
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\ Turbine RCS
modulation spectrum

F?(D) = Propagation loss factor

Turbir_]e Study- 6 LINCOLN LABORATORY
Outbrief 19 Sept 13 MASSACHUSETTS INSTITUTE OF TECHNOLOGY



@ Outline

e Introduction

« Modeling approach
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— Antenna
— Turbine modeling
— Radar system effects Three main ingredients:
— Future modeling work 1 Turbine scattering
2. Antenna response
3. Propagation
e Summary

« Backup and Additional Information
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@ HF Propagation Near the Ground

* Propagation of radio waves near the ground is comprised of a sum of
— Direct wave or space wave (often referred to as line-of-sight or LOS)
— Reflected wave (generates multipath propagation when combined with direct

wave)

— Surface-attached wave (often referred to as ground wave)
— Plus other terms (induction field and secondary effects)
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@ Propagation Zones for Antennas and Scatterers on the Ground

Field strength (dB)
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GRWAVE Handles 3 Propagation Zones: Space Wave (Direct), Sommerfeld, and Diffraction
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Space Plus Surface Wave Propagation Loss

ropagation loss estimated with Norton’s approximation over flat ground surface
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MIT LL Implementation of GRWAVE solution allows separability of the space and ground wave terms
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@[ Ground Wave Propagation Loss Using GRWAVE

Propagation loss estimated with GRWAVE over spherical earth surface
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NEC will be used to compute scattered level at a given range and
GRWAVE is used to shift solutions in range
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@ NEC Computation of Ground-Wave vs Range

FIGURE 3
Ground wave propegation corves; Wel groand, 18-2 S/M, g = 38
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NEC matches ground wave calculations (GRWAVE) out to about 25 km (using monopoles with 1A radials)
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Multipath Propagation Calculation vs Height

with Turbine at 10 km Range
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Propagation Factor ranges from -19 dB at the top of the blade to less than -27 dB at bottom of
blade — weighs the higher portions of the turbine more heavily than the lower portions
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Propagation Tools Thoroughly Tested
@ and Understood

* Tools producing consistent results for this application
— GRWAVE, NEC, MIT-LL GRWAVE, MIT-LL MPATH

— Ground wave and space wave contributions understood

— NEC valid in Sommerfeld region
Benefit to using NEC is that multiple effects can be computed simultaneously

* Future propagation modeling likely to be performed using VTRPE
— Parabolic Equation (PE) propagation software is a full field approximation for
site-specific scenarios

— Have VTRPE examples later in this brief
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@ Outline

* Introduction
— Bottom line up front

U.S. Navy ROTHR
2.6-km Receiving Array

* Modeling approach
— Propagation modeling
‘ — Antenna
— Turbine modeling
— Radar system effects
— Future modeling work

* Summary

* Backup and Additional Information
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@ What Receive Antenna to Use?

* ROTHR Uses a TWERP antenna that provides front-to-back
Isolation
— Uses 100’ ground screen

® This quick-look study only computing front-lobe main-beam
response
— Monopole antenna used with up to 64 120-foot radials

30 Vewer (FS) | MWPRAD 84 14 disle.cut 1 = | L = — I — —

- -
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, TWERP and Monopole Elevation Gain
@ Patterns Comparison

Monopole Height = 15.5 ft
TWERP Separation = 13.8 ft
Medium Ground (6=0.005 S/m, €=13)

16 MHz

110°

1000 90° 50°

160° 20°
170° 10°
180° 0°

Result Provided by Henry Thomas, MIT LL

Directivity close at the 5-degree elevation direction of the main clutter signal
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@ Outline

* |ntroduction
— Bottom line up front

* Modeling approach
— Propagation modeling
— Antenna
‘ — Turbine modeling

Model development and monostatic testing
Bistatic RCS
Model results

— Radar system effects

— Future modeling work

* Summary

* Backup and Additional Information
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@ Model Development Progression

Long Wire Long Wire 5-Wire Full Mesh
Monostatic ‘- Bistatic RCS Turbine Turbine
RCS Model Model

* Ground types
— Free space (no ground)

— Perfect Electric Conductor (PEC) Ground
— Real ground ( e.g., average ground with g= 13, c = 0.005 S/m)
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@[ NEC Monostatic RCS Calculations for Long Wire
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* NEC Broadside Calculations
— Free space: 7.46 dB

(Add 26 dB for A=20 m: 33.46 dBsm)
— PEC Ground: 19.5dB (45.5dBsm)

— Average ground (2.5 degrees from
broadside): 15 dB (41 dBsm)

5.221 A Wire (104 m)

—

Avg. Ground 13/.005

] ————
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@ NEC Bistatic RCS Calculations for Long Wire

5.221A Wire (104 m) * NEC Bistatic RCS Calculations
S = 85° incidence
* RCS at 0° scattered angle (Add 26 dB to

plot values (A=20m))

— Free Space: 4 + 26 =30dBsm

— PEC: 155+ 26 =41.5dBsm

— Real Ground: =0 m?2(-125 dB) null at 0°
-2+ 26 =24 dBsm up 1°

T
3 e 3 1

29 dBsm up 2°
Free Space | PEC Avg. Ground 13/.005
d-::-‘ : /':;-.. __-_"—. T@___ :H 2
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7 Scattered Power Ratio Calculations for Long Wire
@[ “Back of the Envelope”

5.221 A Wire (104 m)

* RCSis defined at a ratio of incident and

scattered power density:
S c

S,  4nR?

* At 25 km, 4nR? = 99 dB and power ratios for the
long wire are
— Monostatic free space: 33.5dBsm — 99 = -65.5dB
— Monostatic PEC Ground: 45.5 dBsm — 99 =-53.4 dB

— Monstatic average ground (2.5 degrees from
broadside): 41 dBsm — 99 = -58

— Bistatic free space: 30 dBsm — 99 = -69
— Bistatic PEC =41.5dBsm —99 =-57.5
— Bistatic average ground =24 dBsm (up 1°) -99 =-75
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@ Simple 5-Wire Model — Monostatic RCS

Validation of 5-wire NEC turbine model

65-meter tower, 42-meter bla

IEEE OCEANS 2012 Conference reference

Teague, Barrick
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@ Simple 5-Wire Model — Doppler Spectra

50

40

30

20

10

=10

Radar cross-section (dBsm)

=20

=30

Teague, Barrick

5-wire tower

T : : T DI
i . 30 i
. . 5_{} .........
| 90,
i .
| i i |
-15 -10 -5 0 5 10

Harmonic number

15

Radar cross-section (dBsm)

Lincoln

Harmonic number

Both RCS and Doppler spectra agreement with Barrick for monostatic PEC case
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@[ Evolve Wire Model for Current Study

65-meter tower height ‘ 100-meter tower height
42-meter blade length 50-meter blade length
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RCS increases by several dB for larger turbine for this PEC example
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@[ Monostatic RCS at 85 and 90-Degree Incidence Angles

90° Incidence | | 85° Incidence

Monostatic RCS 6; $ = 90 deg Monostatic RCS 0, = 85 deg
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RCS strongly depended on incidence angle for PEC case (dropped by almost 10 dB)
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&3 Monostatic and Bistatic RCS
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Obligue incidence combined with forward-scattering produces even greater RCS reduction for PEC Case
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@ Bistatic RCS with Real Ground
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Real ground further reduces effective RCS and flattens out spatial variation — may be due to multipath
propagation weighting the higher portions of the turbine more heavily and attenuating the
blade-column interaction.
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Monostatic RCS and Spectra for 5-Wire
and Full Mesh Model
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Simple 5-wire model captures much of the spectral behavior for monostatic PEC case
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@ Outline

* |ntroduction
— Bottom line up front

* Modeling approach
— Propagation modeling
— Antenna
— Turbine modeling
Model development and monostatic testing
Bistatic RCS

Model results
- Principal results for one turbine, one element

— Radar system effects
— Future modeling work

* Summary

* Backup and additional information
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@[ RCS Modeling/Simulation Block Diagram

MATLAB-based NEC driver and post processor

ﬂnput parameters\

Tower
* Upper diameter
* Lower diameter
* Height
* Number of faces L

Turbine
* Nacelle angle
* Blade wire length
» Blade wire diameter
* Number of rotor positions
* Rotation direction

Radar System and

Environment
e Frequency
* Incident, scattering
geometry angles
* Incident wave polarization
* Underlying surface
electrical parameters

Desired Output
* Radar cross section
« Electric field
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NEC input file generation
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@ Two Modes of Operation

o “Allin One” or “One-Step” approach where direct path and
scattered paths are measured in a single NEC run
— Required modifications to NEC 4.2 source code which was obtained
from Lawrence Livermore National Laboratory

« Precision of NEC output files was increased

 “Two-Step” approach where the scattered field is measured
separately from the direct path with “surface wave mode”
feature of NEC turned on

— Measured field at antenna location converted to received voltage
using the antenna-effective height

— Direct and scattered path ratio formed and Doppler spectra
computed
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@ One-Step and Two-Step Examples

Single Turbine, Single Receiver Element

ROTHR Study Figure 5

Single Turbine/Single Receive Element Scatter Contamination
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Two-step result
shows turbine scatter only

Lincoln Calculation Using ROTHR Model
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One-step result shows Direct and
Scattered signal in a single run

14 MHz, 25 km Range
5 degree grazing, forward scatter
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&

Turbine Model Comparison
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ROTHR and Lincoln turbine models predict very similar scattering spectra
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@[ Turbine Model Comparison (cont.)

Lincoln Dense Mesh Model Lincoln 5-Wire Model
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14 MHz, 25 km Range
5 degree grazing, forward scatter

Simple 5-wire model captures much of the spectral behavior but scattering is slightly weaker
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97m height, 100m blade diameter

Frequency Dependence of Turbine Spectra
5-wire model
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. 100m blade diameter

97m height

Frequency Dependence of Turbine Spectra
5-wire model,

[E]

c
o ©
= c
m >
g 2
o (@)}
o L
7)) L0
(@)}
E T8
o O
Y4 B -
To] > ™M
< <d
° °
7m
Q
=
N
I
= o
o
(q\]
S
Q
2
(ogp) anem aue|d juaploul 0] aAle|al B>>ﬂ_un_
T T T T T T T w
50%% | | | | |
o< O+ - | | | | |
_ _ _ o
\\km
i | | | | I &
| | | | | |
| | | | |
| | | | |
-—+- — k-t --d ‘
| | | |
Z | | | | )
T L
S F—t————— ,
~ | |
— T T R ”
T | - _ =]
| | | | | | N
0 N
0 1 1 1 1 Ye
\\\4\\J\\\T\\A\\J\\\,\\\ﬂ\\‘J_
| | | | | | |
| | | | | | |
| | | | | | |
| | | | | | |
L L L L L L L o
° 8§ ¢ 8 8 8 8§ ¢ ¢

(ogp) anem aue|d 1uapioul 01 BAITR|aJ JBMO

Harmonic number

Harmonic number

—0
— 45 |
—90

26 MHz

23 MHz

(ogp) anem aue|d 1uapioul 01 8AlIR[a) JI8MOd

Harmonic number

Harmonic number

LINCOLN LABORATORY

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

Presentation Name - 37

Author Initials MM/DD/YY



5-Wire Model Spectra for Three GE Turbines

Turbine

Hub Height Blade

Model
GE 1.85-87

GE 2.85-103

GE 2.5-120

GE 1.85-87

F- g ———

Power relative to incident plane wave (dBc)

20

Harmonic number

30
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Power relative to incident plane wave (dBc)

F=14 MHz

GE 2.5-120

Harmonic number

5-Wire model, 15 km receiver-turbine distance, average ground (¢=13, 6=0.005)
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@ Outline

* |ntroduction
— Bottom line up front

* Modeling approach
— Propagation modeling
— Antenna
— Turbine modeling

‘ — Radar system effects
— Future modeling work

* Summary

* Backup and Additional Information
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@ Wind-Farm Clutter Interference

Clutter patch

Near field array focusing

Yol _ |5¢] |1z p h
P, |P:,IR: eam shape [ loss of M turbines

A A A A
Turbine-to-incident | |
clutter level Single turbines Effective number of turbines
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Adjustment Factor for Wind-Farm

&

Interference
60
« GRWAVE propagation loss
40T " over wet ground
- -& =30
Q - 0 =0.01 s/m
5 20t i - Receiving antenna: 10 m
- - Transmitting antenna: 150 m
m
©
2 » Ratio of Tx/Rx beam width
3 O 1 -
* Near field array factor
- Single turbine  ========--
ok - Wind farm
(5 x 5, 1-km spacing)
_40 [ ] 1 [ ] [ ]
0 20 40 60 80 100

Ground Distance (km)

Used to scale single-turbine, single-element result to entire wind-farm
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@ Standoff Distance Determination

Adjustment Factor (5x5 Farm)

Adjustments (dB)

60
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Adjust single-element single-turbine spectra to achieve standoff distance estimates
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@ Error Analysis

Tahle 4.2

Summary of Typical Errors
RADAR
REFLECTIVITY B . # Microwave T ailtimeterWave

MEASUREMENT: 3 ot [F= tand o
TECHNIQUES (@8) (dB)
APPLICATIONS

1§10

1.5 0.5 0.5 )

).3 0.3 0.3 0

0.2 0.2 0.2 (1]

+1.5

e Standard practice for reporting expected RCS measurement accuracy is
to tabulate all error sources
— Worst case condition is to assume all errors combine at their maximum value
Can be shown as error bars on plots
— Root-Sum-Squaring (RMS) the errors results in areduced expected error
Unlikely that all errors will combine in the same direction
* Modeling error sources for this problem are 1) Propagation, 2) Turbine
Modeling, and 3) Antenna modeling
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@ Outline

 Introduction
— Bottom line up front
« Modeling approach
— Propagation modeling
— Antenna
— Turbine modeling
— Radar system effects

mmm) - Future modeling work
» Site specific propagation modeling using VTRPE
« Measurements to refine models

e Summary

« Backup and Additional Information
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@ VTRPE* vs GRWAVE Test Case
- (Variable Terrain Radio Parabolic Equation)

GRWAVE, ht =10m

Propagation Loss vs Height at Range of 15 km
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E[ VTRPE Runs for Flat Earth and Variable Terrain

Flat Earth
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E[ VTRPE: Flat Spherical Earth vs Variable Terrain
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@ Wind Turbine Scattering Measurements
to Verify Models

e Objective:

— Calibrated EM field measurement of HF propagation loss,
wind turbine scattering cross section and modulation
spectrum

— Validate models of wind-turbine scattering, ground wave
propagation, and spectral modulation on both Tx or Rx signal

« Various measurement approaches

— Radar measurement by leverage ROTHR transmitter and or
receiver

— Radio transmission measurement with dedicated transmitter
and receiver equipment
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L’—[ Notional Testing Scenario

Use Helicopter to Measure Propagation from LOS to Ground

Line of Sight

Propagation

Ground Wave

Altitude

DSTO-TR-0654 o

Helicopter measures propagation factor from Line-of-Sight (LOS) altitudes down to the ground. LOS
portion of flight removes calibration uncertainties related to ground-based monopole antennas mounted
over imperfect ground planes.
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@ Recent LL Test Using a Helicopter-Borne Transmitter
August 2013

Receiver on Ground

Propeller Harmonics
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Turbine Experiment with

[E]

Helicopter-Borne Transmitter

Over sea measurement
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Wind turbine
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@ Turbine Experiment with
- Helicopter-Borne Recelver

Over sea measurement

Wind turbine
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@ Turbine Experiment With Surface
- Vehicle-Based Receiver

Over sea measurement

Wind turbine .

Over land measurement

Wind turbine

(V £\

Tx
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[E]

Summary

Wind Turbine model developed
— Matlab — NEC 4.2 based exploits parallel processing to
compute 64 rotation angles simultaneously

Model used with radar parameters to generate Doppler
signatures of wind turbine modulated clutter

A great deal of effort was expended to validate modeling

— Propagation, RCS, antennas, and NEC models evaluated and
understood

« Multiple approaches used including hand calculations
— Limited “final” runs were performed

Model used to estimate changes to standoff requirements
based on wind direction

— Significant reductions in standoff predicted vs wind direction

More work is required including measurements to verify
models
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@ Backup and Additional Information
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Wind Farm Study
@ Statement of Work

* Objectives:
— Evaluate wind-turbine interference and clutter modulation at HF
— Assess impacts of wind farm siting on ROTHR operations
— Recommend wind-turbine interference approaches

® Scope of efforts: 3 staff-months study

* Tasks:

1. Review relevant literature

2. Electromagnetic modeling at HF of wind turbine scattering and ground wave
propagation, develop and test computation tools. This model will be capable
of rotation and arbitrary angle orientation

3. Investigate Doppler modulation signatures of wind turbines and their
dependence on wind direction, explore interference mitigation approaches

4. Develop radar signal and system model, evaluate wind-turbine interference to
ROTHR, assess effects of siting, geometry, and wind direction

* Deliverables: briefing of study results
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@ Study Plan

1. Develop EM computational tools to model wind-turbine interference

1. RCS at HF of wind blades as function of frequency, viewing geometry
(aspect at selected elevation angles) and rotational angles

2. Time series of interference as function of wind-blade rotation

3. Start with analytic solutions of long wires and supplements with accurate
numerical modeling of actual blade structures

2. Generic OTH propagation modeling
1. Nominal HF sky wave propagation in one (and < a few) scenarios

2. Use available tools such as NEC and GRWAVE to model attenuation ground
wave propagation and its dependence on frequency and stand-off distance

3. Implement ROTHR radar signal and system model
1. Investigate wind-farm clutter modulation level and spectra

2. Assess wind-farm impacts on ROTHR operations and performance such as
effects of stand-off distance, size, lay-out, and wind

* Explore wind-farm interference mitigation approaches, define
processing algorithms
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June 2012.

« ROTHR Program Office, “ Stand-Off Requirement of Wind Turbines from
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[&] Literature Review (2 of 5)

Full-size Turbine Measurements
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2010-TAO06, 12 July, 2010.

HF

L. Wyatt and A. Robinson, “Wind farm impacts on HF radar current and wave measurements in
Liverpool Bay,” Proc. OCEANS 2011, Spain, IEEE, 6-9 June 2011, pp. 1-3.
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[&] Literature Review (3 of 5)

Scale-model Measurements
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@[ Use NEC to Determine Reference Voltage and
Effective Antenna Height

1. Excite monopole with a plane wave for clutter reference voltage

el

85 deg inc.

Lossy ground
|

2. Determine effective antenna height V=hE for turbine scattered signal

5 T T T LT T T T T
.sE field vs Height:at Monopole |
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|
Reference Voltage due to distant clutter signal and effective antenna height
from scattered signal required for NEC based 2-step interference solution
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@ Wind Turbine NEC Models

5-Wire Tower Full Tower Full Tower & Hub
254 segments 6673 segments 6844 segments
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