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Survey of Correction Techniques for Remote
Sensing Devices in Complex Flow

A. Black, M. Debnath, A. Lammers, P. Mazoyer, R. Schultz, T. Spalding, S. Wylie
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Mission
* Increase acceptance of Remote Sensing Devices (RSD) by sharing
information and involving the broad industry

* Reduce project development costs by supporting/enabling
standardization and acceptance of RSDs

* Reduce uncertainty of pre-construction estimates by demonstrating
and leveraging the value of RSDs

Vision
* Significantly contribute to the competitiveness of the wind industry
by 2021 through broader acceptance/validation of RSDs

IEA Task 32 - 8th December 2020 - Webinar
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Team Members

* Andrew Black, Vaisala (lead), OEM

* Mithu Debnath, NREL, Academic Research

* Andrew Lammers, Pattern Energy, Developer-Operator

* Paul Mazoyer, Leosphere, OEM

Robert Schultz, RWE, Developer-Operator

* Taurin Spalding, Natural Power, Consultant/IE

* Scott Wylie, ZX Lidars, OEM

* Interested in contributing? Email: andrew.hastingsblack@vaisala.com
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Complex Flow
. Question |  Response | Count_

It remains a total mystery 5
How do you know whether to Only if there’s noticeable bias in site data 5
perform flow curvature correction Use 3rd party tools to determine wither correction will be necessary 4
on RSD wind speed data? Following specific guidelines/standards 4
Based on experience and intuition 1
More guidelines and best practices 11
What would help you understand validation studies 9
better whether to perform flow Specific standards (IEC) covering the use remote sensors in complex terrain 9
curvature correction on RSD wind  Specific standards covering correction of flow curvature bias in RS data 8
speed data? Bankability statements 5
In-house experience gained from tower comparison studies using corrected data 4

CFARS Industry Survey. Conducted 2019.
Responses from Consultant/IE, Developer-Operator, OEM-Turbine, OEM-RSD, and Finance/Investment

IEA Task 32 - 8th December 2020 - Webinar
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Support increased use of RSDs in complex terrain by:

* Showing typical flow curvature biases for different terrains

* Validating commercially available bias correction methods

* Exploring limitations in correction technology, with focus on
atmospheric stability, surface roughness, and detached flow

* Evaluating correction uncertainty as a function of site and
measurement height

* Demonstrating value in corrected RSD measurements in complex flow

i ]
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What is Complex Flow? S
* Complex flow is a wind vector field with high spatial variability

* This spatial variability is generally caused by terrain and vegetation

* RSDs wind retrieval algorithms assume that wind vector fields above the
sensors are homogeneous in the measurement volume, at each height

* In complex flow, this assumption is broken, and the wind retrieval
algorithms generate biased measurements compared to cups

* Using Computational Fluid Dynamics (CFD), the wind vector fields above
RSDs can be modeled with good skill

* Using these models, better estimates of the wind vector orientations can
be used in the RSDs wind retrieval algorithms, greatly reducing the biases

* Combinations of RSD data and CFD models are called complex flow
correction (CFC) techniques in this presentation

IEA Task 32 - 8th December 2020 - Webinar



Survey Data and Information
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RSDs and Flow Models in the Literature =_ .5
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* There are many combinations of CFD and RSDs for CFC in the literature:
Model  [Sensor [ritte  |author  |publisher ____|publication Type [Year [Sites

Lidar uncertainty in complex terrain development of a bias Fernando Adrian Borbdon Universidad Politécnica

OpenFoam ZX300 correction methodology Guillén de Madrid PhD Diss 2015 1

OpenFoam WindCube Guillén (2015) PhD Diss 2015 1
LiDAR-mast deviations in complex terrain and their Klaas, Tobias, Lukas Meteorologische

Meteodyn  WindCube simulation using CFD Pauscher, and Doron Callies Zeitschrift Journal Article 2015 2
The use of Meteodyn WT to post-process ZephlIR 300 wind

Meteodyn  ZX300 speed data in complex terrain Meteodyn WT & ZX Meteodyn WT & ZX White Paper 2017 11

WAsP WindCube Klaas et al (2015) Journal Article 2015 1
Validated adjustment of remote sensing bias in complex European Wind Energy

WASsP ZX300 terrain using CFD Harris, Michael, et al Conference Proceedings Conference Paper 2010 6

WindSim WindCube Kiaas et al (2015) Journal Article 2015 1

Validation of Triton Wind Profiler Measurements in
Complex Terrain, Using WindSim CFD-Based Flow

WindSim Triton Curvature Correction Stoelinga, M. and N. LaWhite Vaisala, Inc. White Paper 2018 26
Case studies of WINDCUBE measurement uncertainty for Krishnamurthy, R. and M.

FCR WindCube complex terrain using Flow Complexity Recognition (FCR) Boquet EWEA Annual Event Conference Poster 2014 6

FCR WindCube windcube + FCR test at Hrgud, Bosnia and Herzegovina ~ Wagner, R., and J. Bejdic DTU Technical Report 2014 1

Foussekis, D., N. Stefanatos,

FCR WindCube Operation of the Windcube V2 lidar at CRES Test Station  and F. Mouzakis CRES Technical Report 2011 1
Measuring Wind Profiles in Complex Terrain using Doppler Schmitt, C., Wagner, L., and

FCR WindCube wind LiDAR Systems with FCR and CFD Implementations M. Boquet EWEA Annual Event Conference Poster 2013 2
WindCube V2+FCR validation on complex site and Ortiz, D., R. Martinez, and R. Barlovento Recursos

FCR WindCube application for resource assessment analysis Zubiaur Naturales, S.L. Technical Report 2012 1
The use of CFD to increase the acceptance of wind data ~ Wylie, S., M. Smith and A.

ZephyScience ZX300 from lidars in complex terrain Woodward WindEurope RA 2020 Conference Poster 2020 11

' DOl 10.5281/zenodo.4302363 ‘ IEA Task 32 - 8th December 2020 - Webinar
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RSDs and Flow Models in this Study N
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Sensor | Triton Sonic Wind Profiler (| 7x300 | WindCube
LA DBS sodar VAD lidar DBS lidar

3 beam orientations 1 beam, 360° scan 5 beam orientations
11.4° beam angle 30° beam angle 28° & 0° beam angles
0.5 Hz sample rate 50 Hz sample rate 1 Hz sample rate
10-min vector averaging 10-min scalar averaging 10-min scalar or vector averaging

RANS (mass + momentum) RANS (mass + momentum) SWIFT (mass conservation)
5m 25m (finer near sensor) 10m

Vertical mesh 20m 4m 5m

A E e e EHEE I SRTM + ASTER SRTM SRTM + ASTER

Land use database [®6]i}\]3 CORINE Fixed value

Sectors | 36 Continuous
Stability Fixed, neutral Fixed, neutral Empirical, horiz./vert. WS

Postprocessing, by sector  Postprocessing, by sector Onboard Sensor CPU, continuous

CFD___________\WindSim Express Meteodyn ___________Flow Complexity Recognition

' DOl 10.5281/zenodo.4302363 ‘ IEA Task 32 - 8th December 2020 - Webinar
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RSDs and Flow Models in this Study e
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. These sensors all rely on detecting Doppler backscatter excited by focused
beams of energy along fixed orientations in the air above them. Complex flow
i creates biases in these three, monostatic RSDs in the same way: incorrect

Eﬂ angles in the wind retrieval algorithms.
MFH'I_

RANIC (macec - mnamaoantiim) RANSC Imacec £+ mamaoantiim) QW/IET mace rAancanmatinn)

% These correction models are all based on solving the Navier-Stokes equations
" for a fluid flowing above the sensor and deriving the likely angles of the flow

El

® in the beam directions. They differ in certain physical assumptions, like mass
§ or mass and momentum conservation, and model configurations, such as
5 topographic maps, meshing, roughness, atmospheric stability, et al

Em_r UJLMIULCTOOIIE, VY OTULLUI FUDSLMYIULCOOIINE, VY OSOCTULLUI VilIvualu JcCliiovl oI U, LuIILIinivuuvuo
CFD  |WindSim Express Meteodyn Flow Complexity Recognition
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Definitions of Complex Terrain e
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Used in WindCube study:
| Terrain Classification __Std Dev of Elevation (m)|Slope (deg.) [Terrain Ruggedness Index| 20 |

Moderately complex <30 <30 <15 <1.0
Forested moderately complex < 30 <30 <1.5 [1.0, 1.5]
Highly complex > 50 > 30 >1.8 [1.5, 2.0]
Used in ZX300 study (Bingol, 2009):
Terrain Classification Class 0,20 < 0.01m | Class 1, z0 in [0.01, 0.05] | Class 2, z0 in [0.05, 0.4] | Class 3,z0 > 0.4

Flat and low roughness Simple Simple
Hilly: hill height < 100m, slope in [5°, 10°] Moderately complex Moderately complex Moderately complex Complex
Vegetated flat sites: canopy height in [5m, 10m] Moderately complex Moderately complex
Mountains w/o forest, slope > 10° Complex Complex Complex
Flat, forests canopy height > 10m Complex
Mountains and forests Highly complex
Used in Triton study:

Terrain Classification Flat Rolling Hilly Complex (Niels Lawhite and Dr. Mark Stoelinga)

* Each dataset has a different method to classify terrain
* There is a need for a generalized method to classify terrain complexity.

' DOl 10.5281/zenodo.4302363 ‘ IEA Task 32 - 8th December 2020 - Webinar
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Definitions of Complex Terrain o

S ARGRID

Variables Used in Classifying Terrain:
* Roughness Length (RIX)
* Slope of terrain (degrees)
* Standard deviation of elevation (meters)
* Terrain Ruggedness Index (TRI)
* Forest Canopy Height (meters)

Purposes:
* Determining whether CFC is necessary
* Setting expectations for CFC performance

* Determining where to site RSD to avoid extreme terrain where CFD
codes would have limitations

IEA Task 32 - 8th December 2020 - Webinar
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Definitions of Complex Terrain e

HERDICA || i u. APEX

Bingdl Complex Terrain Classes Leosphere Complex Terrain Classes
Terrain Slope and Roughness Length Terrain Slope and Roughness Length
2" * used for Meteodyn + ZX300 data * 29
ﬁ 15- ﬁ 15=
< <
g Important Note: Terrain Slope ranges are not % Important Note: FCR use not
; ; explicitly defined for Highly Complex category Tln .- recommended in Highly
@ (zg> 0.4, Mountains or Forests) in Bingdl (2009) @ Complex category. OEM
% % recommends using RANS-based
3 3 solution for this category
o x
0.4 04-
0,05: 0.05 =

0=

0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Terrain Slope, deg. Terrain Slope, deg.

. Highly complex I:l Forested moderately complex
Class
|:| Moderately complex

° z,and Terrain Slope are common to both rubrics, but not the only parameters

' DOl 10.5281/zenodo.4302363 ‘ IEA Task 32 - 8th December 2020 - Webinar
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Definitions of Complex Terrain " e

HERDICA || i o. -F’l-F'EFf-

Bingdl Complex Terrain Classes (Leosphere overlay) Leosphere Complex Terrain Classes (Bingdl overlay)
Terrain Slope and Roughness Length Terrain Slope and Roughness Length
2= 2 -
(I:\’I 15= ﬁ 16=
£ £
o [@)]
c [
[} @
- —
w ! n
w w)
Q [4}]
c c
- =
o [@)]
3 =}
[e] (o]
(1'd (0
04- 0.4
0.05 = 0.05 =
0= 0=
6 é 1'0 1|5 2'0 2|5 3'0 3|5 4'0 4|5 6 é 1'0 1|5 2'0 2.5 3'0 3|5 4'0 4.5
Terrain Slope, deg. Terrain Slope, deg.

. Highly complex I:l Forested moderately complex
Class
|:| Moderately complex

* Parameter space is not fully defined, and classifications use confusingly similar terms

' DOl 10.5281/zenodo.4302363 ‘ IEA Task 32 - 8th December 2020 - Webinar



L}
Tilidarg wi-c=im SVE0F . 5

@) gy T e T NREL

it = A Sysiem
5 ( FA RS WS A
Soul ey
SIEMENS P
-

Lomzorium For Advenong Bemote ferang

Survey Data -

Triton + WindSim (26 sites)

* Stoelinga, M. and N. LaWhite. Validation of Triton Wind Profiler Measurements in Complex
Terrain, Using WindSim CFD-Based Flow Curvature Correction. White Paper, February 2018

ZX300 + Meteodyn WT (11 sites)

* Meteodyn & ZX. The use of Meteodyn WT to post-process ZephIR 300 wind speed data in
complex terrain. White paper, April 2017

WindCube + FCR (6 sites)

* Krishnamurthy, R. and M. Boquet. Case studies of WINDCUBE™ measurement uncertainty for
complex terrain using Flow Complexity Recognition (FCR ®). EWEA Annual Event, 2014.

* Wagner, R., and J. Bejdic. Windcube + FCR test at Hrgud, Bosnia and Herzegovina. DTU Wind
Energy Technical Report, 2014

* Foussekis, D., N. Stefanatos, and F. Mouzakis. Operation of the Windcube V2 lidar at CRES Test
Station. CRES Technical Report, 2011

* Schmitt, C., Wagner, L., and M. Boquet. Measuring Wind Profiles in Complex Terrain using
Doppler Wind LIDAR Systems with FCR™ and CFD Implementations. EWEA Annual Event, 2013

IEA Task 32 - 8th December 2020 - Webinar
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Apples, Oranges, and Bananas -—H_ )

* There are many similarities between these CFC techniques, but...
* The survey data are taken from different sites

* The terrain classification rubrics are different

* Many of the RSDs and flow models in this study are outdated:
* Triton data uses algorithms Sodar 2.2/2.5 - now Sodar 3.0
* WindCube data is from v2.0 =2 now WindCube v2.1, FCR is standard

* ZX300 data in this study uses Meteodyn, but ZX300 CFC techniques
also exist using Dynamics, WindSim, and ZephyScience.

* The survey should not be interpreted as a direct comparison between
the techniques due to the differences in site and classification rubric

IEA Task 32 - 8th December 2020 - Webinar
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Complex Flow Correction Techniques AISALA

Ly

Boxplots of Linear Regression Slopes, RSD vs. Mast -

Triton WindCube ZX300

1.05-
1.04 -
1.03-
1.02-
1.01-

0.99-
0.98 -
0.97 -
0.96 -
0.95-
0.94 -
0.93-
0.92- °
0.91- °
0.9-

linear regression slope

-00- 00NN 0 BODEEDE O GEN--6—0 08
[ ]
]
*——ap

no correction corrected no correction corrected no correction corrected
Complex Flow Correction
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linear regression slope

Complex Flow Correction Techniques
M = o of Linear Regression Slopes

1.03-

1.02-

1.01-

- I

0.99 -
0.98 - ®
0.97 -

0.96 -

0.95-

0.94 -

0.93 -

no correction

sensor

—o— Triton
— —— \WindCube
—o— 7X300

Uncorrected data from all three techniques
show low biases, on average, due to typical
wind development site negative curvature

corrected

Complex Flow Correction
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The average slopes for all three
techniques are within £1% of unity

Slope Mean
sensor uncorrected corrected
Triton 0.976 0.999
WindCube 0.957 1.007
ZX300 0.979 1.001

The standard deviations of the slope
distributions are reduced in all three
techniques:

Slope Std Dev

sensor uncorrected corrected

Triton 0.032 0.023
WindCube 0.025 0.017

ZX300 0.026 0.010

" DO

10.5281/zen0do0.4302363
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Complex Flow Correction and Simple Techniques
Various Uncertainty Metrics

1.03-
1.02-
1.01-
1_ |

0.99 -

0.98 - ®
0.97 -

0.96 -

0.95-

0.94 -

0.93-

no correction

corrected
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sensor

Triton
WindCube
ZX300
WindCube (VA)

t ottt

Flat terrain RSD uncertainties, for comparison to CFC

All-height averages of std. uncertainty from IEC 61400-12-1

evaluations, and std. dev. of simple terrain OEM

repeatability tests and fleet surveys linear regression slopes

61400-12-1 simple

Complex Flow Correction

" DO

10.5281/zen0do0.4302363
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Complex Flow Correction and Simple Techniques
Comparison of Uncertainty Estimates

0.04 -

0.03-

o of lin. reg. slopes
o
o
N

0.01-

VA

Triton WindCube ZX300
Complex Flow Correction
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Survey Type

. no correction
. corrected
0 61400-12-1
. simple

For all three techniques, the
uncertainty estimate of the
CFC-corrected sites is in
between the uncertainty
estimates of the 61400-12
and the repeatability tests
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Mean Bias and Count of CFC Data I BSM eon
By Terrain Classification HERGICA undur  QAREX
Triton WindCube ZX300
0.04 - 0.04- 0.04 -
0027 terrain 0.02 0.02- terrain
.E . . . Complex terrain - - . Highly Complex
E 07 -_- . Hilly % . Forested °] —- . Complex
g 0.02- . Rolling ] . Moderate 0.02- . Moderately Complex
- . Flat 0oz - . Simple
-0.04- -0.04 - -0.04-
-006- 17 15 24 13 17 15 24 13 -0.06 - 2 8 2 8 -006- 9 12 2 4 9 12 2 4
no corlrection corrécted no cor:'ection corre'cted no corlrection corrécled
CFC Correction CFC Correction CFC Correction
* For Triton and ZX300, the highest complexity * In the Simple / Flat categories, included in Triton and ZX300
categories show the largest biases in uncorrected data data, there is no change from CFC
* In all three datasets, the largest uncorrected bias * WindCube’s “Forested” and ZX300’s “Moderately complex”
categories are corrected to <1% bias compared to the categories only have two data points, not enough data to
collocated masts draw meaningful conclusions
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Complex Flow Correction
Technigue Uncertainties
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* In CFC, three uncertainties are more important than in flat terrain:

1. Site calibration uncertainty
* |[EC 61400-12-1: 2017, Annex C.6: Site Calibration Uncertainty

2. Complex flow correction uncertainty

* [EC 61400-12-1: 2017, Annex E.7.1, part (e): the uncertainty related to
flow variation in the different probe volumes

3. Anemometer biases due to off-axis flow

* [EC 61400-12-1: 2017, Annex J.2.1: Measurements in a wind tunnel for tilt
angular response characteristics of cup anemometers

* This has not yet been robustly incorporated to CFC analysis

IEA Task 32 - 8th December 2020 - Webinar
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Complex Flow Correction

Complex Flow Correction Techniques
M of Linear Regression Slopes, by Step o of Linear Regression Slopes, by Step

1.01- 0.04 -

—
1
o
=]
@
1

0.02 -

T Best agreement with

Site Calibration and
Complex Flow Correction
0.97 - 0-

1 1 1 1 1 1 1 1
no correction Site Calibrated CFD-corrected Site+CFD-corrected no correction Site Calibrated CFD-corrected Site+CFD-corrected

Complex Flow Correction Complex Flow Correction
*Data from Triton + WindSim*

o

[<e]

o
1

0.01 -

Lowest scatter with Site Calibration
and Complex Flow Correction

linear regression slope
s 8
linear regression slope

Site Calibration adjustment to the RSD data or mast data should only be performed to verify
performance of RSD + CFC compared to a mast

Only Complex Flow Correction should be performed to generate the final, corrected RSD dataset
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Anemometer Biases in Complex Flow "= _ ...~
Various Anemometer Off Axis Responses

102- * Filippelli, M., et al. Adjustment of

1.01- Anemometer Readings for Energy

8 Production Estimates. AWEA
0.99 ﬁf&iT WindeWer, June 2008
éo-% _, * Using the off-axis responses and

o
©
~
1
w

measured inflow angles, Filippelli

0.96- et al found direction-dependent

0.95- wind speed biases ranging from

0.94- -1.51% to +3.7% in anemometer
15-125-10 75 -5 25 0 25 5 75 10 125 15 Wind SpEEdS in Complex ﬂOW

angle, deg.

Graph generated from data in anemometer
spec sheets and publications in References
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Comparison of Uncertainty Estimates e e ;5*-35"
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0.04 - X e AP

CFC-corrected RSD-mast comparisons in complex
flow can be attributed to the anemometers?

How much of the additional uncertainty observed in I

” 0.03-
‘18’_ Survey Type
E. . no correction
EJ) 0.02- . corrected
I= 0 61400-12-1
© . simple
© 0.01-
, i

Triton WindCube ZX300
Complex Flow Correction
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Conclusions + Next Steps e
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* All the commercially-available CFC techniques show good skill in
eliminating wind speed biases from RSDs when compared to collocated
masts.

* CFC techniques have been validated at sites with a wide range of terrains,
encompassing those found at typical complex development sites.

* Terrain classifications need more work, with a focus on explicit,
qguantifiable parameter boundaries for the different classes

* Uncertainties particular to complex terrain in the RSDs, the anemometers,
and the CFC techniques are quantifiable, and are comparable to the
uncertainties of RSDs in flat terrain, across various uncertainty metrics

* CFARS research into CFC and complex flow best practices is ongoing, with

participation from key OEMs and developers, and in close coordination
with [EA Task 32

IEA Task 32 - 8th December 2020 - Webinar



Remote Sensing + Complex Flow
Resource Assessment “Framework”

Siting

Measurements

Modeling
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Verification

* What is the terrain type
at your site?

* Choose a terrain
classification rubric

* Where is the best place
to site your RSD and
mast?

* Follow manufacturer
guidelines and use CFD
software ahead of time

Do you expect seasonal
changes to surface
roughness or forest
canopies?

Photo documentation at
all site visits

What is the expected flat
terrain uncertainty of the
RSD model?

This is a rough baseline for
RSD + CFC performance

Familiarize yourself with
modeling tools before RSD
measurement campaign
begins

Understand uncertainties
of model and correction
methodology

There may be a new
version between the start
and end of your campaign

U.nderstand how to use
different or new features
to maximize value

Do the mast and RSD
require site calibration?

This will increase
agreement between the
RSD and mast

Is the mast experiencing
off-axis flow?

Correct mast data with
anemometer response,
or include uncertainty in
validation criteria

10.5281/zen0do0.4302363
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