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Motivation

Scan #76

« Scanning lidars measure radial velocity — a projection of Taken at 2016-09-24 04:09:24
. . . FINO1 wind speed: 7.19 m/s
the actual wind speed to the line of sight. . FINO1 wind dir: 204°
) _ Aava Aavs Aave
V.= Uusin ¢ COS w + V COS ¢ COS i + W Sin »
where ¢ — azimuth, y — elevation angle. RO A A
.. . . . . . . —-1000 A
« The original wind field is reconstructed vialidar retrieval. € e
*  The most common methods were originally developed for ~1500

homogeneous fields and do not perform well for wake fields.
« A 2D-VAR method was suggested as a fast alternative,

-2000

consisting of Volume Velocity Processing (VVP) and cost ~2500 4
function optimization [1, 2]. x,m

1. Cherukuru NW, Calhoun R, Krishnamurthy R, Benny S, Reuder J, Fligge M. 2D VAR single Doppler lidar vector retrieval and
its application in offshore wind energy. Energy Procedia 2017; 137: 497-504. doi: 10.1016/j.egypro.2017.10.378

2. Cherukuru NW. Doppler Lidar Vector Retrievals and Atmospheric Data Visualization in Mixed/Augmented Reality. PhD thesis. .

Arizona State University, 1151 S Forest Ave Tempe, AZ 85281, USA; 2017
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Datasets: Description

* Period: September2016
*  Cup anemometer,vane and at FINO1
(10-minute averages).
« Lidar: Leosphere WindCube 100S (OBLEX-F1)
— Non-continuous dataset

M operational

— Only elevation angle of4.62° it
% FINO1

— AV7is scannedat the hub height

— ~55secondsbetweenscans

« SCADAsystem (installed at each turbine)
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Datasets: Wind roses

* Wind roses showwake effecton AV7 A Aae A {a) FINGL wind, 90 m (b) SCADA wind, AVO7

*  Possibilityof a 5-10°wind direction ",
offset between FINO1 and AV7

— Vertical veer effect?
— FINO1 data averaging?
— Lidar orientation?
« The offsetwas observedregardless

of the wind direction [3] s e s
ind spee
° We do not account the pOSSIbIe Wlnd EE oo03s5ms M 3s570nys W 7olosms [ 105240mis 1 >140mis
. . . Possible measurement disrupton
d Ire Ctlo n OffS et for nOW - thIS nee d S Mast shadow FINO1 affected by wakes [0 AV7 affected by wakes
more studying.
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‘90
2D-VAR retrieval: VVP retrieval

. First step: VVP retrieval to estimate the background flow
— Reduce V, =ucos ¢ cos y + vsin ¢ CoS y + W Sin
toV,=ucosg +vsin ¢
— Minimize solution for consecutive scans i and i+1
Vh=ucosg + vsin ¢
V(") =ucos¢ + vsin ¢

(a) Original scan (b) Masked area (c) VWP, full retrieval (d) VVP, masked retrieval

=500

=750

. The VVP solution is rather stable but smooths
the wakes. 5
«  The solution depends little on the initial guess
and more on the retrieval domain size.

. May require wake masking to avoid non-physical
. . LSSy — |
wind speed increase along the wakes. Y ooty e IS s T °
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2D-VAR retrieval: Cost function

* Second step: costfunction optimization for the actual flow (u, v) and deviation from the
constantwind P.

 The VVP solution serves as one of the inputs (u,, v,).

J=JWA2 + W,B2+ W, C2+W,D,2 +WdD,?)dQ/2Q

*  WhereW,, W,, W, and W, are weights (detailed in [2])
 Andthe components are:
A=ucos ¢ +vsin g —V, (radial velocity residuals)
B=—usin ¢ +vcos ¢ - 0V,/00 + P (tangential velocity)
C = oV,/ot + u oV,/ox + v oV,/0y (advection equation)
D,=u-u, D, =v-v, (deviation from the background flow)
« Initial guess: (uy, V) as uniform field from FINO1 90-100 m data, P — zero matrix.
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Verification

+ Compare radial velocity residuals

Observed vs. calculated from the retrieved field
A Vr — Vr(ObS) _ Vr(ret)

Shows, whether the retrieved flow corresponds to
the lidar scan.

+ Comparetime series

Even if the retrieved flow is not 100% accurate, we can
still evaluate local results.

AV7 SCADAdata vs. retrieval (AV7 hub height)
FINO1 data vs. retrieval (AV7 hub height)

AV7 inflow is probed dynamically at 1D in front of a wind
turbine to account the wind direction.
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Results

UNIVERSITY

2D-VAR algorithm runs over all valid
September 2016 scans (elevation angle 4.62°,
<60 s interval, <50% data missing).

Initial guess — FINO1 data at 90-100 m.

Compare 10-minute averages for FINO1,
SCADAAV7 and retrieval series near AV7.

Exclude points with wind speed <1 m/s — prone
to erroneous estimation due to uncertainty.

Wind direction agrees well.

Wind speed near AV7 is more similar to FINO1

than SCADA.

Initial guess influence? — very likely
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2D-VAR vs. FINO1

2D-VAR vs. SCADA
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SCADA vs. FINO1
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Sensitivity: Initial guess

Basic initial guess (U,, V,):

uniform field from FINO1 data
uniform field from SCADA AV7 data
background flow from VVP solution
constant values, e.g., zeros

However:

ORIGINAL SCAN

The VVP solution does not work as 00
an initial guess if already used as
background flow. g
Zero matrix as initial guess performs
close to fields from measurement data 500 1000
but the solution is not stable and e
stronger depends on the weights.
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Zeros
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Sensitivity: Initial guess

. Basic initial guess (ug, Vo):
— uniform field from FINO1 data
— uniform field from SCADA AV7 data

—background-flowfremVA/P-selutien
. The 2D-VAR solution is affected by the initial guess

Yet, local values may tend to the actual value — see RMSE vs.

(a) FINO1 wind, 90 m (b) SCADA wind, AVO7
N

SCADAdata
Series Wind speed error (RMSE)  Wind direction error (RMSE)
FINO1 vs. SCADA 1.43 m/s (0.961) 12.7° (0.979)
FINO1 as initial guess
2D-VAR s. FINO1 0.66 m/s (0.988) 11.5° (0.979)
2D-VAR vs. SCADA 1.08 m/s (0.977) 6.83° (0.996)

SCADA as initial guess

S S

2D-VAR . FINO1 1.04 m/s (0965) 13.17° (0985) B 0035m/s HEE 3570ms [ 7.0-105m/s 105140ms 3 >14.0m/s

2D-VAR \s. SCADA 0.74 m/s (0.979) 5.0° (0.992)
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Sensitivity: Weight W,

» Puts significance on residuals
* Original sourcevalue: W, =1

« W,=1 may return high wind speeds
along the wakes.

*  Higher weight => lower residuals

« BUT: Very high weight => cost e
function locks at the initial guess. -5

- W, =1..5is fine for solution tuning, ’
but higher values are not

recommended.
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Sensitivity: Weight W,

° P utS Slg nificance On reS Id uaIS (a) FINO1 nlind, 90 m (b) SCADA'\\INind, AVO07 (c) Retrievedeind, W;=5
* Original sourcevalue: W, =1

« W,=1 may return high wind speeds
along the wakes. v

»  Higher weight => lower residuals
« BUT: Very high weight => cost
function locks at the initial guess.

« W, =1..5isfine for solution tuning,
but higher values are not
recommended.

W 0.0-35m/s
E 357.0m/s
E 7.0-10.5 m/s
3 10514.0m/s
3 >140m/s

(f) Retrieved wind, W, =20
N

16%
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Sensitivity: Weights W, and W,

«  The weights are complementary W, + Wy =1 T e

W,y dynamic Wy as mask

Wy=1

690

Wy=0.5

—500

. Wy is derived from the difference between V,
observed and V; calculated from VVP-field g o

. For W,, itis more important that the field was o
smoothed for calculation of oV./06.

* W, acts similarly to a wake mask, but also
accounts fluctuations in the background flow

. Alternatives:

500 1000 500 1000

x, m

-500
-1000 48

—1500

500 1000

X, m

500 1000

X, m

— Wd as Wake maSk ORIGINAL SCAN ] o Radial velocity residuals -
-2 @ ~500 1 % .
— Wy=1,W, =0 Ut A | U SR
.3 1 l
— Wd = Wb =05 ! -8 é -1500 1 ;:L \ 1 Is. A .IL : A
. i i -8 3 '.:_ b
® Constant Value Welghts may perform 500 1000 560‘1000 500 IUIDO 500 1000 500 1000
differently depending on the flow ' — ‘ ' '
3
2
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Sensitivity: Weight W,

«  The weight ensures that the advection e S T

equation is solved only where the radial e L
velocity can be assumed stationary. Hz.:}'
«  Binary matrix B hac R e )Y
—  0- advection distance > grid spacing, 0 - Rodia velocty residuls "
do not solve the advection equation SE s o [ | [ | Bl s o
— 1 - advection distance < grid spacing, N ..%
solve the advection equation : 3 TR g R ) P E%ﬁv %
«  Insome flows (low speed, crosswind),
W, may be uniform. \
*  Overall, the contribution of W,is low. )
Needs an increase by several orders to e e e
have an effecton the solution.
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Test of a concept: Non-uniform initial guess field

Initial guess approximated from FINO1 data

¢ In Itlal g uess iS Im pO rtant' Wind speed, m/s Wind direction, °©
 FINOL1 series can give only a constant field. 1000 o |
— Good for real time processing, but not full field 500 .
retrieval for wake research 0 _— oo o o
« SCADAdata cover several turbines. 00 e e
. . -1000 .
* Approximate 2D field from FINO1and SCADA. ., - i L
. e e e
» Elevated scan: extrapolate wind speed to ~2000 90 i -
corresponding heights based on wind profile. ~2500
. . . . u, m/s
« Wind directionis not yet extrapolated. o0 9.75
« Example: FINO1 constant field adjusted to height. i
. . 9.25
— Adding SCADA data accounts local fluctuations 0 000
— Very crude approximation — only an initial guess 500 .
~1000 '
~1500 .
-2000 N 52
1 8.00

—2500
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Test of a concept: Non-uniform initial guess field

2D-VAR retrieved wind field

0.0

. Non-uniform initial guess is extrapolated B e sl

from FINO1 and SCADA point data i 3 : :
Results £ 1000 L § 8 , | M ns
- Non-uniform initial guess moves residuals. TR | =N 1.
«  Far range shifts residual bias, if SCADA ORIGINAL SCAN Ten” RZ“H CEe WA

data are used for non-uniform field. ~500 o8 500

L3 A A £ By A & 2 Y

*  Near range - lidar measurement artifacts £ IR ‘

or too high resolution? e o3 ol | A (e | F U
«  Non-uniform initial guess may perform o o o, o | el G e o

better than constant values :
*  There is a potential to improve full field 4 |

retrieval 2

— But it may not be applicable in real time - AL T L S
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Conclusions

The 2D-VAR solution is the most sensitive to the residuals
weight W, — this weight should be altered carefully.

Other weights affect the solution less and may be replaced by
simplified definitions.
Initial guess is very important. Constant value is compromise, but
good enough for local values
Future work:

— Retrieval on the simulated wind fields (‘true' data)

— Initial guess adjustment for the full field retrieval

— Weight adjustment depending on the meteorological conditions
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