o
—
(a—

LIDAR PRECISION
Lidar velocity |Wjsh
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RISO

— Cup velocity M sh
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Outline

* Plausible sources for biases and deviations in remote sensing
of wind with lidars

- Complex terrain

- Cone angle errors

- Altitude errors
* Statistic analysis of lidar-cup comparisons
* The numbers
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The Basic Coherent Wind Lidar Principle and Verification

A

Vios = E 1:Doppler

Heterodyne detection:

To deduct the radial wind velocity with 1% precision -

Know and maintain A and meas fp e, With less than 1% deviation :
Theory: Difficult

Practice: Easy (in fiber), selfcalibrating but expensive

Much more to a lidar than heterodyne detection.

Construct horizontal wind velocity from at least three LOS measurements.
Know angles better than 0.3°, know altitude better than 5 m

Assume laminar flow (at least on average)

Theory: Simple geometrics

Practice: Not so easy, needs veification




DTU
= RISO

o>

Standard Deviation from a "perfect” lidar

Flat terrain, perfect conically scanning lidar.

Constructing the u vector:

Inhomogeneous flow over scan perimeter

Spatial differences: Zephir: 50 directions Windcube: 4 directions
Time difference: Zephir: 1 s/revolution Windcube: 6 s/revoltion

In average over flat terrain no BIAS but introduction of a standard
deviation which depends on the turbulence at the site.
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BIAS from a "perfect” lidar

Complex terrain, perfect conically scanning lidar.

The accuracy of the constructed horizontal wind velocity
drastically decreses with the complexity of the terrain.

Moderately complex terrain: 10-20% bias in cup comparisons
Different errors in different directions. Site specific.

Lidars can, to some degree, self-evaluate the complexety of the flow
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Bias due to error in cone angle

Assumption for now, vertical wind =0

Us=V| og/SIN(Q)

A < 0.3° 2 <1% wind velocity error

Sin ((p— A(p)
sin (o)

—-11|-u

Elidar —

Horisontal wind error due to tilt angle error

10
o

Error in cone angle -

Error proportional to u

o N b O @
| |

ki [%]

RS SRS NP P S which is similar at all heights

o &» &~ N
1 1

10 Also introduces altitude error

Angle error A [°]
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Altitude errors

wind velocity
9
8

4

6
51
P A T CLo o ltitude

0 20 40 60 80 100 120

Stronger positive wind shear - More overestimated wind velocity

Error with + 5 m in altitude - 0.03*5 = 0.15 m/s positive bias

Small errors in altitude can give significant wind velocity bias

Limited altitude errors = Linear relation between lidar error and wind shear

Random due to atmosphere, biases due to machine (?)
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Wind shear dependencies

The significantly contributing sample volume lenght = 50 m

Projected vertically = 50 m cos(30) =40 m

Typical shear 0.04 m/s per m altitude - Wind spectrum width = 1.5 m/s.
Estimator: Selects one velocity, e.g by centroid or peak of a fitted function.

u Same wind at cup height, different shear

Linear shear 2 !
Symmetric wind spectra

Non-linear shear >
Non-symmetric wind spectra

»
»

u

NV

NV

P

Non-linear (?) dependency on wind shear
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Plausible error sources in lidar sensing:

RISO

Due to "atmosphere”

Error Implication Magnitude Which instrument
Turbulence Standard Deviation <0.1m/sin Conically scanning
Spatial and temporal | No bias in flat terrain(?) Hovsere?
Complex terrain Complex errors Depends Any one unit system
Direction dependent biases (10-20%) More directions, more options
Rain Bias on w ? Both
Standard deviation increase From 15 to 50
cm/s
Clouds Typically positive bias Mitigated with Zephir
cloud correction
(but gives 0?)
Inhomogenuous Random distribution ? Both, Zephir more
aerosol distribution Standard deviation sensitive(?)
(backscattercoeff and
correlation duration) , ,
Depletion or propagation losses | ?
Negative bias
Shear in sample Probably overestimation for Minor? Both

volume

typical shears
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Plausible bias sources in lidar sensing: Due to "machine”

Error Implication Magnitude Which instrument
Error in scan angle * Gain °+-3% Windcube and Zephir
* Altitude Errror <2m (mitigated in 20087)
Error in center of Altitude error <5 min Zephir Zephir: Focus error
sample volume < 10 m in Windcube | Windcube: Range gate

distortion, trigger offset
and/or unsymmetric pulse

shapes
RIN Positive Bias for low LOS Low for wind >4 ms | Zephir
velocities
Chirp in pulse Offset in radial, but solved <0.5m/s Windcube
in construction of u
System tilt Small gain and irregular Minor? Windcube and Zephir

altitude errors.
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Testing LIDARSs in Hgvsgre

Hovsore Large Wind Turbin Test Facility

* West coast of Denmark, flat terrain, wide range of horisontally homogeneous wind speed.
* Site equipped with rain and cloud sensors

* 14 Zephirs and Windcubes tested

* 45 months of comparison with class 1 cup anemometers @ 40-116 m (160 m)

* Data from 2 other flat sites evaluated
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Definitions and Data sets

10 min horizontal wind speed averages

RISO

Data screened on :

Lidar Error = lidar-cup at intended height Rain

Mean, STDEV (0)
Dependencies vs wind speed, wind shear
Residual analyses

Clouds (when cloud correction inactive)
Undisturbed wind directions
Min wind speed >4 m/s for Zephirs
10 min recovery ratio >80% for WC

200

State of the art in remote wind sensing accuracy 2008

Histogram over Windcube error

'@ 100 m summer 2008

22019 10min averages |||

100 -

80 -

Histogram over Zephir error
@ 100 m spring 2008 cc active

2343 10min averages

(98% of "essential wind” >4 m/s)

L =0. M =0.04 m/
150 Availability 92% Mean = 0.02 m/s ean m/s Availability 80%
I o=0.11 - 0=0.22
L 60 L
100 - :
i 40+
50 i
I 20
‘ n nd“{ ‘ \ o ol
-05 05 1 -05 05

’”""NN’“""“"“""*? Lidar Error M sh
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Limitations of linear regression plots

Lidar wind speed |W)sh Altitude | Gain | Offset | R2 Availability
20| o~ [m/s] [%]
. - 60 1.000 | 0.06 | 0.999 | 0.92
: 80 0.994 | -0.01 | 0.998 | 0.92
10 -
: 100 0.997 | 0.06 |0.999 | 0.92
> 116 0.979 | 0.24 |0.998 | 0.91
‘ - Cup wind speed |WjLsh
. 10 15 20 up wina spee \W)
0.963x+0.33
. R2=0.987
0.6 v
R m = -0.03

0.966x+0.24
R? =0.998
m =-0.21
0=0.25

-04

Residuals vs wind speed

Residuals vs time of day
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Wind shear dependency example

wind grad 80 m
0.08

Wind shear and wind velocity are 006 -

typically not uncorrelated:

2-parametric regression analysis.  °%|

002

0.00 2‘0 wind velocity 80 m

Windcube @ 80 m summer 2008

Non-conclusive
(Low shear period < 0.25m/s per meter)

"Altitude error”: -4.2+1.1m
"Cone angle”™ 0.7+0.2%

Zephir @ 80 m spring 2008

"Altitude error”: -4.0+£ 0.7 m
"Cone angle”™ -29%0.3%
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Development of Wind Sensing Lidars

. # Zephirs
Mean Lidar Error [m/s] = WindCubes

0.15

0.1 . -

0.05 Y

[ ]
0 S -

-0.05 - -~

0.1
-0.15 -

0.2 s

2005 2006 2007 2008 2009
Standard Deviation o Zephirs
of Lidar Error [m/s] = WindCubes
0.5
0.4 .
0.3 .
0.2 e 2
[ ]

0.1

0 T T T

2005 2006 2007 2008 2009

2006: Zephir commercial model
introduced. Hardware issues.

2007: Ceilometer installed,
screening on clouds: positive bias
and o reduced, availability drops.
Leosphere introduces Windcube.

2008: Cloud correction: availability
increases.
Cone angle accuracy: bias reduced.

2008.5: ?.

Estimator improved: nonlinear
problems reduced.
Introduction of the Windicator

Mean < ~x0.05m/s o ~0.25
Mean <~*0.05m/s o ~0.15
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Conclusions: Precision and Biases in Lidars 2008

Typical results in flat terrain 2008

* Mean: <0.1mis
* STDEV: <0.25 m/s
* Gain: < * 2%, observed [-6 to +2%] mitigated

* ”Altitude” error: <* 5 m observed [-6 to +9]

Complex terrain > Complex errors observed 10-20%.

Conically scanning lidar concept (soon) mature for stand alone site evaluation in flat terrain! (?)
However is the hardware and the price, include power supply and repairs?
Can they offer added value?

Does lidars need calibration/verification/audit?
Heterodyne detection is selfstabilizing, lidars are not.
Hardware calibrations/verifications + acceptance tests traceable to cups on masts.
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Conclusions: What should be done before (and is ongoing)

”The other lidar challenge”

* Perform rigurous analysis, with tolerances, of plausible lidar errors
- Find good statistical measures which can reveal them

* Determine the required accuracy in 2008 standards Estimate their influence in the
full chain of Annual Energy Production predictions: wind measurement, correlation to a
wind atlas, forecasting of future winds and the measured power curve. Cost/benefit
calculations for the different techniques.

* Evaluate the added value lidars can offer in future standards Taking into account
the wind over the whole rotor area in AEP predictions.

* Establish complex terrain warning flags

* Find complex terrain solutions: \WindScanners or combinations with flow modeling.
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SUPPORT SLIDES

* The WindScanner

* Complex Terrain, some numbers
* Turbulence

* Clouds

* Rain, the numbers

* Power Curves

* Wakes
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WindScanner (Torben Mikkelsen)

For u and w: LOS measurements in at
least three directions.

One conically scanning lidar
1 LOS measurement at 3 locations

www.windscanner.dk
Three Zephirs, (fast scanning ability)
3 LOS measurement at 1 locations

* Complex terrain
* 2D fields in rotor plane.

4

? Konventionel malemast
3

ilde: RMN

RISO

L |
1 Hver laserkanon udsender ‘z
to typer infrarede lysstraler - et pulseret
signal og en kontinuerlig balge i fase, der
ikke skifter frekvens.
Ideen i at bruge to maleprincipper er, at den
kontinuerlige belgelaser kan male meget |
hurtigt og preecist, men ikke pa sa lang en ‘

afstand (maks. 150 meter), hvorimod den
pulserede kan male pa l=ngere afstand og
flere punkter samtidig, men ikke med sa 0

fin rummelig oplasning.

2 Laserstralerne Det tilbagespredte |ys
tilbagespredes af i-malevolumen bliver
atmosfazriske aerosoler Doppler-skiftet pga.
{stav, pollen og vanddamp). vindhastigheden.



http://www.windscanner.dk/
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Complex terrain (Ferhat Bingol)

Panahaiko, Greece
Very complex site

Mast-lidar comparison

- Panahaiko
Map Resolution=10m Map Size=5000m % 5000m 1847 data points U= 4 mfs

P T : : — -
DRRL o
s ® o
Y 1o} R oy
T @ .o‘..'-. ‘ -,
& Let S el
o — -
= ovt
2 oo}

0.8E 5 . . . . . .

0 a0 100 150 200 250 3Joo 350

Vane (53m) [°]

Measurement results and WEnNg predictions for. Small size red dots are 10 minutes averages. Big red
dots are the averages in 6° wind directions. Blue line is the WENg error predictions.
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Turbulence (Jakob Mann)

Different ways to asses turbulence with lidars:
1 Look at the time series of the U.

2 Look at difference in opposite directions, or
figure of eight fit

3 Look at spectral width of Doppler spectra

o [H
0.01 0.1 1 10
T T T T
L Sonic E
015+ B
| Ticlar mm ———— —
)
& i 7 1/ X
= L WC3 4 i
0.10 -y ’__llu ‘VIA'-
A A
_ NN v\
< Ao
= VAN
sl L I\‘H\ \ i
- &
[WARASY
005+ ¥ aa«’\\._\\ |
/!
' //wel AN
] ] ]
0.01 0.1 1

k[

Spectra measured by three WC and the spectra of the
corresponding component of the sonic velocity vector.
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Zephir prototype 138 m

Wind Speed [m/s]

0.100

0.050

)

= 0020

..
[~

0.010

0.005

kpFkp)

0.001

L L L L 17
4000 6000 8000 10000 12000
20 HSanple H

[
0.01 01 1 10

0.002

1 1 1
001 01 1

k; [n'f1 ]

red: Sonic wind speed in Zephir direction.

Blue: Zephir radial wind speed
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Clouds (Non-conclusive)

Due to the non-finite sample volume of the Zephir.
Sensitivity increases with altitude.

If untreated gives positive bias.
1 Get ceilometer and screen on cloud base (lower availability)
2 Use cloud correction (get slightly higher stdev but probably no bias)

Cloud base >2.5 km

50 -
40 -
30
20
10 -
S Y e o
-05 0 05
100m:0=0.2 m=-0.01

0.23 -6.1m-2.4%

141
12F
10+~

8
6r
4:
2

Cloud base

<1 km

Lidar Error M sh

L | mods M"‘""o :

-05 0
100m:0=0.22

0.22+1.7m-3.0%

m =-0.02

RISO

Lidar Error M sh
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Rain

RISO

Standard Deviation of Windcube error during rain: 0.46 m/s (0.15 m/s)
Mean Error of Windcube error during rain: -0.04 m/s (-0.01 m/s)

2,
B 200 - _
1; ., : No rain
150f
100 -
50; h”m.
g _0‘5 0.‘5 1 Lidar Error Msl
7 0 With rain
= = m e i ] 0.
- Purple: Windcube @ 80 m I 50}
| : f
- More negative than 60, 100, 116 m? : iz
, Not the case without rain. : 2 h
————————————————————————— il 10}
;ﬂnrﬂ“ﬂ N 1“ Lidar Error MHL

-05

05



Il[ll
= RISO
Power curves (Non-conclusive) (Rozenn Wagner)

Incentive
1 |
= 0.8
en -
5 £0.6
2 B -
b= 04! wind spe;:d
© ’ at hub height
0.2 — average
0.4 0.5 0.6 0.7 0.8 0.4 0.6 0.8 1 1.2
U/Urgted U/Urated

Are lidars good enough for power curves? Are power curves good enough for lidars?

Average of the power standard deviation

| Uhub Ueq zephir  Ueq wcube  Ueq sodar
§ 0.052
0.051 0045
; 0.041
T 0.04 0.036
6} 0.03
0.02
o 0.01
0.6 0.7 0.8 0.9 1 1.1 1.2

wsp [m/s] Uhub Ueq zephir  Ueq weube  Ueq sodar



Pan [°]

Date 2005-11-15 Time 20:20 Mumber of Scans 81113

LiDAR Turhine het.Mast

WS [mfs] a [] WS [mys] Wi [#]
Mean Min  Max StdDev| |Mean bin Max StdDev| |Mean Min  Max StdDev (Mean Min  Max StdDev
THE 317 1240 158 2820 267.0 2940 448 912 651 1150 1.05 |286.0 271.0 2940 7.3

30f
20t

-10¢
—20¢F

-30¢

100

200

300
Time [5]

RISO

=4 my)c

=11 mys




