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Abstract White box calibration steps, setup and results

In power performance testing, it has been demonstrated that the effects of wind The data required for the RWS calibration are time-averaged of. calibrated
speed and direction variations over the rotor disk can no longer be neglected for measurements of horizontal wind speed (HWS) and direction (0); lidar RWS and
large wind turbines [1]. A new generation of commercial nacelle-based lidars is beam inclination P o hysical These data enable a reference equivalent RWS to be
now available, offering wind profiling capabilities. The use of profiling nacelle Ildgrs obtained by projecting the HWS onto the LOS direction (LOS;,.):
to assess power performance could remove the need to erect expensive Ref _ HWS-cos( )-cos(e —LOS,:)
meteorology masts, especially offshore. eq RWS Pnysical dir
Developing standard procedures for power curves using lidars requires to assess Af:: Zia:o“:eo D=262m
lidars measurement uncertainty that i1s provided by a calibration. Based on the ZephIR DM
calibration results from two lidars, the Avent 5-beam Demonstrator and the Zephir — . /b“m e
Dual Mode (ZDM), we present a generic methodology to calibrate profiling N cwp™ ¥ : g
nacelle lidars. < - >

Objectives _ 2 48

8.9m

The objectives of this work are to: 3
1) Develop generic calibration procedures, i.e. applicable to any type of nacelle- T i s | R —

based lidar irrespective of their type (pulsed or continuous-wave) and design.

2) Apply the calibration procedures to both the 5-beam Demonstrator and the ZDM
lidars. (see pictures below).
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3) Provide calibrated lidars, since both are to be installed on nacelles of wind _Fr*;]’VSH‘\’A";‘gt?fa“O” mea;mgrement setup of trtme 5—b§?rr:n D_err;og_stratt_or abnd szM lidars.
. . . . . . e IS measure a Cup anemometer an e win Irection alrom sonic
turbines during measurements campaigns (see www.unitte.dk), which goal Is to anemometer (both top_myoumeﬂ) ’
develop propedures to assess power performance that could be applied in any @=0.991 Hen T a=09637b-00284 | Z... | The LOS direction is estimated by:
type of terrain (flat or complex, onshore or offshore). ' L0S,,. = 286.28° “0.9881

e 1. Fitting the lidar response to the
' f wind direction.

2. Linear regressions between the
RWS and RefeqRWS using different

projection angles are performed, and
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 R?=0.9998
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The fundamental reason for
| developing calibration
procedures IS to assign
uncertainties to lidars wind
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measuremen tS . Com merCI al . Wind direction (so_nic) [7] . ._ Wind direction (so.nic.) [7] _ LOS d . t d t th
applications of lidars, e.g. power | » e y=4.032022 ] Irection corresponds to the
P | =1.2996x2 | " —2318.44x | |

minimum of the fitted parabola.

performance testing Oor resource | —743.47x “ +333234.84

assessment demand the of F106330-65 “l nin = 287 4383° Calibration relation results: 5-beam Demonstrator (left) and
. ) ’ min = 286.0313° " R?2 = 0.99999 ZDM (right) lidars. Linear regressions on “raw” 10-min

estimation of measurement «\ R?=0.99982 o, averaged (top), and corresponding binned data (bottom)

B =¥ uncertainties. .

y=1.0097x— 0.0644
R%? = 0.9979

y=0.9980x+ 0.073
R? = 0.9992

Sum of squares of residuals

Sum of squares of residuals
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Pictures of the 5-beam Demonstrator (left) and the Zephir Dual Mode
(right), during their calibration at DTU Wind Energy test site, Havsgre, DK
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Metrology standards [2] define a calibration as a 3-step process: Projection angle | ] Projection angle [f £, E_
_ _ _ _ LOS direction evaluation: 5-beam Demonstrator (left) and ,ﬂ
= Establishing a relation between the measurand and reference quantity value; ZDM (right) lidars. Top: cosine and rectified cosine :
. .. : : _ response to wind direction respectively. Bottom: finer .
= Uncertainties measurand = uncertainties on reference + calibration process ; vl [ s o & TRl S & SHUEres [ieees” | y = 1.0069x y =1.0022
R* = 0.9991 R*=0.9978
- Apply the Callbratlon I'e|atIOn to preserve traceablllty In the measurement Chaln The Ca|ibrati0n I'eSU":S (binn9d data) o C&up;mjécte:ﬂ wi;dsgeeg[mﬁsl S - Cu:J prc-jef:ted wﬁ*ud speiéd [m,/‘sl] ;

y =1.0153x — 0.1049
R? = 0.9999

Calibration procedure principles show consistent gains in the forced : = 0.9982x +0.0705
regression with an error of less |

A lidar probes the wind by emitting light through a laser beam. Aeorosols contained  than 0.9% for both the ZDM and the
In the atmosphere scatter part of the laser light back to the lidar. Three levels of  five LOS of the 5-beam Demonstrator.

measurands exist in a lidar: R? coefficients are all > 0.9999 and the
y =1.0058x

The “rawest’ one is the time domain of electrical current induced by the  gains vary between 1.0056 and 1.0090 | . y - 1.0058x

backscattered light on which spectral analysis is performed. (5-beam Demonstrator). For ZDM, the | <« « = . .« o oo Sl
gainis 1.0054.

Lidar radial wind speed [m/s]
Lidar radial wind speed [m/s]

vy =1.0054x
R? = 0.9998

*The Doppler spectra generated then yield the Doppler frequency. The line-of-sight _
(LOS) velocity — or Radial Wind Speed (RWS) — Is directly proportional to the Conclusions
Doppler frequency.

Calibrations results have proven to be satisfactory in both cases with a high level

*Finally, algorithms combine RWS measurements to derive reconstructed wind of agreement between the lidars’ RWS and the reference measurements,
parameters, e.g. wind speed and direction, shears, veers, etc. confirming the feasibility of the white box calibration. The methodology Is generic
_ _ _ _ B | and could therefore form the scientific basis of standardised nacelle lidars
Two different calibration con_cepts can be identified, called black box and white calibration procedures. The generic procedures, including the derivation of
box. The black box method directly calibrates a reconstructed output. uncertainties, will be detailed in a journal paper.
In the black box calibration principle: "
- Advantages: fast and easy to perturbations
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