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ABSTRACT:

Wind energy converters in operation are exposéidio stresses which result in large deformationthefrotor blades. In this paper,
a method for determination of deformations of rditades is presented using multiple synchronower Issanners and cameras. A
special focus is brought into the twist of the lel@hd the according deflection. In a first stepltiple scanners in 1D mode are used
which record cross sections at different positialmsg the rotor blades. By comparison with the CADdelpdeformations can be
derived. In order to ensure that the positionshefdross sections are defined in the coordinatersysf the wind energy converter,
the nacelle is pre-scanned and a transformatigreiformed using known coordinates from the manufact To account for the
relatively slow movement of the nacelle, it is alveel by a photogrammetric camera. The results efrthcelle’s motion are
considered in the analysis of the 1D data. First tecordings were carried out with different meament frequencies to enable

comparisons of accuracy. Furthermore, the firailte®f the cross-sections are presented.

1. INTRODUCTION

The objective of the project WindScan, managed Hey Jade
University of Oldenburg, is the detection of defatians of a
moving rotor blade in 1:1 scale with several sypdously
operated laser scanners. A very large wind eneoywerter
(WEC) is observed during operation whereby the rblades
are of particular interest.

Within the research project, cooperations with tbkowing
companies / institutions are established:
e Zoller+Frohlich (Z+F) - manufacturer of laser scarm
* REpower Systems SE - manufacturer of WEC
<  HafenCity University Hamburg (HCU)
e Surveying office Dr. Hesse und Partner Ingenieure.

At least two scanners take cross sections in 1Demdudch will

be compared with a CAD model in order to derive dyica
deformations of the blades. For the transformatainthe

coordinate systems of the scanners into the sysfehe WEC,
the nacelle has to be scanned in 3D-mode first.riiteements
of the tower and the nacelle are measured by phartogetry.

2. BASICSAND STATE OF THE ART
2.1 Laserscanning

Most common applications of laser scanning are eored with
capturing of static objects. Different operating des are
possible, the principle is shown in Figure 1. Tleguential
acquisition of individual points results from thetation of the
laser around the horizontal and vertical axis (3ernatively,
typical mobile mapping systems use the rotatioromfy one
axis (2D) while the movement of the mobile platfoahthe
scanner provides the third dimension. For allocdtaferencing
other sensors such as GPS, INS or cameras aresapc¢El-
Sheimy, 2005, Boeder, 2010).

On the other hand, a moving object can be obsefred a
fixed position and with a fixed orientation (1D).orthe
allocation of the measured points the orientatioch position of
each measurement has to be acquired with additsemalors. In
Woujanz et al. (2013) an investigation is presertedling with
the recording of a moving ship. The movements wegéstered
by three target-tracking total stations for the rgetrically
correct registration of the point cloud. The shipeif was
assumed to be stable. The synchronization of tted station
and the scanner was done by synchronized watches.
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Figure 1. Operating modes of the laser scannertékart 2009)
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2.2 Wind energy converter

Within the research project WindScan, wind energgverters
(WEC) are used as measuring objects. The rotoreblad the
WEC are a key component for increasing their peréorce.
Blades are constantly being optimized to save castd
improve efficiency (Zerbst 2010).

The measurement object is a six megawatt unit ()6if’

REpower System SE (REpower, 2013), designed for afsh
use and installed on land in northern Germany.ak A hub

height of 100m, a blade length of 61.5m, and theela

measures approximately 17m x 7m x 6m.

Changes of wind direction can be detected by sengd¢nen a
certain value is exceeded, the nacelle is movedrisvthe
direction of the wind. This may happen with irregyuintervals
and is highly depending on the current wind condii The
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data from other sensors such as alignment of raeell wind
speed are of additional use for the laser scaramadysis. Also,
the rotational speed and selected coordinates gfifisiant
points of the turbine are needed, as well as CADeisodf the
nacelle and of the rotor blades.

WEC are subject to particular stresses which caeribeal due
to their continuous change, especially caused Iog \pressure,
centrifugal forces and gravity. The top speed andtter tip of
the blade can reach up to 80m/s (revolution spe@elZ.1
U/min (REpower, 2013)). These forces lead to bendihthe
blades of up to 10% of the blade length (Edzard920The
rigidity of the blade decreases to the outer tipaibr blades.
Close to the hub a cross section amounts to sewedrs,
which reduces to the tip. In addition to bendingmion occurs
(rotation within a blade) which is in turn depentdem the
bending.

The tower curvature must not be neglected and vasier time.
The effect can be sufficiently described as a sifithe nacelle
in the horizontal plane.

More degrees of freedom are shown in Figure 2.
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Figure 2. Degrees of freedom of the WEC (after 2@08)

2.3 Previoussurvey of rotor blades

Until now the blades are tested in large laboratorfor
certification by static or cyclic testing. In thiase the blade is,
for example, set in forced oscillation for a lonigné and
observed by photogrammetric means (Hau 2008, IWEE32
Aicon 2013). Bending tests also offer the possibtiit measure
the shapes of the blade and its changes.

For the ongoing operation only few research resalts
published. Schmidt Paulsen et al. (2009) attactedl®ctive
targets to rotor blades and tower, and observeah thith two
stereo systems. Another recent project concermegapture of
the aero-elastic deformation takes place at thetituies
ForWind, a joint research center of the universitief
Oldenburg, Hannover and Bremen (Winstroth & Seurfé2®
Here, the blades are covered with a random patéerd
observed with a stereo system. By matching procsdioeal
deformations should be derived.

As a disadvantage of both projects the WEC hastetpped
for an extended period of time in order to gluehlales with a
texture film and to remove them again later.

3. THE WINDSCAN PROJECT

The key objective of the WindScan project is theeligpment
of a method for measurement of bending and torsibthe
blades without targeting of the system. The bagiocept
includes a combination of laser scanners and camehach
shall observe the WEC from the ground. The aino imeasure
the blade in a horizontal position, whereby theitpws of the
cross section related to the hub should be knowteran
0.5m.

3.1 Laser scanner

For the determination of deformations, multiple ZtrRager
5010 are operated in 1D mode, i.e. vertical andzbotal
angles are fixed. Since the beam is pointed taefdirection,
this mode is classified as laser class 3B and tlgedahgerous
(DIN 2008). For the duration of the measurementpacil
firmware is installed on the scanner. Moreover, irdyra
measurement a Z+F employee and a laser safetgoffave to
be present in order to avoid hazards.

For a measuring set a compromise between distartargle
of incidence has to be found. The shorter the wiégtathe more
accurate the measurement and the smaller the E@ofabout
30mm at 100m). The incident angle is also dependanthe
current position of the rotor blades. Depending wimd

strength they can entirely rotate around then kowgnal axis
("pitch™). A clearance of 50m and a hub height 80t results
in a measuring distance of 110m and an elevatigheasf 63°
(Figure 3). Thus the unambiguity interval of thearsger of
187m (Z + F 2013) is not exceeded even if the facetates.

100m

laser scaﬁr{er/é
Figure 3. Measuring arrangements on WEC

With rotating blades and a fixed laser beam, tlstadices form
a cross section of one side of the blade. Paffenétodl. (2008)
and Gikas & Daskalakis (2009) have also recordeih swoss
sections with a laser scanner, which, however, weteurther
analyzed in their pilot projects.
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The deformations are derived from the cross sesttaken at
different positions on the blade (Figure 3). Byirigt the cross
sections into a CAD model of the blade, the defoionat can
be calculated.

Figure 4 shows the arrangements of the camera aser |
scanners in front of the WEC during the measurement.

Figure 4. Measuring arrangement of the cameraaset |
scanners

In order to synchronize the scanngrblox GPS modules are
used. The start time (UTC) of the measurement igemriinto
the header of the file and every second a markezgistered.
Synchronization is only necessary for the allocatibthe cross
sections to the same blade at the same cycle. fohera high
precision is not necessary. The calculation oftitne stamp for
each measurement point is done with the softwaveldpment
kit of the manufacturer. As a prerequisite for arrect
referencing of the measured values to the coorelisgstem of
the WEC, a standstill of the nacelle during the &&ns is
required. In contrast, during the measurement efpttofile the
movements are registered by photogrammetric meashsaken
into account by the following calculations.

3.2 Camera

In order to separate deflections of the rotor blfadm rotations
of the nacelle, which both affect the measuredadist, the
nacelle is observed continuously with a camera@NiR2X). A
hub height of 100m and a length of the nacelle7ofhlead to a
focal length of about 130mm for the complete explion of
the image format (a 200mm zoom lens is used).

The camera mode “interval record” is used whichords an
image every second, limited to 999 images. Thisesmts a
recording time of about 15 minutes.

In order to synchronize the camera with the scamtad also a
GPS module is used. This module writes the UTC timee the
header of each image.

The images are analyzed with the institute's progRISA
(Photogrammetric Image Sequence Analysis (Bethmared. e
2011)). In this step a point tracking of prominpoints is done
by least-squares matching, thus the displacemehtatation of
the nacelle can be calculated. The scale of thgeénmderived
from known dimensions of the nacelle, supplied e t
manufacturer of the WEC.

3.3 Process of measurements

The cross-sections of the WEC should be taken nizdiatal
blade position. However, each rotation of the Hacehanges
position and height of the impact point on the rdtiade.

In advance, 3D scans are performed with all scannesrder to
determine their orientation. In Figure 5 the pailaud of a 3D
scan of the nacelle is shown. The stripes aredritshe rotor
blades, resulting both from the movement of thelédaand the
scanner. Each stripe consists of several profieeen at
different positions. In Figure 6 the data is conebirwith the
CAD model using the software Geomagic Qualify 20I®.
these scans, the angles for the following 1D magepécked.
Then the nacelle is scanned again just to redueeetording
time, because no movement of the nacelle shouldraharing
these reference scans. This can be checked withetieeded
camera images.

Rotor blade

Nacelle

Tower

xx

.

FigUre 5. Point cloud of 3D scans of the naceltap8s are hits
on the rotating blades.

For the following calculation two points of the efle with
known coordinates are required, as well as the unedsvertical
and horizontal angles and distances. Thus, thetiposand
orientation of the scanner relative to the coorgirgystem of
the hub are determined.

Afterwards the bearing of the 1D measuring beams lve

fixed. The measurement time is approximately thréeutes.
Here, a cross section of the rotor blade is reahreénich is
slightly inclined depending on the orientation.tA¢ same time,
the camera observes the nacelle and the operatiatelof the

turbine is recorded.

Figure 6. Point cloud of 3D scans combined with X3Aodel
3.4 Calculation procedure

The scan data are initially given in the coordirgtstem of the
instrument. It is common practice to transform tlaga into a
local stationary system (Niemeier & Wild, 1995)uatiy for all
scanner positions. In the current work, the motibthe object
is a critical issue.
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To make the results useful e.g. for the manufactuee
transformation into the coordinate system of thgedbis
essential; here the coordinate system of the hub2@®.2) is
used.

The analysis is done separately for position arnghteln order
to obtain the results relating to the target cawaté system (the
hub / the blade), the axes of rotation and somgndispoints
are necessary.

341 Calculation of position

In the first step, the position of each scanneaisulated in the
hub coordinate system. The known coordinates ofnweelle

and the 3D scans of the nacelle are utilized. \Withmeasured
values of at least two points simple triangle citians can be
carried out. Redundant measurements are used ftrotand

later for increasing the accuracy by adjustment. Qanaons
using the 3D scan data lead to discrepancies instia@ner
positions of a few centimetres which meets our etgi®ns.

As results, the positions of the scanner with resfrethe hub at
the time of the 3D
Subsequently they will be related to the time stmrop the
profile measurement using the results of the phatogetric
analysis of the PISA program.

The current positions of the survey stations, tlizontal
angles, and the measured distances lead to cotesiod all
profile points in the coordinate system of the hub.

34.2 Calculation of height
The heights of the instruments during the 1D meament and
the heights of the profile points in relation tce thotational
center of the hub result from the distances and vémtical
angles. For this at least one of the points om#eelle must be
known.

Subsequently, the rotation of the blade is consilerAs

starting point we use the first measured point anherotor

blade on each cycle leading to the current angudaition of

the blade and the radial distance from the axig. ddordinates
of the sequence of all following points are deril®dmeans of
the time intervals in order to convert the functafrtime into a

function of position. The length of the arc andresponding

coordinate changes (vertically, to a minor exterisoa
horizontally) are calculated with the known meament rate of
the scanner and the rotational speed of the blEuerotational

speed can be derived from the registered operéatiteta, or

from the data taken in 1D mode, in which the refvthe rotor

blades are counted.

343 Accuracy and error propagation
In order to estimate the achievable accuracy aridetatify the
critical parameters, the following cases are digtished:

e A change in the nominal coordinates of the given

points in the order of 2cm causes offsets of udcim
in the direction of the axis of rotation. In thedia
direction, maximum change is about 2 to 3cm.

¢ Uncertainties of 0.02° in the horizontal directidead

reference measurement are given.

e If the rotation rate (in seconds / revolution) is
calculated incorrectly by 0.1s, one can expectdéala
error of 0.3cm and 2.5cm in the vertical direction.

Thus the critical parameters are the target coatdssupplied
by the manufacturer. The interpretability of thenpalouds, in
which the striking points are selected (e.g. theelocorners of
the nacelle, see Figure 6), acts also as an emothe
coordinates. The total error of all components dugisexceed
20cm. Thus, the specified absolute position acguiafcthe
cross section related to the hub of 50cm can bairdd. It is
important to note that the relative accuracy witbine profile is
much higher.

4. RESULTS

In the following first results are presented deghwith tests of
acquisition rates and with first analysis of predil which
already show the bending of the rotor blades. Afset
photogrammetric results are briefly described.
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Figure 7: Top: recorded profile, left: 1 MHz, rigitLkHz;
middle: partial sections of the profile, left: 1 MHight: 31kHz;
bottom: maximum deviations from the polynomial atahdard

deviations

to maximum displacements of 2cm (radial) or 0.1cm4.1 Investigation of the measurement frequency

(axial direction).

« Deviations of the distances of lcm add up toThe scanner is able to record data at a samplaygiémcy of up

deviations of more thanl cm radially and up to Sitm
the axial direction.

to 1 MHz. However, with a lower sampling rate, tlistances
can be detected more accurately, since the dedseaHonger
integration time for disposal of a single measumme
(Vennegeerts & Kutterer, 2007). In this specificpligation,
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such a high number of points is not necessary serite the
shape of the rotor blade.

In order to test this in practice, cross-sectiomsenrecorded at
different frequencies (1 MHz, 500 kHz, 250 kHz, 1&%z, 62
kHz und 31 kHz).

In Figure 7 a cross section of a rotor blade isnshaecorded
by 1 MHz (top left). Immediately apparent is thghinumber
of points and the higher
measurements (top right).

In order to quantify the noise, the point cloudapproximated
by a polynomial. Since polynomials of higher degyeded no
satisfactory adapting, the profile was divided inseven
sections, each requiring its own polynomial. Thesknomials,
standard deviations, and maxima were calculate@1A4Hz the
standard deviation is less than 2mm and the maximor is
equal to 7mm. By comparison, at 1 MHz standard dievia
increase to 9mm and the maximum error to 50mm.

For this reason, all the following measurementsevearried out
with a frequency of 31 kHz.
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Figure 8: top: recorded profiles of one blade bg¢hscanners for

60 seconds, bottom: recorded profiles of one biadme cycle;
blue: close to the hub, red: center; green: oier t

4.2 Results of multiple profiles

For the determination of the bending and torsioeast two
scanners are required. In our last measuremerg guanners
were operated simultaneously. In Figure 8 (topg, tlcorded
data of three scans of one rotor blade in 60 secontiD mode
are shown. Data of the scanner, measuring a fewrmetvay
from the hub, are displayed in blue. In red thensea is

pointing to the middle and in green close to thteptip of the
rotor blade.

Since the difference of distance measurements wloeexceed
a certain limit, it can be concluded that at tlriset no nacelle
rotation has occured. However, changes of distamtethe
green profiles are visible, indicating a variatiohbending of
the rotor blade.

noise compared to 31 kHzZigure 8 (bottom) shows in detail only one rotcaid# passing,

measured by three scanners. At the outer tip oblidie (green)
more than 300 points were recorded.

For the determination of the individual torsionofiles are
matched to a CAD model.

4.3 Results of the photogrammetric evaluation

By evaluating the photogrammetric data, significsinifts and
rotations of the nacelle can be identified and meiteed. Figure
9 (top) shows the first and the last image of ausage where
the rotation is clearly visible. In green the meadupoints are
marked. The rotation is illustrated in Figure 9ttbm).

Variation of angle
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AT T TN
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Figure 9. Rotation of the nacelle

5. CONCLUSIONSAND OUTLOOK

In the present work, a wind energy converter idyenea during
operation with multiple synchronous laser scannerarder to
guantify the deformations of the blades, crossi@estare taken

in 1D mode of the scanners. For orientation ofstenners into
the hub coordinate system, 3D scans of the naaedlecarried
out. The movement of the nacelle it is observed by
photogrammetric means.

First major measurements have been completed tHecent
Detailed analyzes are still under progress. Howetler data
look very promising. In addition the calculatioropess will be
further automated.

Next measurements are already planned and willbéed out
simultaneously with the photogrammetric measurenadrthe
ForWind institute. As a result, comparative data expected
that will be helpful in evaluating the results.
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