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Abstract

Expectations for turbine-mounted lidar are incregsiThe installation of lidars in wind
turbine nacelles for measuring incoming winds, preging wind gusts and increasing
energy productions is after recently studies, texcily and economically feasible.

Among available lidar types, the most studied vwengtinuous wave lidars because they
were the most reliable apparatus when this intgatiegan. However, after studying
technical considerations and checking commeraalr$, it was found that pulsed lidars
lead this technology due to their promising results

The purpose of this report is to fill the gap bedgwehe interest in this technology and
the absence of any academic papers that analynéawaus-wave and pulsed lidars for
the mounted lidar concept. Hence, this report dises the importance of turbine-
mounted lidars for wind power industry, differerdsgible configurations and explains
why specifically pulsed lidars are becoming morgamant for the mounted lidar

market.

Key words:

Wind power, doppler lidar, pulsed lidar, continuauave lidar, power control system,
wind turbine-mounted lidar.
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Theory and M ethodology

Turbine-mounted lidar is a recently concept basedhe installation of a lidar unit in
the wind turbine nacelle. The first academic papat mentions this term was written
by NREL (National Renewable Energy Laboratory) lie tJSA in 2006 and shortly
afterwards other research centers as DTU in DennoarkJniversity of Stuttgart

(Germany) developed an interest in this concept.

However, the investigated alternatives were didamiWhereas NREL and DTU
decided to examine continuous wave (cw) lidars,Gleeman institution choose pulsed
lidars. After the first investigations, when puld&thrs were less developed, everything
indicated that pulsed lidars do not have any oppdst for installation on turbines.
However, nowadays it is different.

After investigating technical the technical pridegpinvolved in both types of lidar, and
analyzing the market positions of private comparies indication are that pulsed lidars
are at the same level or even better positioned thalidars for leading this promising
market.

Chapter | explains the importance of this technpltay the wind power industry and
which solutions the turbine-mounted lidar couldvide. Chapter Il analyzes different
configurations and alternatives related to this cemh. Additionally, this section
includes is mentioned some of challenges and inggmm@nts that lidar devices must
cope with. In Chapter lll, the main differencesviietn cw and pulsed lidars are
studied. Furthermore, it will be explained the adeges of each type and we will
conclude that pulsed lidars do not have any teehnibstacles to further market
penetration. Chapter IV will focuses on the comnatrperspectives. This report
describes the companies involved in this techngloggently joint-ventures and future
projects.
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Nomenclature

PRF
T

Erf

Gotland University

Azimuth Angle [rad].

Speed of light [m s-1]

Velocity measured along the line-of-sight [m s-1].
Frequency of emitted signal [Hz].

Frequency of backscattered signal [Hz].
Wavelength of emitted signal [m].

Wavelength of backscattered signal [m].

Frequency difference between emitted and backsedtsgnal [Hz].

Components of wind directions for the x, y and spestively [m s-1].

Angle between laser beam and x axis [rad].
Angle between \s and horizontal wind [rad].
Length from optical fibre to lens [m].

Focus distance [m].

Focal length of lens [m].

Rayleigh length [m].

Volume depth of laser beams [m].

Minimum radio of laser beam in the optical fibre][m
Focus volume radius [m].

Radial sounding volume size for pulsed lidars [m].
Spatial longitude of pulsed laser beams [m].
Distance between pulsed beams [m].

Pulse Repetition Frequency [Hz].

Time between pulsed beam&]s

Gauss error function.
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tp Time of pulse duration [s].

B Angle between emitted laser beams [rad].
a Angle between emitted laser beams [rad].
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Chapter I - Scope

Introduction

From the first wind turbines erected at the endhef nineteenth century, the size of
these machines has continuously increased. Cwrehére are 7 MW turbines being
developed and it seems that the trend towards btgggines is likely to continué.
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Fig. 1.1: The size of wind turbines is continuatigreasing. The main wind turbine
manufacturers are working to offer to the markeghar and more powerful machines
due to the possibility to harness higher wind reses. Note: *Gamesa leads a R&D

consortium for developing the 15 MW Azimut TurfSine.

The reasons for such big structures can be explaiyethe possibility of harnessing
higher wind resources. Placing fewer and more pfevind turbines have some
important advantages such as less visual impatbda people, and projects more
profitable. However, costs for operating those wiadns (especially, O&M) are an
important factor that slows down the growth of satiiactures.

To meet these challenges, new technologies mudebeloped for reducing costs and
prolonging the expected life of turbines. Techngukat seemed not economically
viable are being considered under this new framkevadr higher turbines and less
accessibility to maintenance tasks.

Gotland University Wind Power Project Management (MSc)
Department of Wind Energy Isaac Brafia

July 30, 2011 Page 14



Defining the problem: Wind Gusts

One of the most important considerations for insigg the life and reducing
breakdowns in wind turbines would be a system tmgat them against wind gusts.
This wind behavior is very harmful for the wholenditurbine but especially to root
blades, tower bases and hubs.

The typical behavior of wind gusts is representgdhe figure called the “Mexican
Hat” (see continuous line in the upper graph on B)g The wind keeps steady until it
decreases slightly, then and suddenly, wind spea@ases up to unsafe conditions for
wind turbines. Though technology and endurance ofdwturbines has improved
considerably over the past decades, wind gustsogeovmany problems to the
equipment and currently there is not any definige&ution in the market for preventing
the negative effects of wind gusts and avoiding algerin wind turbines.

One of the alternatives that scientists are consigeto minimize the wind gusts’
consequences is the calladifical Neural Networkg§ANN). This solution is based on
interconnecting wind turbines and controlling thbynan algorithm that forecast wind
gusts. However, wakes in wind farms and errors omdwusts’ predictions make this
technique difficult to realizé.

Another solution is installing a lidar device inetmacelle of each individual wind
turbine for measuring the incoming winds and inaigg it into the control system.
This technique, called@iurbine-Mounted Lidgrhas more advantages in comparison with
the ANN for preventing damages from wind gusts.blng-mounted lidar is technically
feasible because lidar apparatuses have greathpuag in recent years and their costs
are decreased as well. One of the advantagesasi®eceliability does not only depend
on hypothetical situations foreseen by algorith®scondly, by knowing in advance
incoming winds, it is possible to adapt the pit€the blades and the yaw angle. Hence,
this technique makes possible optimizing the powaantrol of wind turbines under
stochastic winds, and thus it increases the oytpwer.
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Fig. 2: Under computer simulations (Bladed), thedpean project FP6 can predict the
consequences of integrating a lidar into the pow@ntrol of wind turbines. The upper
graph shows the real wind with the continuous lifiMexican Hat”) and the
measurement by the lidar with the dotted line. méet second, third and fourth graph
illustrate the behavior of pitch angles, rotor sgeeand tower bending moments
(respectively) by preventing the power system \iddr measurements (dotted lines)
and without it (continuous lines). It is easy tadarstand the importance of integrating
lidar me?surements in order to avoid fatigues aradmenances during the life of wind
turbines:
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Types of Remote Wind Measurements. Why Lidar?

Lidar is not the only technology that provides réenmeasurements of fluids. These
technigues have a wide spectrum of uses and thegraployed for determining gas
compositions, military applications, turbulence aveke measurements at airports, and
so on. However, lidar is the only apparatus tha &asuitable application for wind
measurements for the wind industry. Nevertheleéds,interesting to review briefly the
different available techniques and explain whyiigathe most suitable for developing
turbine-mounted lidars.

Sodar: Though it has been used in the wind industry witbcess, it is not suitable for
installing in hubs/nacelles. Noise disturbancesnftbe turbines make it impossible to
obtain accurate measurements. In addition, thetesrsbund beam will be interfered by
the blades, the ground, and so on. Furthermoresehesitivity of these devices is much
lower than lidars.

Laser Doppler Anemometry (LDA) or Laser Doppler Velocimetry (LDV): With the
intersection of two laser beams at the point rexgljiit measures the frequency of the
created fringe. It is only possible to use it fdrod distances and therefore, its
applications are few. (See Annex A).

Particle Imaging Velocimetry (PIV): By taking snapshots of particles with a digital
camera, it is possible to determine the speed atdted properties of fluids.
Nevertheless, it is not suitable for atmospheriaditions because it is necessary
previously to add small particles to fluids.

Doppler Global Velocimetry (DGV): DGV detects frequencies of backscattered
signals according to the Doppler Effect and thuis, able to determine speeds of fluids.
The return signal is transmitted through an iodse# which has a strong absorption

line. Unfortunately, neither this technique is tm@st suitable for the wind industry

because their extremely complexity of these devioeke possible to use them for
laboratory applications.

Incoherent (or direct detection) Doppler lidar: As coherent doppler lidar does, they
measure the frequency of scattering signals. Twlonigues are being used: the double-
edge Fabry-Perot interferometer (FPI) and the ®diapor filter (IVF).” Since the late
1990’s, the interest on these devices has incredisedo the fast development of opt-
electronics techniques. However, the size, cost, @mplexity of this equipment are
not appropriated for installing in nacelles of windbines®

Coherent Doppler Ladar (CDL), Coherent Laser Radar (CLR), Ladar, or simply
LiDAR: From the first trials in the late of 1960s for redmavind measurements,
technology of these devices has improved a lotkhdan components of fiber-optic
telecommunication that make possible to transnidrmation from one place to another
one by sending pulses of light through an optitsrf Therefore, lidars can be used for
measuring wind profiles, distributions, directiosbgears and veers. Its accuracy is well
proven from independent studiésnd its cost has been reduced in recent years. Thi
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has led to increased popularity of this technologyhe wind industry. Hence, lidar
apparatuses seems to be the most suitable sofatiomeasuring incoming winds.

Lidar solutions

LIDAR technology can be a breakthrough to mitigdie effects of wind gusts because
the improvements reached from fiber telecommurocatire making it possible to
produce devices more reliable and less costly. IRORIght Detection and Ranging) is
a device that allows measuring wind speeds and dimegtions by using laser beams.

Its basic contributions to the wind power indusithat it is ideal for complementing
traditional meteorological masts. By collecting didata from the ground, and after
correlating the values with cup and sonic anemorsgteeasurements provided by the
lidar make possible to determine accurate wind tataetermining good locations for
new wind farms or studying wakes interactions.

However, wind power professionals go further. Nexgearch demonstrates that is
technically feasible to mount a LIDAR device in thacelle for measuring incoming
winds and combining it with the power control ofiturbines?® In this way, knowing

in advance the stochastic wind speeds and winatdires makes it possible to better
adjust blades pitch, revolutions per minute (rpfrthe rotor, and yaw systems. In other
words, higher performance and fewer loads (fatigunel extreme loads) can be
achieved.

Evolution

It is interesting to observe the fast evolutioriader technology and more specifically,
the progresses and milestones made in the adaptatidaser technology into the
turbine-mounted lidar concept.

The first person to describe the laser fundamentals Albert Einstein and after him,
five Nobel Prizes were given to scientists for the#searches related the laser
technology. This demonstration of laser technolagtill very interesting for many
applications and it is still under new scientifgsearches.

In 1960, Theodore Maiman built the first laser|edl‘ruby laser” which was based on
strong pulses of red light. In addition, NASA aggnin the middle of the Cold War
when they had high financial support, also playedracial role in this field by

developing the first Coherent Doppler Lidar for ma@ng wind speeds?

Commercial lidars came in the first decade of teistury. Firstly, the continuous-wave
(CW) lidar appeared in 2003 and later, thanks te tevelopment of fiber
telecommunications in the late of 90’s, the pulbears emerged to the market in 2006
(WindCube) and in 2008 (Galion). At the same timat these commercial lidars were
unveiled, interest on turbine-mounted lidars sthrte
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After the experience of mounting a cw lidar in & 2/W Nordex wind turbine in
Germany in 2003, the first report that mentioneslghssibility to adapt a lidar unit into
the power control of wind turbines appeared in 200Bis paper was written by a
professional involved in a company which developslidars and people related to the
National Renewable Energy (Colorado, US). Thoughag many remarkable facts, it
failed in its prediction, which suggest that itnigt possible develop a turbine-mounted
lidar with pulsed lidars.

Following the trend that cw lidars are better predafor challenging environments as
nacelles are, the technical research centre of RBgrTU, started testing these lidars
in 2009. They mounted them on the top of the nacgfla 225 kW wind turbine and

into the hub of a 2,5 MW for analyzing the colletteind measurements.

However, the Universitat of Stuttgart (Germany)ided in the same year testing the
pulsed lidar in a 5 MW wind turbine. This experiheould be considered as the first
evidence that pulsed lidars are reliable enougtetelop turbine-mounted lidars.

On the other hand, the signs that turbine-mountiad are economically profitable are
founded on the fast progress reached by privatgaaias such as Catch The Wind Inc.
(CTW). This American firm, in collaboration with \s&ral research centers,
demonstrated that is possible to increase the aemeagy output of a turbine by more
than 10% by using this technology. Hence, thiseegtrergy would be a reason enough
for recovering the economical investment that bdaeed.

Furthermore, recently there have been some col#ibos and partnerships among
important private firms in order to accelerate itmearket positioning in the wind power

industry. One example would be the development lolade with a lidar integrated by

the Danish company LM Wind power, the largest bladaufacturer in the world. This

and other joint ventures will be analyzed in thet Eection of this report.

Finally, it must be emphasized the rapidity ancewénts. In less than ten years, it has
been possible to develop commercial wind lidars amdlinstalling them in nacelles.
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Fig. 3: The evolution of laser, lidar and turbinesamted lidar is closely related. Laser
investigations are having enormous repercussionsuwrdaily lives and further
research is in progress. NASA developed the lidarmment but its price was
prohibitive for commercial purposes. After the mess reached, the continuous wave
lidar was the technology chosen for the developroenirbine-mounted lidar.
However, pulsed lidars could displace them.[SouBgauthor].
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Chapter II - The Turbine-Mounted LIDAR concept

Before going further, it is necessary to describe kthe turbine-mounted lidar works.

Turbine-mounted lidar: Concepts

Mounting a lidar in the nacelle for measuring indognwinds is a new technique that is
still under development by private companies anolipuesearch centers. By knowing
the wind measurements ahead of the rotor, conysies of wind turbines can adjust
the pitch, rpm and yaw systems in order to haveosimconditions, thus, reducing loads
and increasing energy output.

However, lidar units must be adapted to the chgifep environment as nacelles are.
Among other considerations, lidars at that locatiorust cope with vibrating conditions
for long times, avoid electrical interference frothe generator, and different
configurations and alternatives must be evaluated.

Nevertheless, the basic configuration is easilyeustadndable. Firstly, lidar measures
the wind speed at the predetermined distance. dikiance cannot be too far because
winds evolve by themselves and previous measureaniat range could not valid
after the wind evolution. Specifically, after comesiing that control system of wind
turbines requires only short preview times to addyet wind turbine to new wind
conditions. One solution would be measuring far winds frombines and the wind
evolution model keeps this information until itnecessary to apply it.

The design for adapting the mounted lidar in theefia to the control system of wind
turbines is shown in Fig 4. The measurement pralvigethe lidar unit is integrated to
the wind evolution model and later, into the cohtgstem of wind turbines. Control
system, and more specifically pitch control, coneinthis information with the
collective pitch feedback controller to control th&ted generator speed. Thus, the
Feedback Loop that wind turbines have at this manmaght be integrated with extra
information that lidar provides, the Feedforwardpo

"Some authors argue that the optimal preview time for adapting a 600 kW wind turbine for winds up to
18 m/s is only 0,45 sec (around 8,1 meters in front of the turbine).
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Fig. 4: At this moment, commercial turbines areipgad only with the
Feedback Loop configuration. Cup anemometers ({pastbnic anemometers)
on the top of nacelles register the wind shears\aats. However, this system
does not protect to turbines from wind gusts. Tiditeonal Feedforward Loop
reached by the lidar technology makes possibledgasure incoming winds, and

therefore, optimize turbines by the ygw and pitghtols, and the rpm of
rotors.

Lidar mounting

Among the different alternatives for installing drdapparatuses in nacelles, the most
studied option by companies and research centdraing it to the top of the nacelle.
However, other choices must be commented as well.

1. Nacdle mounting: Fixing the lidar on the top of nacelle is the easiversion
and the most studied for build the turbine-mounia concept. However, from
the Nordex experience in 2003, only 60% of measargscan be obtained due
to the blocking of blade rotations to laser beant zackscattered signafs.

2. Hub mounting: When installing the lidar in the hub, the bladesdt block the
laser beams and therefore, collected data by telz@ptors from backscattered
signal are more constant and reliable. Another mamd advantage of this
alternative is that the conical rotation of hubs ba used to provide to lidars the
conical movements that they need for spatial sddaace, additional hardware
would not be necessary and it would possibly siippiilar units. Nevertheless,
this configuration is more complicated.
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3. Including lidar units in blades. This alternative is been developed by an
important blade manufacturer. Although it is obwlyuthe most expensive
because it uses three lidar units instead of only, the “Cyclops Dilemma”
would be solved as it will be explained furthr.

Fig. 5: a) Mounting the lidar on the top of the edle is the easiest one and for this
reason, it is the most studied. b) The DTU’s ursitgiinstalled a wind turbine in the
hub for avoiding the blocking of blades. c¢) Thouggtalling one lidar in each blade is
an alternative under development, at this momeeretis not any published repdrt.

Configuration of LIDARS

At this moment lidar is the most unique remote meag apparatus in the market with
enough reliability and endurance to be installe@ mbrating environment. However,
from the available lidar configurations, it must $idected as the most appropriate and
some features might be improved in order to wodpprly.

Laser Waveband: Projected laser beams can belong to the visibk;-inérared or far-
infrared spectrum. However, due to safety reasespgecially the eye’s retina, and
precision on measurements, an alternative is ther-liRRe This technology uses
wavelengths in the range of 1,5 ui.

Bistatic and Monostatic: Coherent Doppler Lidars can be developed by usinigtatic
design. This configuration was tested from grouedels for having accurate wake
measurements in wind farms. However, the simpliatymonostatic configuration
makes this alternative the most suitable for dguialp turbine-mounted lidar purposes.
(Fig. 6).
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Fig. 6: When the transmitted and received signblrs the same axis, it is called
monostatic configuration. The simplicity of thiseahative is the reason that lidars use
it. (Source: By author).

Durability: The durability of lidars is being considered. Atst moment, companies

that provide these apparatuses only warrant tliegyzts for short times (WindCube is
only for one year). This feature should be solvedrder to accomplish the challenge of
providing turbines more reliable and with less O&asks *°

Robustness: Lidar uses rotating parts to direct laser bearhes& components are quite
sensible and more robust lidar configurations sthtel studied. One alternative used by
the company, Catch the Wind Inc, is duplicating tbkescope but results from this

configuration have been still evaluated.

Software: Some lidar (as ZephlR) saves the measurementinldtash disks that is
filled in short times (days). Therefore, this adp@sust be improved as well.
Alternatives could come from saving only indispdaeanformation, compressing it in
a better way, or sending the information to dattens.'’

Continuous Wave (cw) and Pulsed Lidars: There are two types of coherent Doppler
lidars. Their main difference is they use differegthniques to calculate the distance of
target range; cw lidars concentrates the laser lBansing optical lens and by knowing
the physical characteristics of this lens, thedargnge can be calculated. On the other
hand, pulsed lidars calculates the range by cdloglathe time for sending and
receiving the laser beam, and by knowing the spédlde laser beam. Though it could
be a trivial differentiation, fact it is not. A filmer explanation is explained in the next
chapter.
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Chapter III - LIDAR physics

At this point, it is necessary to describe how didechnology works and what its
limitations are. As other remote sensing appliardeslidar must determine two basic
parameters; reliable values for wind speeds aratitmts of those measurements.

Wind Speed:

The first assumption that lidar is based on is thiad speed has the same value as the
small particles in the air, called aerosols. Pol@noplets, smoke, and particles of dust

form these particles. In order to determine thelogity, lidar emits laser beams to the

targeted distance, and detector measures the csdigtiés that aerosols produce by the

heterodyne principle. The frequency of the backeoad signal depends on wind speed
of the aerosols according to the Doppler principle.

The Austrian physic, Christian Andreas Doppler, destrated in 1842 thBoppler
Effect He argued that wave frequency depends on theéveelspeed between receiver
and transmitter. Hence, in the case that the recelges not have any speed, (such as
the lidar unit does), frequency of scattered sigmpend only on the speed of aerosol
particles, and hence wind speeds can be calculdfbeén aerosol particles move fast,
the frequency of backscattered signals (Doppleft)Spriovoked by the laser beams are
higher and vice versa. Hence, by measuring theiénegjes of backscattered signals it is
possible to determine wind speeds.

Fig. 7: According to the Doppler Effect, the freque of scattered signals is
proportional to the speed of particles of the @ie(osols). Lidar apparatus use this
effect in order to measure their speed. (Sourcealior).

Mathematically, the variation of the frequency imettargeted point is calculated
according to the formula:

2Vlos 2Vlos 1
|ov| = v = 1)
A
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Where:

c. Speed of light.

Vios: Velocity measured along the line-of-sight.
v: Laser frequency.

\: Laser wavelength.

The next figure (Fig. 8) represents the basic guméition of lidar. The emitter sends a
laser beam and the Local Oscillator (LO) dividesib two identical beams. One of
them, the transmitted light, is sent to the taggatnt in order to induce return signals
from aerosol particles called scattered signalse ®ther beam is sent by the local
oscillator directly to the detector thanks to tbedl oscillator, in order to compare its
frequency with the backscattered light. This lidanfiguration allows for avoiding
periodic calibrations as cup-anemometers need.

Aerosol particles

Laser .
“Trarpstyi[Etar Local Oscillator
(LO)

(j Laser beam

Reference heam

<<

Backscattered
Detector signal

Fig. 8: The Local Oscillator (LO) divides the lad@#am in two. One of them provokes
the scattered signal at the target point, and ttireepone provides a comparison. By
evaluating both frequencies, it is possible to geiee the wind speed thanks to the

Doppler Effect®

After receiving the analog scattered signal inrfgldetector, it creates an average from
several measurements in order to reduce measuremend and it transforms it into a

digital signal (by using a Fast Fourier TransfofffT). Thus, it is easier to compare
frequencies between the received signal and tleremete laser beam. After knowing

the difference on frequencies, wind veers and shesar be determined.
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Fig. 9: The signal processing is similar for adléirs. The analog signal is transformed
into a digital one. After averaging some measurdstnavoid discrepancies, the
velocity of aerosols is calculated by comparingftieguency of the scattered signal.

Further Considerations:

Atmospheric conditions and wake interactions:

Lidar devices have a tendency to provide wrong mmemsents under unfavorable
atmospheric conditions such as rain, hail or srake. Furthermore, turbine-mounted
lidars have some problems with yaw alignments aimtl wneasurements under wake
interactions from other turbines or on complexams. For these considerations and
other ones, see Lindeléw-Marsdéh.

Cyclops Dilemma:

Wind speed has three crucial parameters that defiee3D vector for the infinite

directions that it can take; u, v and w (see camus black arrows on Fig. 10).
However, a simple lidar unit cannot calculate &lthem. After mounting lidar units in

nacelles, they assume a predominant wind dire¢tior v and w) and therefore, v and
w are equal to zero. Hence, these remote sensiigedeneglect two dimensions of
wind speeds and only measure wind speeds in tleetiin of the velocity along line-

of-sight (Mos) (red dotted arrows on Fig. 10).

In order to have real 3D vectors, it would be neaggto use three interconnected lidars
that would provide measurements from three linesigifits (Mos). To solve this
dilemma with only one unit, a lidar can be adjustedwo different ways in order to
make two different assumptions and/or neglect saind components™
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Fig. 10: Lidar only can measure the wind speedhédirection of the laser beams
directions (or in other words, in thgoydirection). However, it is possible to determine
the wind shear and veer by making some assumptiimgl always flows
perpendicular to the rotor (light blue lines) or mmogeneous flows (dark blue lin&ks).

Not vertical and horizontal wind components

The spotted light-blue lines on the Fig. 10 repnédbe alternative that incorporates
only u wind components (with v and w equal to zerAjter installing the lidar
equipment in the nacelle, it measures the wind ddeng the line-of-sight and it
assumes wind is always flowing with an anglequal to6. Hence, wind direction is
always perpendicular to rotors of wind turbines athdis, wind vector can be
determined.

However, this assumption is an ideal situation bseawind flows in other directions
ando is rarely equal t®, especially in complex terrains. Furthermore, ighér values
of 0, the u wind speed component is very sensitivadpadlities betweef andg, which

it leads to an increase in the number of measurearasrs.

The next figure (Fig. 11) shows the relation betmvdee anglé from the x axis with the
wind speed measured. After increasing the afidiler same wind speeds (blue lines),
the collected data contains severe errors. Aftaluawing the lidar at different angles, it
is possible to conclude for angles greater thadetiFees wind measurements should be
regarded with caution due to the high frequencgrodrs.
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Measurement Angle Errors
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Fig. 11: For values ofd higher than 45 degrees, measurements are not telamough.
It is demonstrated that the best angles are betvi®eand 30 degree¥’

Nevertheless, this configuration is very convenidéot pitch control because it
determine wind shears and therefore, the mosttaféeangle of attack for the blades
can be determined and set. This allows higher gnprgductions from the generator
but, more importantly, load reductions for the camgnts of wind turbines.

Not vertical component and homogenous flow:

Under this assumption, (spotted dark-blue arrowstlmn Fig. 10) lidar interprets
homogeneous flows along the spatial resolution ésaimd shear). By measuring winds
along the lines-of-signs and under the assumphliahthere is a uniform wind speed, it
is possible to determine the angle between theavid the horizontal windpj. Hence,
lidar obtains the wind direction or veer. This preenof neglecting wind shears is the
best one for calculating direction changes and, thligning the yaw control is possible.

However, this assumption that wind flows constaatlyng the entire scanned area can
be considered only reliable when there are not nvaalye interactions or under small
wind shear conditions. In addition, it must be ced that wind speed is usually affected
by height and therefore, the real wind speed ahtbker point of the scanned areas is
generally stronger than at lower points.
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In order to mitigate this error, the scanned aceasbe divided into several layers, and
then, assuming constant wind flows (see Fig. %2).

Layer 1

Layer 2

Layer 3

Tty

Layer 4

Fig. 12: Wind is related to height. In order to neakore realistic assumptions, the
scanned area is divided into several layers whergesupposed there are homogeneous
flows in order to determine the yaw misalignment (Source: By author).

These assumptions for measuring wind shears amjeban the wind direction, though
different, are not exclusive. Turbine-mounted Iglean be adjusted as a combination of
both interpretations and they can determine wirgashat high frequencies for the pitch
control, and changes in the wind direction at loggtiencies for misalignments of rotor
blades. Hence, only one lidar unit can optimizd&ezitpitch or yaw control of wind
turbines.

On other words, using high frequencies for detemmginvind shears means most of the
time is employed for that purpose. On the othedhahanges in the wind direction are
determined by using the lidar device at low freques or short intervals of time. This
configuration is brilliant since lidar is predomirtaadjusted for calculating wind shears
and hence, the consequences of wind gusts are rp@dm
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Location of wind measurements:

As it has been mentioned before, the second valugefiable measurements of remote
sensing appliances consists on determining theitocaf aerosol particles. There are
two ways: by focusing laser beams by optical pples (cw lidars), and by multiplying
the time of the back-scattered signal times theedpd light in order to calculate the
distance of the targeted area (pulsed lidars).

Continuous Wave Wind Lidar (cw lidar)

As its name indicates, cw lidars project a contusiutaser beam to the targeted distance
and makes complete rotations in order to collectdvwepeeds at different angles. Thus,
lidar is continuously emitting and receiving sigg)adnd more than one hundred data
can be collected per revolution. This spatial aunfation for cw lidars is called
Velocity Azimuth Display (VAD).

Another important singularity of cw lidars is tlthey use optical lens to focus the laser
beam at the target area. By physic-optic princidiss of cw lidars adjust the distance
where the laser beam is concentrated accordingetéormula (2). This equation shows
the relation among the distances where beam isé&atand the focal length of leng.(f

11 1 ,
7 = (2)

In accordance with the Lorentzian distribution, Rayleigh length (g) characterizes
the dimensions of the laser beam called Full Widdif Maximum (FWHM). Hence,
for the ideal cw lidar, it is demonstrated the libnde is 24 at the point of the optical
fiber. Rayleigh length (&) is calculated by the formula (3), where; ¥ the smallest
radio of the laser beam in the optical fiber anid the wavelength of the emitted laser
beam.

W3

Zp=— 3)

However, laser beam must be amplified by the optes in order to reach the target
area. The reliability of cw lidars depends on thege weighting. Thus, for longer
distances, the laser beam will be concentratedspage called, “Volume Depth”, and
its dimension will be affected by the focal poiRt)(
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Volume Depth

LIDAR

Optical Fiber

F F

Target Area

Fig. 13: Lens of cw lidars concentrates the laseafn at the target point with the
optical lens. At that range, F’ is much bigger thaigF’ >> F), and Volume Depth is
defined by the mathematical equations called FudltivHalf maximum (FWHM3?

At that point, the Rayleigh length is 2Zand it is defined by the formula (4). Where M
is the “magnification” of the laser beam andWs the radio of the laser beam at the
target point. Equations (5) and (6).

27} = M? - 27, (4)
f

M = 5

JFE - >+ Z3 ©

Wour (F') =M - W, (6)

In the target area, the laser beam is concentretede Fig. 14 is represented the
dimensions of the volume depth. When the target &rgery far away, the size of the
volume depth increases exponentially and dataatellieare not reliable enough.

Volume Depth

\/E Waul

| <l |

Fig. 14: FWHM for cw lidars at the target point2Z'r. In this place, the laser induces
a backscattered signal produced by the aerosoliglas. Measuring the change in the
frequency due to the Doppler Effect is possiblegei@rmine the speed in the line-of-

sight (Mos). 2°
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As it was mentioned, dimensions of volume deptheddpon the longitude of focal
point (F). Hence, if laser beam is focused far aW@&’), subsequently the “Volume
Depth” is too big, and wind profile would vary tamuch for achieving reliable
measurements.

To illustrate how this error is related to wind me@ments is shown the Fig. 15. For
same actual wind speeds (the blue line), lidar aewdollets different wind speeds
depending of the focal distance (F) of lens. Fghbr focus distances, data measured
are much rough, that it means higher errors. Hetfoe, minimum and maximum
distance for cw lidars is around 10 and 200 metspectively.

Range Weighting Errors
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Fig. 15: For cw lidars, errors in measurements aetated to the distance of the
focal distance. When the focal distance is shevtlidar is very accurate.
However, when it is increased the range weightuiodned meters, the
reliability of these devices is very po

Furthermore, under low clouds conditions (evenlauds are far above of the focus
distance), laser beams are susceptible to converggher additional points which
contaminate the “authentic” backscattered signal. this reason, cw lidars use an
algorithm to solve this difficulty by using backgimd measurement&
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Combining both imperfections

Though the range weighting and the “Cyclops dylefea’wind lidars can be measured
separately, in reality measurements of cw lidamstalo a combination of both errors.
Nevertheless, for high angles the angular error is the predominant. @mther hand,
for small 6 angles and large focal distances, the range weg@ht the major
consideration for the collected information.

Fig. 16 shows the importance ialue for four different focal distances (FAZ / sin
0) of lidar lens. For higl® angles, the geometrical error is much bigger trearge
weighting and vice versa.

Measurement Errors vs. Angle and Range

] Measurement Scenario
| =—aZ =1575m | 70 - . - T
: : ; : : I"—32=315m i
AZ=A7.25m || a0t ~*
\ ——7=63m o
10 === Scaled tan(6) sol e

RMS Measurement Error (m/s)

! - i i i
Q0 70 60 50 40 30 20 10
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Fig. 16: The combination of the Cyclops Dilemma eamibe weighting is shown. For
high focal distances and low angles, the predontiearor is the first?
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Pulsed Wind Lidar

After the improvements on the fiber laser technglag the late of 1990’s, modern
pulsed lidars did not use any more the solid-staser's technology that was less
reliable, higher power consumption, bigger and Wigy. Fiber lidars utilizes fiber

amplifiers to augment low power pulses, and on¢hef most interesting features of
them that they are easily adjustable and morelielia a vibrating environment such as
wind turbines’ nacelle are.

The principle of the pulsed wind lidar is simpléh€ly transmit a rhythmical coherent
laser beams called pulses. The total resolutiothede devices depends on the spatial
longitude of the laser beanr [m] and on the distance between beapdm] (Fig. 18).
The Pulse Repetition Frequency (PRF) should beigls d&s possible, but it cannot
exceed a maximum in order to avoid ambiguity betwbackscattered signals. This
maximum value is depending on the time that thaadigeeds (1/PRF) for travelling a
round trip from the lidar to the target point. Téfere, for far away distance ranges, it
should be necessary fewer pulsed repetition frezjasn

Thus, after sending a pulse, laser beam provokeksbattered signals that lidar’s

detector receives. By associating the beam emittedsignal received, and the time-of-
flight of the laser pulsed, it is possible to detere the target distance.

S L&
AP\N.

Target Area

Fig. 17: Pulsed lidars send rhythmical laser beamsduce a backscattered signal of

the particles at the target area. After receivihg treturn signal in a few microseconds,

lidar emits another pulse. Due to velocity of sign@elocity of light), frequency is high
enough for having reliable measurements. (Sourgealghor).

Once it has sent the sequence of beams, the pfisicap rotates (usually an azimuth
angle of 90°) and starts again emitting new streaises. A full rotation takes more
time than cw lidars (approximately 6 seconds). Tépsatial configuration typical of
pulsed lidars is called Doppler Beam Swinging (DBS)

By mathematical and physic principles, it is pokestio determine the Full Width Half
Maximum (FWHM) for pulsed lidars. Some authors hdaeenonstrated that this value
iIs 0.95*AZ, whereAZ is the effective radial sounding volume size (sge (7)). This
space combines the beam pulse length and the ckststween pulses, but it does not
depend on the range distance between target adelgdan Hence, measurement errors
are constant along the range distafite.
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c 7T

— 2
= /Erf(T/th) ™

Where:

c: Speed of light.

7. Time between beams.
Erf: Gauss error function.
t,: Time of pulse duration.

The operations of these devices make them verykingor the wind power industry
with longer ranges. The range distance of seconérgéons of pulsed lidar is several
kilometers (much higher than the 200 meters ofidar$). In addition, due to the spatial
configuration that pulsed lidars are based, itossible to determine simultaneously
wind speeds at different distances. Thus, pulsiatdican measure wind speeds either
near points or far away distances.

However, due to pulsed lidar's principle, the miomn distance for accurate
measurements is limited by the spatial longitud¢heflaser beamr (m) (around 40
meters). Furthermore, the frequency resolutiortedlto the pulsed lidars is not the best
appropriate for calculating wind distribution width

Fig. 18: Pulsed lidars send stream of laser pulses} for the backscattered signal and
then the prism rotates 90 degrees for sending anaét of beams. Furthermore, this
configuration makes possible measuring wind spaedgferent distances. This feature
is very convenient for measuring wind evolutidfs.

After describing the physical principles that pdldielars are based on, it is important to
emphasize there are not any technical obstaclastoiss them for accomplishing a
turbine-mounted lidar purposes. Furthermore, thssipdity of having simultaneous
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range measurements could be a significant comyeetdidvantage to induce better
technical solutions’’

ContinuousWave Vs Pulsed Lidars

Though the commercial Doppler wind lidars are basedimilar physic principles, cw
and pulsed lidars have remarkable differences lasvidable shows:

CW LIDAR PULSED LIDAR
Optical convergence of | Measuring the time-of-
Principle P 9 flight of the backscattered
laser beams. :
signal.
Limitations L!mlted by the hyperfocal | Limited by Ar and the
distance of lens. power of the laser.
Range distance From 10 to few hundred From 40 to 2.000 meters.
meters.
Simultaneous range
measurements One. Up to 10 or more.
Measurements are
Low clouds susceptible _under low Not applicable.
clouds or mist weather
conditions.
SEEITILE] VAD DBS
configuration

Table 1: The differences between cw lidars andgullglars. (Source: By author).

A comparison between the performances of CW ansepulidar can be represented on
Fig. 19. Latest is not dependent of the distantoe $mall variations of the blue line are
due to simulation imperfections). On the other haheé measurement errors of CW
lidars increase with the range due to focus digtasdarther as it was explained before.
It is possible to observe also that for an apprexenrange of 135 meters, the Root
Mean Square (RMS) measurement error for cw lidaepfdr) and pulsed lidar

(Windcube) is the same. Therefore, at that rangdie ltar devices have the same error.
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CW and Pulsed Lidar Errer Comparisen
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Fig 19: Errors in cw lidars depends on the distametween the lidar and the focal
distance (range). However, pulsed lidars are nég@ed and they can measure wind
speeds at far distance's.

One of the most remarkable differences between apgaratus is the possibility that
pulsed lidars have for collecting wind measuremattdifferent ranges. Thus, the
algorithm for controlling the wind evolution woule a priori more reliable.
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Chapter IV- Commercial lidars available

Reliability of cw lidars reached in the past yearsl their sooner development meant
many of prestigious research centers (for instaRtsg National Laboratory or NREL)
started to investigate them. Thus, the first repogtated to turbine-mounted lidars and
wind measurements from nacelles employed pulsadslid

Nevertheless, pulsed lidars started having goodopeance and the paradigm that
“they are not suitable to operate in nacelles’tsthto be questioned. Companies from
Europe and America began to develop pulsed lidad public research centers
validated their results. The Stuttgart UniversiBe(many) carried out one of the most
interesting projects but it was not the only onees&irch centers that had tried
continuous technology started to focus on pulseaiiseas well.

Due to this new trend, and the singularity thaha& moment there are more pulsed than
continuous lidars, could be the starting of a tewgeof using pulsed technology for
turbine-mounted lidars. Before making any conclasibis indispensable to review the
available commercial lidars.

The next table summarizes the commercial lidarslaa in the market. It must be
emphasized most of them are based on pulsed consrlidars. In addition, only a few
of them were of them were designed specifically tbe wind power industry
(WindCube, Galion, Vindicator and ZephlR) and itess these ones are better
positioned to accomplish the requirements of tiebimounted lidars.

Lidar Wind Technologies USA and France WindCube Pulsed 40- 200
SgurrEnergy UK Galion Lidar Pulsed 40-250 or 80-4.000
Catch The Wind Inc. USA Vindicator Pulsed 50- 300
Natural Power UK QinetiQZephlR CcwW 10-200/300
Lockheed Martin USA WindTracer Pulsed 500-5000
Mitsubishi Electrics Japan LR-05FC series Pulsed 30- 1500
Michigan Aerospace Corp. USA N/A Pulsed 40-20.000
Pentalum Technologies Israel SpiDAR Pulsed N/A

Table 2: The first trials for developing a turbin@unted lidar were made by using the
cw lidar, QinetiQ ZephlR. However, currently maegearches are proving the pulsed
lidar. (Source: By author).

Lidar Wind Technologies

NRG Systems and Leosphere are partners to comnegcthis pulsed lidar, called
Windcube. Leosphere (France) developed this litk@nks to the collaboration of
ONERA (Office National d’Etudes et Recherches Apaimles). On the other hand,
NRG Systems (USA) is a company that was focusedvioml measurements and
equipment for turbine control.
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This lidar is one of the most used by the Europgawersities (University of Stuttgart,
Technical University of Denmark) for research pwgm There are available seven
versions with different characteristics depending the range distances, number
measurements heights, or data frequency. Its jwiasund 180.000 $829303!

Sgurr Energy

After a joint-venture in 2010, SgurrEnergy is tlemewable brand of a large energy
engineering company called Wood Group. SgurrEngrgy founded in 2002 and it is
headquartered in Glasgow (Scotland). Currentlyy theld offices in India, China,
Europe and America.

Their star product is the Galion Lidar launche@@®8. This pulsed lidar is presented to
the market as “second generation lidar” which mdarger range distances and more
number of measurement heights (up to 100). Recgeihthas been tested by DTU as
well and its price is around 150.000°€33

Catch The Wind Inc.

Catch The Wind (CWL) is an American company essdigd in 2008 being a
subsidiary of Optical Air Data Systems (OADS), ghhtech company in fiber-optic
lasers. CWL is responsible for commercialize thiseu lidar, Vindicator. Their lidar,
Vindicator, is expected to cost around $95,360.

This lidar unit has been used for wind measurerfremt ground levels, from nacelles
of wind turbines and recently, from buoys for ofish locations thank to their
collaboration with AXYS Technology Iné

Among other partnerships with other companies angie research centers, it should
be emphasized their relationship with the NatioR&inewable Energy Laboratory
(NREL) in 2009 to investigate lidar applicationsdatheir collaborative research with
Gamesa for improving the turbine-mounted lidar emc®®’

Furthermore, they have been pioneers on integréitiag units into the control system
of wind turbines. In the summer and in Decembel02@iey incorporated the lidar into
the power system of a V82 turbine (Nebraska, US) anNordex N-60 (Alberta,
Canada) respectively. By faster yawing to the weeds, they argue it is possible to
increase the energy around 14% and up 83% loadtieds.* *°
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Natural Power Group

This Scottish renewable energy consultancy is adihgl that includes several
subsidiaries such as; SeaRoc for the offshore rablevenergy field, and re-consult for
site prospecting projects. Natural Power purchase@007 an exclusive license to
market the lidar developed by QinetiQ, a Britisigitech company for the defense
field.

This ZephIR lidar is based on the continuous-waahrology and it was designed to
fill the needs of the wind industry. It was thesticommercial lidar available in the
market, and this advantageous position made pestibl it was the first unit for the
turbine-mounted concept. However, after the lausfcpulsed lidars, it is having many
competitors. Its prize is very similar to the otbees and it is around 125.000 €.

Others

Lockheed Martin

This firm arose in 1995 after the merging betweeckheed Corporation and Martin
Marietta Corporation, two important technologiesnpanies. At this moment, their
portfolio is a wide combination of products andvesgs related to radars systems,
defense, energy, air traffic, or space exploration.

Their pulsed lidar is WindTracer, and it is used rfiteasuring wakes at airports, wind
resource assessments for industrial applicatiorwimd industry and meteorological
researches.

Mitsubishi Electric

Mitsubishi Electric was established in 1921 in Kobapan, for manufacturing electric
motors for vessels. Their growth is linked to trevelopment of Japan, and currently
the firm offers a wide gamma of technologic produict 35 countries thanks to their
100.000 employees.

In 2005, Mitsubishi manufactured the LR-O5FC lidaries. They are based on fiber
optical components and their capability for measyrwinds speeds could have
additional applications in the automotive industry.

Michigan Aerospace Corp. (MAC)

Engineering company that provides optical and eopézhanical products, related to
wind measurements. The firm was created in 1996otamercialize the technology
developed in the University of Michigan. Recentllyey have opened offices in Los
Angeles, Phoenix, and Berkeley.
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Furthermore, they support two ground LIDAR in Hawaid New Hampshire. Their
products are specialized for industries such asegpaft, aircraft, high-altitude balloon
platforms and marine environments.

Pentalum Technologies

According to their website, this Israeli compang\des a pulsed lidar called SpiDAR.
In December 2010, ABB (Asea Brown Boveri) announaednvestment on the firm to
exploit the pending patent to remote sensing ofdwiklowever, the information
available at this moment is very fetf**
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Chapter V - Conclusions

In the beginning of the twenty-first century, theerest of building turbine-mounted
lidars has considerably increased because lidantdogy has greatly improved and it
has been possible to reduce its costs. From amostoal perspective, this concept is
having much acceptation because the possibilityedéicing loads in the turbines and
producing higher energy output make this concepty vateresting for the wind
industry.

The first researches on this field only consideredtinuous wave lidars because they
were the most developed apparatus and it seemsddolidlars could not accomplish the
requirements for installing them in nacelles. Hoare\pulsed lidars have considerably
improved and even they could take this promisingketa

One evidence of these conclusions can be founddeimarket. Currently, most of the
commercial coherent doppler lidars use the pulssthnology. Furthermore, the
research centers that investigated only continweaxse lidars have starting to develop
turbine-mounted lidars by testing pulsed lidars.

From the technical perspective, pulsed lidars haoethe typical limitations of cw
lidars, such as limited ranges or only one measenérsets. The singularity of pulsed
lidars converts them more appropriate for longestasices and furthermore, for
collecting measurements at different levels.

However, there are many works ahead. The marketurine-mounted lidar needs
apparatuses more robustness and autonomous, bettggurations to integrate them
into to the power control, and algorithms moreatelie.

It is hard to predict the future. However, it loadlear it will necessary to build wind
turbines with better performances and lidars irgtgt into the power control, and more
specifically pulsed lidars, could be fill this need
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Annex A

Laser Doppler Anemometry (LDA) — Heterodyne Principle.

The basic functionality of the Laser Doppler Anenabtm (also known as Laser
Doppler Velocimetry (LCV)) is represented in thg F21. The laser beam is generated
by the emitter (1) and is split it in two beams ¢2pqual intensity.

The beams converge at the target area (7) thankketmptical lens (6). The light
deflected backwards from target area (7) from tiheoene particles (aerosols) due to
the heterodyne principle. The backscattered sigreases the lens (6) onto the inclined
mirrors (8) and (9). Then, the light crosses thes1€L0) and it is converged to a tiny
aperture (11) where the photo-detector (12) analyize information received.

Fig. 20: A sectional perspective of a Laser Dopgleemometry (LDA). The laser beam
is divided in two equals and they converge in apmi order to create a backscattered
signal by the Heterodyne Principle.

The technique that combines two frequencies inromalgroduce a new frequency is
called the heterodyne principle. The two split tadseams intersect at the point (7) with
an angle [f) with a wavelengthvj. According to the Doppler Effect, the wavelength
the scattered light] depends on the relative wind speed at that p(Htg. 21).
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\

Fig. 22: The two beams focus on the target poit mwake up a triangle. Knowing the
parametersy anda (equal top), by trigonometric principles, it is possible tetdrmine
the wavelength of the scattered ligh (

Therefore, the wavelength of the scattered lightc&n be calculated by trigonometric
principles and the result is;

\Y%

§=——
2 sin(B/Z) (8)

Therefore, in order to calculate the speed of line fat that point (\s), it IS necessary
to multiply the frequency of the backscattered aign) times the wavelength of that
light (3).

g Vv

Vies =0+ 6= ———
T 2an By (9)

It must be noticed the similarity of this formulaithv the principles used in the

continuous wave lidars. Furthermore, as lidarsidis only possible to determine the

wind speed in only one point and it is necessargambine several measurements in
order to have 3D wind speeds.
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