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Windar Photonics
Leading manufacturer of cost-efficient remote sensing LiDARs for 

wind turbine optimisation.
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 W  indar Photonics first saw the light  of 
  day in 2008 as a spin-off company from the 
DTU Risø research environment, where the 

basic blueprint for the cost efficient LiDAR tech- 
nology was initially conceived in 2005. In 2014, 
Windar Photonics was established as a PLC in the 
UK and listed on the Stock Exchange of London 
AIM in 2015.

Currently, Windar Photonics has local representa-
tion in the EU, the US, Canada, and China, and 
has installed more than 200 units of the Windar 
Photonics LiDARs around the globe. 

Windar Photonics' LiDARs are permanently installed 
on the nacelle and measure the wind speed and 
wind direction in front of the wind turbine, allowing 
the turbine to adjust according to the oncoming 
wind, hence reducing loads on the wind turbine 
and increasing the energy production. 

The basic feature of all the Windar Photonics Li-
DARs is the ability to measure and correct yaw mis-
alignment, mitigating damaging loads on the turbine, 
while at the same time increasing AEP by 1-4%.

The Windar Photonics LiDARs are moreover able 
to detect various load inducing meteorological phe-
nomena, like gusts, wind shear, wake, and turbu-
lence, which all cause significant wear and tear on 
the turbine. By detecting these various load causes, 
the wind turbine can be further optimised through 
the control system by using the data from the Li-
DAR, resulting in reduced costs associated with 
repairs and maintenance of the asset. Furthermore, 
decreased loads make it feasible to optimise and 
reduce costs associated with turbine construction 
at the design stage.

The LiDARs are designed to be cost-effective, which 
means Windar Photonics can offer LiDARs at about 
80% lower prices than other LiDAR manufacturers.

Windar Photonics

› Load Reductions

›  Detection of wind shear, 
gusts, turbulence, wake, 
and yaw misalignment

› AEP increase by 1-4%

› Cost-efficient
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The WindEYE™ optimises the 
wind turbine by correcting yaw 
misalignment, which can poten-
tially increase the AEP by 1.5% 
to 2% on average – and in some 
cases even by as much as 4%. 
Correcting the yaw misalignment  
will further result in a mitigation 
of damaging loads on the turbine, 
enhancing the lifespan and up-
time of the wind turbine.

To enable the dynamic yaw cor-
rection feature of the WindEYE™, 
the LiDAR needs to be integrated 
with the wind turbine controller at 
the design stage; alternatively, the 

WindEYE™ can be integrated 
by means of the WindTIMIZER 
or the Windar Photonics retrofit 
control system.

The AEP increase provides a 
fast return of investment within 
12-36 months – depending on lo-
cal energy tariffs, while the load  
reductions ensure that the assets 
are stable producers for years  
to come.

Gain more power

Most turbines have some degree of yaw misalign-
ment, which results in the turbine being subject to 
potentially damaging loads and a sub-optimal ener-
gy production. Normally, the wind sensors measure 
the wind at the turbine itself, which results in the 
measurements being affected by the distortion of 
the wind flow caused by the turbine itself. As such, 
the ordinary wind sensors constitute a reactive sys-
tem that accounts for the wind after it has passed.

The Windar Photonics LiDAR on the other hand, is 
a wind sensor that actively measures 80m in front of 
the turbine. These measurements form the basis for 
the calculations the system performs, which can be 
used to predict the wind speed and wind direction. 
These measurements and calculations can thus be 
supplied to the wind turbine controller, making it 

possible for the turbine to adjust according to the 
oncoming wind. Since the LiDAR measures con-
tinuously, it is possible to continuously adjust any 
potential yaw misalignment as well.

Yaw Correction
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Turbulence is an unavoidable meteorological factor 
caused by the processes of the atmosphere, which 
can be hard to predict in relation to the optimal 
operation of a wind turbine.

Turbulence intensity can be derived from the Li-
DAR’s measurements, which is calculated as the 
standard deviation from the mean measurement of a 
signal. As such, the system can derive the intensity 
factor from each beam or average out the intensity 
factor for both beams.

Utilising complex algorithms, 
the LiDAR is able to detect 
turbulence and store the data 
for later analysis. The data, 
along with a LiDAR speci- 
fic guideline concerning the 
processing and analysis of 
the data, can provide a basis 
for further load-optimisation 
of the turbine by the wind 
turbine owner.

The phenomenon of wind shear 
occurs when the wind speed 
varies significantly at different 
altitudes, causing the wind tur-
bine rotor to be subject to vastly 
different oncoming wind speeds, 
which will cause even more strain 
on the turbine in general and 
specifically on the rotor and the 
gearbox.

Due to the WindVISION™ sys-
tem’s ability to measure the wind 

speed at various altitudes, the sys-
tem is able to detect wind shear, 
which can subsequently be cor-
rected through the turbine's con-
troller. Ultimately, the wind shear 
detection gives the wind turbine 
owner the option to significantly 
reduce the loads on the turbine 
associated with wind shear.

Turbulence Detection

Shear Detection
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Gusts are essentially substantial 
variations in wind speed, where 
the wind speed suddenly in-
creases before reaching the tur-

bine. The problem occurs when 
the sped up wind reaches the 
turbine, which causes the rotor 
to go into over-spin, resulting in 
both increased loads on the tur-
bine and causing the power pro-
duction to spike above the rated 
level – essentially losing the extra 
energy from the over-spin.

Furthermore, gust detection can 
help enhance the energy pro-
duction in low wind areas, where 
the energy production typically 
benefits from turbines with an 
extended rotor diameter. The 
gust detection will allow for an 
extended rotor diameter along 
with the possibility of saving on 

tower construction costs, as the 
turbine will be subject to signifi-
cantly reduced loads.

All the Windar Photonics LiDARs 
can perform gust detection, re-
cording the data for later loads 
optimisation. If the WindEYE™ 
is used in conjunction with the 
Windar Photonics retrofit control 
system, or integrated from the 
design stage of the turbine, the 
WindEYE™ will be able to use 
its anticipatory pitch function that 
allows the turbine to pitch prior 
to the gust reaching the turbine, 
effectively mitigating the power 
spike and the increase in loads.

Wake situations can be caused by several condi-
tions relating to the wind turbine’s environment – 
including natural topographical obstacles. In a wind 
farm, wake is mostly caused by the distortion of the 
wind flow from nearby wind turbines.

If the LiDAR is installed on a turbine that is being 
affected by wake, the measurements will not be 
representative of the de facto wind speed and wind 
direction, and hence the turbine will not be able to 
adjust correctly in relation to the wind, resulting in 
a loss of power and increased loads on the turbine. 

To prevent the consequences of a turbine being 
subject to wake situations, the LiDAR is able to 
detect wake situations and prevent the turbine from 
adjusting according to the faulty measurements.

The LiDAR measures wake by tracking the changes 
in the signal shape between the beams over time, 
which allows the system to detect homogeneity. If 
there is a difference from one beam to the other, 
then the flow is not homogeneous and there will be 
a potential wake situation.

Wake Detection

Gusts Detection
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 O  ur wind sensor mea- 
  sures the wind by using 
  laser light. The princi-

ple known as LiDAR was in-
vented in the 1960s. We have 

fine-tuned the technology and 
replaced expensive light sources 

with a much more affordable laser, 
which allows Windar Photonics to 

offer our customers an inexpensive 
and cost-effective LiDAR system.

A wind LiDAR relies on the Doppler 
effect – a slight change in the frequen-

cy of the backscattered light – caused 
by moving air-borne particles passing 

through the laser beam’s focus in the 
atmosphere.

The Doppler frequency shift gives direct 
information of the wind speed component 

along the line-of-sight of the beam. Due to 
ultra-low power levels of typical backscatter 

(in the order of 1 part in ~100 billion of the 
transmitted laser power) associated with the 

lower atmospheric boundary layer, a very sen-
sitive optical detection scheme and a relatively 

high power, narrow-line width laser has to be em-
ployed. The most widely used scheme to extract 

Doppler shift information is the so-called “optical 
heterodyne detection”.

Windar Photonics’  
cost efficient LiDAR  

Technology explained
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For commercial wind LiDARs, strin-
gent eye-safety requirements have led 
to the preference for lasers operating 
near the 1532 nm wavelength. A review of 
the existing wind LiDAR products will show 
that they employ expensive 
fiber laser and/or fib-
er amplifier technol-
ogies to achieve the 
required laser output pow-
er and linewidth at 1550 nm operation.

A previous study has found that up to 25% 
of the total system cost can be attributed to 
such laser sources alone. Windar Photonics‘ aim 
is to deliver cost efficient LiDAR systems for wind 
velocity sensing by using more affordable and com-
pact lasers (at 1550 nm), which in conjunction with 

the other parts of the system provides the cus-
tomer with an affordable, durable, and well-tested  
LiDAR solution 

Measurement geometry
1 laser switching beam every 0.5s. Laser sampling 
at 150MHz. After FFT sampling of 36Hz – 18 mea- 
surements on each beam. First and last spectrum 
taken out due to possible beam switching delays. 
16 remaining spectra averaged on each beam to 
produce 1Hz data.

Max wind speed ~30 m/s – design choice in the 
FFT to keep a good balance between range and 
resolution (0.11m/s).
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No influence of the 
out-axis position on 
the measurements

Wind Speeds and 
Direction Derivation

Axial component :

w = Ⅴlos1 + Vlos2 
2cos(ɑ)

Line Of Sight Relation under  
homogeneous flow:

Ⅴlos1,2 = w cos(ɑ) ± 𝒖 sin(ɑ)

Lateral component :

u = Ⅴlos2 - Vlos1 
2sin(ɑ)

Incoming Wind Speed:

Ⅴ = √u 2 + w 2 

Relative Wind Direction ~ 
Misalignment:

u
w𝝋 = tan⁻1 (    )
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UNITED 
POWER – 3MW

SINOVEL – 1.5MW

CLIPPER – 
2.5MW

LAGERWEY – 
0.9MW

WINDEY – 0.75MW

DONGQI – 1.5MW

REFERENCES

GE – 1. 5MW, 
1.7MW, 2.75MW

ENVISION – 
3.6MW, 4MW

GAMESA – 2MW

VESTAS – V47, 
V66, V80, V82, 
V90, V100, V112 

SIEMENS –  
2.3MW, 3MW, 3.6MW, 
4MW, 6MW

SENVION – 2MW

NORDEX – N90

SUZLON – 2.1MW

NEG-MICON – 
0.6MW, 1.65MW

REFFERENCES
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ENVISION 3.6MW

VESTAS V80 2MW

VESTAS V66 1.65MW

NEG MICON NM82 1.5MW

GAMESA G80 2MW

VESTAS V100 1.8MW

GE 1.5MW

GAMESA G87 2MW

NORDEX N90 2.5MW

GE 1.5MW

GE 1.5MW
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 In the early days of wind turbine 
technology, cup anemometers 
and wind vanes were standard 

meteorological measuring equip-
ment for wind turbines. Howev-
er, mechanical anemometry had 
some setbacks when it came to 
O&M. Bearings would fail or very 
cold conditions could have impact 
on the wind measurements for the 
turbine controller resulting in tur-
bine downtime. Enter the ultrason-
ic wind sensor.

Ultrasonic wind sensors were 
slowly introduced to the industry 
and started to gain acceptance 
around 2000. It was thought that 
by having no moving parts you 

would eliminate turbine visits and 
increase wind turbine uptime. For 
the most part this is quite true.

However, both of these methods 
for measuring wind speed and di-
rection have some inherent chal-
lenges in doing their job well. Two 
of the main reasons for this are 
the difficulty in measuring behind 
a turning rotor and proper wind 
sensor alignment.

Industry standards
OEMs calculate wind direction 
and wind speed off-sets (+ a safe-
ty margin for calculation error) for 
a given turbine and program this 

Natural 
Evolution?

into the turbine controller. This is 
done to account for rotor wake 
effect. So the question is, what is 
the real wind speed and direction 
in front of the rotor where wind 
measurements effect the power 
curve the most?

Why is it that all wind turbine 
supply contracts reference IEC 
61400-12 as the basis for any 
power curve measurement? This 
industry accepted practice mea- 
sures wind speed and direction 
via a met mast erected in front 
of the wind turbine and not from 
the nacelle mounted anemome-
try. The spirit of IEC 61400-12 
is to establish a standard by 
which all wind turbines are to 
be measured. But why not just 
measure using the turbines met 
equipment? Accuracy and vari-
ance are the reasons. Thus the 
justification for the IEC standard.

Manufacturers of both mechani-
cal and ultrasonic sensors rely on 
the wind turbine OEM to create 
and publish the alignment method 
for their sensors for the specific 
turbine. The challenge the OEM 
faces is the great degree of var-
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iance in this alignment procedure. With thousands 
of wind turbines installed, it is virtually impossible to 
ensure good alignment across a park, much less a 
fleet of a particular turbine model. 

Measuring in front of the turbine
Measuring behind the rotor will always be a chal-
lenge for both mechanical and ultrasonic anemom-
etry. In fact, measuring wind conditions in front of 
the rotor will continue to be the best way to ensure 
measurement accuracy while keeping variability  
in check.

Every stakeholder in a wind turbine project, especially 
operators and asset managers, should consider both 
sensor offsets and alignment every time the wind 
turbine stops down on an alarm. Any alarm that has 
a direct line to the wind sensors is suspect i.e. wind 
sensor fault, sensor mismatches, wind speed too 
high. Alarms with a dotted line to the wind sensors 
i.e. gen over speed, yaw 
hydraulic faults, and 
vibrations could also 
turn out to be false 
positives.

My question to the wind indus-
try is this: Is there a more accurate 
way to measure wind speed and direc-
tion? Why not get the real picture in front 
of the rotor? Better yet, why not give the 
turbine controller time to adjust the actual 
wind speed and direction. Why does my wind 
sensor only give me wind speed and direc-
tion information? Why can’t it detect real time 
turbulence, park wake effects, and wind shear 
too and then feed it to my controller? 

The contribution of the mechanical and ultrasonic 
sensor to the wind industry cannot be understated. 
They have done their job in the most diverse 
conditions on the planet. But with the OEM 
wind turbine technology cycle shrinking and 

new turbines and variants being released every 12-
18 months, why isn’t the most important aspect of 
wind turbine operation evolving with it? Sure, there 
are improved models of existing wind sensors but 
as an industry we are still facing a great deal of 
measurement uncertainty while continuing to meas-
ure the wind resource behind the rotor. Isn’t it time 
for a paradigm shift?

In conclusion, wind turbine operational revenue 
starts with wind measurement. With affordable na-
celle mounted LiDAR measurement available today, 
operators can eliminate rotor offset tables and min-
imise alignment variation. Nacelle mounted LiDAR 
may be slow on the on-ramp to industry acceptance 
much like the ultrasonic sensor, but it is proving itself 
day after day as the next step in the evolution of 
wind turbine wind measurement. 
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 Demystifying LiDAR  optimisation
We have previously described how Windar Photonics’ LiDAR tech-

nology can be applied to help reduce yaw misalignment and dam-

aging loads, resulting in a general increase in energy production. 

In this article, we would like to go a little beyond the bare basics of 

how we apply our LiDARs and further into the details concerning 

how we conduct our wind turbine optimisation. We hope this will 

help clarify and demystify the optimisation process involving the 

Windar Photonics LiDARs.

T he present case is what 
we consider a “standard” 
case; the case does not 

represent our most spectacular 
results, but more of an average 
scenario, where the asset owner 
can still reap a significant reward 
for utilising Windar Photonics' Li-
DAR technology.

We offer our clients the option 
of having their turbines dynami- 
cally corrected by integrating 
the LiDAR with the wind turbine 
controller, allowing the LiDAR to 
adjust the yawing of the turbine 
continuously. Before the LiDAR 
is integrated, a static campaign is 
performed to gather the relevant 
data, which can be analysed fur-

ther to present an idea about the 
general degree of misalignment 
and the potential energy produc-
tion that can be derived from a 
dynamically aligned turbine. The 
below case describes how we 
perform the initial measurement 
campaign before the LiDAR is 
integrated with the controller in 
case of retrofit installations; the 
process is of course vastly dif-
ferent for direct integration at the 
design stage of the wind turbine.

The case turbine
The LiDAR was installed on a 
2MW turbine in a Spanish wind 
park that is part of a larger com-
plex consisting of several wind 
farms. Furthermore, the turbine 
where the LiDAR has been in-
stalled is neighbouring on two 
other turbines. The measuring 
campaign was initiated on the 
22nd of July, 2015; the data uti-
lised for this case was gathered 
from the 22nd of July to the 17th 
of September, 2015.
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 Demystifying LiDAR  optimisation
Data collection and data filtering
Two data sources were used for the analysis of 
the turbine: SCADA data from the relevant wind 
turbine supplied by the wind turbine owner, and 
data from the WindEYE™, which includes both the 
physical data from the wind speed and wind direc-
tion measurements, and logging quality statistics 
that describe the occurences where the LiDAR's 
beams were obstructed by the turbine's blades or 
corrupted by environmental influences.

The WindEYE™ measures wind speed and wind 
direction, but the raw data needs to be analysed and 
filtered before anything can be concluded concern-

ing the potential yaw misalignment of the turbine. 
Before the data can be filtered and analysed, it is 
necessary to convert the data of the LiDAR to match 
the temporal resolution of the data from the SCADA 
system to make the two data sets comparable.

The first step of the analysis is to identify and filter 
out observations from the LiDAR and SCADA data, 
where the wind turbine was inactive or disturbed by 
other factors than the natural terrain effects.

Secondly, any potential disturbances from nearby 
turbines that might affect the measurements from 
the LiDAR are filtered out. The turbine where the 

LiDAR mounted atop the nacelle
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LiDAR was installed is situated next to two other 
turbines, which might distort the measurements of 
the LiDAR due to the wake effect. To prevent this, 
the wake sectors are identified and registered in 
regards to the further analysis.

Data availability
Additionally, part of the analysis process is to 
evaluate the data from the LiDAR in terms of data 
availability.

Initially, the uptime (the timespan the LiDAR has 
been operational without hardware failures) of the 
LiDAR is computed. In this particular case, the 
availability of the system was 99.5%, where the 
unavailable information is accounted for due to 
interruptions in the turbine's Internet connection. 
However, the missing data caused by the lack of 
the Internet connection is not completely lost, but 
stored on-site in the system's computer, where it 
can be collected manually.

Secondly, an exploratory analysis of the logged data 
is performed to evaluate the overall quality of the 
data. During this process, potential logging artefacts 
(anomalous data caused by complex environmental 
conditions) are identified. After the analysis, 82% 
of the data was considered “good data” that can 
subsequently be subject to further analysis.

Yaw misalignment estimation
Estimating the potential yaw misalignment is possi-
ble after the data has been filtered for non-opera-
tional conditions and wake situations. The remaining 

Yaw misalignment - Iberdrola 6 / 13

3 Yaw misalignment estimation

In this section we estimate the yaw misalignment for the test wind turbine. Pe-
riods of time corresponding to non-operating conditions and wake situations were
filtered out as explained earlier. Wind data, namely the wind speed estimates
along the two lines-of-sight of the lidar, were averaged over 3 minute intervals as
we assumed that the wind turbine could yaw at such frequency.

The yaw misalignment is here analyzed as a function of the wind speed. The
cut-in wind speed of the G87 turbine being given at 4 m/s and the rated wind
speed at 13 m/s (see Gamesa (2008)), we focused our analysis for estimating the
yaw misalignment within this range of speeds.

Figure 4 and Table 2 present the yaw misalignment results per interval of 1 m/s
from July 22 to September 17. Note that, the mean yaw misalignment for wind
speeds from 4 to 13 m/s is 7.1o and the mean absolute yaw misalignment is esti-
mated at 5.01o.

Figure 4: Estimated yaw misalignment as a function of wind speed before (left plot)
and after dynamic realignment simulation (right plot) of the test the turbine.

www.windarphotonics.com

Figure 1
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3 Yaw misalignment estimation

In this section we estimate the yaw misalignment for the test wind turbine. Pe-
riods of time corresponding to non-operating conditions and wake situations were
filtered out as explained earlier. Wind data, namely the wind speed estimates
along the two lines-of-sight of the lidar, were averaged over 3 minute intervals as
we assumed that the wind turbine could yaw at such frequency.

The yaw misalignment is here analyzed as a function of the wind speed. The
cut-in wind speed of the G87 turbine being given at 4 m/s and the rated wind
speed at 13 m/s (see Gamesa (2008)), we focused our analysis for estimating the
yaw misalignment within this range of speeds.

Figure 4 and Table 2 present the yaw misalignment results per interval of 1 m/s
from July 22 to September 17. Note that, the mean yaw misalignment for wind
speeds from 4 to 13 m/s is 7.1o and the mean absolute yaw misalignment is esti-
mated at 5.01o.

Figure 4: Estimated yaw misalignment as a function of wind speed before (left plot)
and after dynamic realignment simulation (right plot) of the test the turbine.

www.windarphotonics.com

Figure 2
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Power  
production gains
By utilising the previous results, it 
is possible to estimate the poten-
tial wind power production gain 
through the relation between re-
alignment and power production, 
and by utilising a Weibull distribu-
tion (with the relevant parameters 

provided by the wind turbine owner) to estimate the 
probability of the wind speed per bin of 1 m/s.

The result for this particular case was an estimated 
increase of the annual energy production by 1.51%.

In table B we have summarised the results from 
the measurement period. We hope this small look 
behind the scenes has helped demystify the op-
timisation process of the Windar Photonics' Li-
DARs. You are more than welcome to contact us 
through www.windarphotonics.com if you have any 
questions concerning the optimisation process you 
would like to have answered.

Power production gains

By utilizing the previous results, it is possible to estimate the potential wind power production gain 

through the relation between realignment and power production, and by  utilizing a Weibull distribution

(with the relevant parameters provided by the wind turbine owner) to estimate the probability of the 

wind speed per bind of 1 m/s. The result for this particular case was an estimated increase of the annual

energy production by 1.51%.

In Figure XX we have summarized the results from the measurement period. We hope this small look 

behind the scenes have helped demystify the the optimization process of the Windar Photonics' 

LiDARs. You are more than welcome to contact us through www.windarphotonics.com if you have any

questions concerning the optimization process you would like to have answered.

Table B

Power production gains

By utilizing the previous results, it is possible to estimate the potential wind power production gain 
through the relation between realignment and power production, and by  utilizing a Weibull distribution
(with the relevant parameters provided by the wind turbine owner) to estimate the probability of the 
wind speed per bind of 1 m/s. The result for this particular case was an estimated increase of the annual
energy production by 1.51%.

In Figure XX we have summarized the results from the measurement period. We hope this small look 
behind the scenes have helped demystify the the optimization process of the Windar Photonics' 
LiDARs. You are more than welcome to contact us through www.windarphotonics.com if you have any
questions concerning the optimization process you would like to have answered.

wind-data is averaged out in intervals of 3 minutes, 
as the 3 minute interval corresponds to the expected 
yawing frequency of the turbine.

The yaw misalignment is analysed as a function of 
the wind speed; in this particular case, the analysis 
was focused on estimating the yaw alignment within 
a range of wind speeds between 4 m/s and 13 m/s.

In figure 1 the yaw misalignment results are listed 
with an interval of 1 m/s. The absolute mean degree of 
misalignment for the turbine was estimated at 5.01°.

Dynamic correction simulation
The campaign was conducted to determine the in-
itial degree of yaw misalignment. After the initial 
measurement campaign it is an (recommendable) 
option to integrate the LiDAR with the controller, 
which enables the LiDAR to continuously measure 
and correct yaw misalignment. When LiDAR inte-
gration is simulated, we end up with an absolute 
mean misalignment of 4.84°, as shown in figure 2.

The results for both the measuring period and the 
simulation are displayed in table A.

Table A
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Dynamic yaw
misalignment correction

by Windar Photonics
The Danish company Windar Photonics, who was recently listed 

on AIM London Stock Exchange, has developed a fully integrated 

dynamic yaw misalignment correction system.

The problems with the static 
yaw correction method
It is fairly well known that a significant part of the 
currently running wind turbines have yaw misalign-
ment greater than 5 to 10 degrees, which results 
in a continual loss of AEP. Other manufacturers of 
LiDARs and measurement technology have tried 
to remedy this situation by offering a static realign-
ment of the turbine to correct the yaw misalignment, 
usually done by applying an off-set to the turbine 

controller or the legacy anemometry. The off-set 
factor is derived from the data collected through a 
measurement campaign of variable length involv-
ing LiDAR or sonar technology. This method has 
been proven to work and will result in an average 
increase of AEP. However, there are three issues 
with this method:

1.  Both the correction off-set and the projected hy-
pothetical AEP increase are based on past meas-

Not measuring correctly can be a costly affair
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urement results, collected over a finite period of 
time. As it stands, there is currently no conclusive 
evidence as for how long the projected increase in 
AEP is valid from these measurement results, as 
the past measurement results do not necessarily 
correlate accurately with the actual and future 
meteorological conditions at the wind turbine site. 
As such, the correction and thus the hypothetical 
AEP increase could be valid for only a week, a 
month, or maybe only a few days, but nobody 
knows for sure.

2.  The measurement period involved in the static 
correction method, as mentioned above, is based 
on a finite period of time, oftentimes only 1 to 3 
weeks. It is by no means guaranteed that this is 
adequate and that it will include the necessary 
data for all wind bins, or even include enough 
data in general, to calculate a representative av-
erage for the correction of the turbine.

3.  The average yaw correction degree calculated 
from the measurement results is applied to all 
the wind bins, even though the wind industry 
is well aware this is a methodological fallacy.

Measurement results for each wind bin

Yaw misalignment - EDPR 7 / 8

residual mean absolute yaw misalignment of 3.23o that persists even after applying
the -4.96o mean correction. The mean absolute yaw misalignment errabsyaw gives an
indication on the spread of the yaw misalignment around 0. It is computed as
follows:

errabsyaw = 1
n

n∑
i=1

|erryaw − erryaw|

where erryaw is the mean yaw misalignment.

Table 2: Yaw misalignment estimation [o] before and after correction for test the
turbine.

Wind speed Observed misalignment Misalignment after correction

interval [m/s] Mean Absolute Mean Absolute

[ 4 - 5 ] 3.67 7.78 -1.08 4.09

[ 5 - 6 ] 4.85 6.33 -0.16 3.40

[ 6 - 7 ] 4.04 6.04 -0.58 3.13

[ 7 - 8 ] 4.07 6.10 -0.50 3.29

[ 8 - 9 ] 4.58 6.09 -0.40 3.11

[ 9 - 10 ] 6.67 5.49 1.07 2.86

[ 10 - 11 ] 7.56 5.47 1.37 2.53

[ 11 - 12 ] 8.35 5.46 1.74 2.58

[ 12 - 13 ] 6.85 4.81 0.92 2.42

[ 13 - 14 ] 5.57 3.80 0.01 2.00

All 4.96 6.15 -0.17 3.23

4 Power production gains

In this section, we computed the potential gain in wind power production for the
test turbine after simulating its behavior after realignment. This is done by as-
suming a cos2 relationship between realignment and power generation (Larvol ,
2015). The results of the simulations indicate a potential and substantial Annual
Energy Production (AEP) gain of 1.65%.

www.windarphotonics.com
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The practical implications of 
the static method 
On a practical level, the static yaw correction method 
involves deploying the remote sensing equipment at 
the relevant wind turbine, then conducting the mea- 
surement campaign for a length of time, and lastly 
moving the remote sensing equipment to the next 
wind turbine in need of correction. This procedure 
is a practical necessity due to the costly nature of 
the remote sensing equipment. Additionally, further 
resources has to be spend on both the installation 
and deinstallation of the sensing equipment. Further-
more, the maintenance of the sensing equipment will 
have to be carried out by the manufacturers where 
the equipment will be unavailable to the owner. Al-
ternatively, other companies have chosen to provide 
the correction as a service, which negates most of 
the above-mentioned problems; on the downside, 
the same companies will generally charge the client 
according to the calculated increase in AEP, which 
in the end might be more costly for the client than 
simply owning the system.

The Windar 
Photonics solution
As a solution to the above issues, 
Windar Photonics has developed 
a dynamic yaw misalignment 
solution that ensures a contin-
uous improvement to the AEP 
through its continuous measure-
ments - hour by hour and year by 
year. Taking account of the differ-
ent degrees of yaw misalignment 
for each wind bin, the system is 
not only able to more accurate-
ly correct the yaw misalignment, 
but also to minimize potentially 
damaging loads affecting the 
turbine - while at the same time 
being cost-efficient enough to 
own and install on every turbine.

STATIC

› Based on a calculated mean 
› No integration w. turbine controller 
› Requires constant calibration  
› Ongoing costs for re-calibration 
› More stoppage days for calibration   
› Lesser degree of AEP increase

DYNAMIC

› Based on continuous measurements 
› Integration w. turbine controller 
› No manual calibration required 
› Only requires normal maintenance 
› Fewer stoppage days   
› Greater degree of AEP increase

VS.
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“Right from the beginning, it has been the intention to develop a 
product that will provide our customers with a reliable return of in-
vestment and ensure an appreciable stream of revenue many years 
in the future,” explains Thomas Dyhr, Technical Project Director at 
Windar Photonics.

Dynamic yaw misalignment correction
The problems inherent to static yaw misalignment correction can 
be alleviated by ensuring that the turbine is corrected according to 
actual and continuous measurements – in other words, dynamic 
correction. The Windar Photonics LiDAR optimisation solution, in 
contrast to the prevalent industry standards, is able to dynamically 
correct the yaw misalignment of the turbine by utilising the continu-
ous measurements from the LiDAR sensor. By utilising a dynamic 
mode of yaw-alignment correction, the turbine is continuously 
corrected according to the actual meteorological conditions and 
not just the offset from a given measurement campaign.

Control integration with the 
WindTIMIZER for dynamic yaw 
misalignment correction
To facilitate a dynamic and continuous yaw misalignment cor-
rection, it is required that the Windar Photonics LiDAR optimi-
sation solution is integrated with the wind turbine controller. 
The WindTIMIZER is Windar Photonics’ elegant solution to 
facilitate the integration between the LiDAR system and the 
wind turbine controller, where the WindTIMIZER functions 
as a mediator between the controller and the LiDAR system 
without the necessity of actually altering anything in the 
wind turbine controller at all. The WindTIMIZER likewise 
receives data from the legacy anemometry to further en-
hance the reliability and ensure the safety chain of the 
wind turbine is untouched.

Effects and Results
The tangible effect of dynamically correcting yaw mis-
alignment is a turbine that always has the optimal 
yaw-position and hence produces more energy and 
is less subject to damaging loads. Below you will find 
two diagrams showing a turbine before and after the 
application of dynamic yaw-correction:
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The plot diagram displays the 
measurement results from one 
of the most recent installations 
of the Windar Photonics opti-
misation system. These results 
are from the preliminary meas-
urement campaign, where the 
yaw misalignment is measured 
before it is corrected. Our meas-
urements showed that the tur-
bine had a mean misalignment 
of 11.26 degrees, which can 
be translated into a theoretical 
AEP increase of 4.1% when the 
turbine is being corrected for 
yaw-misalignment. ”The men-

tioned example is one of the 
more extreme cases we have 
seen, which we use to illus-
trate how much yaw-correction 
matters in relation to AEP in-
creases. On a general level, 
we usually see yaw misalign-
ment of about 5 degrees and 
AEP gains of about 1%,” says 
Thomas Dyhr, Technical Project 
Director at Windar Photonics.

The WindTIMIZER 
and legacy 
anemometry 
As LiDAR sensors measure air 
born particles, any LiDAR sensor 
will experience periods where 
back scattered signals cannot 
be detected by the WindEYE™ 
sensor. By default the Wind-
TIMIZER will transmit the wind 
direction data received from the 
WindEYE™ sensor to the wind 
turbine control system. However, 
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during periods where no data is available from the WindEYE™ sensor, 
the WindTIMIZER will automatically transmit the wind data from an 
existing wind sensor, such as a anemometer, 
which continues to provide wind data to 
the wind turbine control system.

Integration and signal 
conversion
The WindTIMIZER receives signals 
from both the legacy wind-sensors 
and the LiDAR system, converts the 
signal from the LiDAR system to the 
protocol of the legacy wind-sensor sig-
nals, and sends the signal of the LiDAR 
system into the wind turbine controller, as 
long as the LiDAR system signal is available. This 
makes the LiDAR instrument “appear” as the legacy 
anemometry to the wind turbine control system, which 
makes it possible to integrate the LiDAR without any 
changes to the wind turbine control system. Fur-
thermore, the WindTIMIZER will compare the 
converted measurements from both the 
LiDAR system and the legacy anemom-
etry to check for any faults. In case 
the LiDAR system gets an unus- 
able datum (e.g. if a blade pass-
es in front of one of the LiDAR’s 
beams), then the WindTIMIZER™ 
will be able to use the datum from  
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the legacy sensor instead. A diagram showing the 
software system of the WindTIMIZER and the con-
version process can be seen in figure 1.

Briefly described, the process is as follows:
›  The WindTIMIZER will convert the signals from 

the LiDAR to the format of the legacy anemometry
›  Using the same format makes the LiDAR ”appear” 

as the legacy anemometry; no need for adjusting 
the wind turbine controller 

›  The WindTIMIZER checks the signals for faults; 
in case of faults the WindTIMIZER will use the 
signal from the legacy anemometry

Safety chain
Maintaining the wind turbine safety chain is of the 
greatest importance, hence it is imperative that any 
technical or meteorological problems involving the 
LiDAR system and the WindTIMIZER do not jeop-
ardize the safety chain. In case of a force majeure 
emergency, like a lightning strike that harms the 
WindTIMIZER, a failsafe switch will still transmit the 
legacy anemometry signal to the controller.

The future of yaw misalignment 
correction
To further reap the potential AEP gain from prop-
er yaw alignment that has already been done by 
the static correction method, the industry will have 
to explore new methods and technology. Through 
control integration and dynamic yaw correction, the 
WindTIMIZER™ and WindEYE™ solve the problems 
inherent to the static yaw correction method, pro-
viding cost-efficient increases to both revenue and 
asset longevity.
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LIDAR ASSISTED CONTROL FOR WIND TURBINES

 LiDAR Assisted Control 
 for Wind Turbines
In recent years, LiDAR systems have become an interesting tool for 

enhancements of turbine control systems. This technology paves 

the way for new control technologies. In this study, LiDAR assisted 

control using wind speed measurement has been investigated.

O  ne of the objectives in turbine design is 
to reduce costs of the main components.  
 Therefore, it is essential to reduce extreme 

and fatigue loads.

Standard wind turbine control systems, even new-
er control techniques are able to reduce loads on 
the support structure. Anyhow, due to the fact that 
several sensors showing no effects till the wind is 
passing the rotor area, the response of actuators is 
not fast enough to operate the turbine at optimum 
loads and hence gives potential for improvements.

The situation can be improved if the wind charac-
teristic is measured by remote sensing in front of 
the turbine. With LiDAR systems getting smaller in 
size and being available at lower system costs a 
powerful means of measuring the wind in front of 
the rotor is available for application. A variety of 
LiDAR systems with different configurations in terms 
of scanning patterns, sampling rates etc. are offered 
commercially. This enables new control options for 
load reduction.

Approach
Based on simulations with GH Bladed potentials and 
limitations of real time control of wind-turbines with 

nacelle mounted LiDAR system are investigated. 
Different LiDAR configurations in terms of number 
of beams, scanning patterns, sampling rates etc. 
are modelled and investigated. In a first approach 
the focus was put to assisted collective pitch-con-
trol based on LiDAR-estimates of the rotor-effective 
wind speed. An overview of the algorithm can be 
seen in Figure 1 and includes

Data fusion: From the line-of sight wind speeds 
from all available LiDAR scanning points a result-
ing wind-speed magnitude and (depending on the 
number and geometry of the scan) other parameters 
as wind-direction, wind-shear etc. are calculated 
70m in front of the turbine. Figure 2 shows the 
raw estimates of the wind-speed for different Li-
DAR-set-ups. 

Evolution model: The transformation of the calcu-
lated wind speed quantities into the rotor area is 
done by applying the evolution model. Depending on 
the number of scanning-points the non-processed 
signal for the wind-speed shows an increased 
amount of high frequencies compared to the real 
rotor effective wind speed. To account for this, adap-
tive low-pass filtering has been included to the evo-
lution model. Additionally, an adaptive time-delay 
that depends on the average wind-speed accounts 

[Dipl. Ing René Jilg, Dipl. Ing. Gottfried Slanitsch, Dipl. Ing. Albert Kušej, Dipl. Ing. Martin Göldner, Dipl. Ing. Michael Schwarz] 
AMSC Austria GmbH, Lakeside B08, 9020 Klagenfurt am Wörthersee, AUSTRIA, Tel. +43 463 444 604-0, mail: office@amsc.com
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LIDAR ASSISTED CONTROL FOR WIND TURBINES

for the time that it takes for the 
turbulence from the location of 
measurement to the rotor. 

Feed-forward controller: The 
resulting estimate for the rotor 
effective wind speed is fed into 
a feed-forward controller. Based 
on the stationary blade pitch an-
gle characteristic, an additional 
term for the collective pitch-rate 
demand is calculated and added 
to the command of the baseline 
controller.

In a first step only production load 
cases in turbulent conditions 
(dlc1.1a) over the full operation 
range are simulated with different 
LiDAR-configurations and con-
troller settings and compared in 
terms of ultimate and (life-time 
equivalent) fatigue loads. The 
gains of the feedback controller 
are tuned to support LiDAR as-
sisted control.

Figure 2: Resulting wind speed for different LiDAR set-ups

Figure 1: Control structure overview
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LIDAR ASSISTED CONTROL FOR WIND TURBINES

Simulation Results
The results presented below are 
taken from simulations with a 
nacelle mounted LiDAR-system 
with a focal length of 70m. Al-
though the controller set-up did 
not go through an optimization 
process, a significant load-re-
duction potential for the tow-
er-bottom is evident. Investiga-
tions show that the achievable 
load reduction depends on sev-
eral factors (number of sampling 
points, sampling frequency etc.)

that process additional informa-
tion from the LiDAR-measure-
ments such as wind-direction, 
wind shear etc. are expected to 
further improve the load-behav-
iour of the turbine.

For a better understanding of the 
control-behaviour, an example 
of an extreme load case dlc1.6 
(EOG50) is shown in Figure 4. It 
can be seen that the blade pitch 
angle is moved towards feather-
ing almost a second earlier com-
pared to the baseline controller. 

Ultimate loads: For production 
load cases reductions of up to 
10% in the design relevant fore-
aft direction could be found. Re-
ductions for other components 
are found to be very small. 

Fatigue loads: Reductions are 
achieved mainly at the tower-bot-
tom and are in the range of 15%. 
Load-reductions for other com-
ponents are not significant.

A retuning of the controllers and/
or alternative control strategies 

Ultimate Tower bottom

My

Baseline feedback
82.00%
84.00%
86.00%
88.00%
90.00%
92.00%
94.00%
96.00%
98.00%

100.00%
102.00%

Feedback + LiDAR FF

75.00%

80.00%

85.00%

90.00%

95.00%

100.00%

105.00%
Fatigue DEL tower bottom s=6

My

Baseline feedback Feedback + LiDAR FF

Figure 3: Loads for produc-
tion load cases dlc1.1 only
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This is a highly desirable behavior and reduces 
tower-bottom and blade loads significantly.

Future Work
With the current findings the control algorithm for 
collective pitch control will be further developed and 
optimized for load reduction potential. Also, addi-
tional investigations towards lower sampling rates, 
alternating beam sampling, rotor mounted systems 
etc. are required. In parallel additional control strate-
gies, e.g. individual pitch control from LiDAR-meas-
urements will be investigated and evaluated for load 
reduction potential. The result of this work already 
gives insights of the potentials of LiDAR control for 
wind turbines.

Background
AMSC (NASDAQ: AMSC) generates the ideas, 
technologies and solutions that meet the world's 
demand for smarter, cleaner ... better energy. The 
company's solutions are now powering gigawatts 
of renewable energy globally and enhancing the 
performance and reliability of power networks in 

more than a dozen countries. Founded in 1987, 
AMSC is headquartered near Boston, Massachu-
setts with operations in Asia, Australia, Europe and 
North America.

AMSC’s Windtec Solutions include a host of elec-
tronic controls and systems as well as wind turbine 
designs and engineering services that are relied 
upon by some of the world’s largest and most re-
spected manufacturers.

Our controls and systems – ranging from convert-
er and control cabinets to advanced software sys-
tems – are maximizing turbine availability, reliability 
and energy output for thousands of wind turbines 
worldwide. We also are reducing the cost of wind 
energy by providing technology transfer of optimized 
electrical and mechanical wind turbine designs as 
well as component contract engineering services.

From turbine conception to wind farm connection, 
AMSC’s knowledge, experience and performance 
provide a lasting competitive advantage. 

Figure 4 Extreme load case example 
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Wake situations, in layman’s terms, can be caused by several conditions relating 

to the wind turbine’s environment – including natural topographical obstacles. 

In a wind farm scenario, wake is mostly caused by the distortion of the wind 

flow from nearby wind turbines, which will add increased mechanical loads to 

the affected wind turbine. As such, wake situations affect most wind farms, 

and being able to predict wake situations will be a worthwhile opportunity for 

the wind farm owner to drastically reduce maintenance and repair costs, while 

enhancing the life span of the affected turbines.

 Wake Detection with LiDAR for  
Wind Turbine and Wind Farm Control
At Windar Photonics we continuously strive to find solutions to the 

most pressing issues concerning wind turbine optimisation. One such 

issue is how to optimise turbines being subject to wake situations. 

 W  indar Photonics has recently been engaged 
 in a research project to add a new wake  
 detection feature to the current LiDAR prod-

ucts. The primary goal of the project is to optimise 
the operation during wake situations, while also 
reducing loads, down time, and repairs on the af-
fected turbines.

The second objective of the project is to utilise the 
gained knowledge concerning wake situations to 
improve wind direction determination and to pave 
the road towards LiDAR assisted wind turbine and 
farm control.

Introduction to  
Windar Photonics’ LiDARs
Windar Photonics produces and sells wind tur-
bine mounted, forward-looking LiDARs that mea- 
sure the wind speed in two or four points upstream 
of the LiDAR. LiDARs are laser-based instruments 

that are able to measure the wind component along 
the beam direction at a certain range.

The main purpose of the two-beam system is to 
align or yaw the wind turbine very precisely to the 
wind by measuring the undisturbed wind direction 
upstream of the wind turbine in order to produce 
the maximum amount of power possible and to 
avoid causing needless loading of the wind turbine 
components.
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Figure 1: 600 s of data from a 

nacelle mounted LiDAR scanning the 

wake horizontally three diameters 

downstream.

Top: The Doppler wind speed. Dark 

colors are low winds, bright are high 

ranging from 5 to 14 m/s.

Bottom: Doppler spectral widths 

corresponding to velocity variances 

within the measurement volume 

ranging from 1 m2s–2 (blue) to 7 m2s–2 

(red/yellow), Larsen et al. [2010].

This is done by meas-
uring two horizontal com-
ponents of the wind, one 
for each LiDAR beam, which 
are combined to constitute a 
wind direction, which is then fed 
to the turbine yaw control system. 

How LiDARs can be 
used to detect wake
The first question that needs to 
be answered is how the LiDAR 
can detect wakes in the inflow.

The general hypothesis is that the 
LiDAR can measure enhanced tur-

bulence levels, and that 
this enables the system 
to determine whether one 

or more beams are mea- 
suring inside a wake. However, 
the turbulence measured by the 
LiDAR is affected by the relative-
ly long effective measurement 
volume, which can be 10-50m 
long, depending on the focus dis-
tance. The LiDAR averages wind 
speeds within the volume and acts 
as a low-pass filter attenuating 
high-frequency turbulence.

The averaged turbulence mani- 

fests itself in the width of the Dop-
pler peak of the LiDAR, so that 

the width is a measure of 
the small-scale tur-
bulence with length 

scales smaller than the 
effective average volume. 

Specifically, it has been shown 
that the width of the Doppler spec-
trum of a continuous-wave LiDAR 
is proportional to the turbulence 
within the probe volume of the 
instrument. At the same time, it 
is known that small-scale turbu-
lence, which would be particularly 
responsible for increasing the Dop-
pler spectrum width, is prevalent  
in wakes.

Figure 1 illustrates how the effect 
can be used to identify wakes 
within the LiDAR. The figure 
shows LiDAR data measured by 
a nacelle-mounted system looking 
backwards to measure wake prop-

WAKE DETECTION WITH LIDAR FOR WIND TURBINE AND FARM CONTROL
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Figure 2: Influence of wake situations on the Wind-

EYE™ LiDAR. Top: shows an undisturbed yaw inflow. 

Bottom: shows a half-wake condition. In both situa-

tions, a yaw misalignment is detected even though the 

flow to the right is aligned with the turbine.

erties conducted during an experimental campaign 
on a Tellus wind turbine at the DTU Risø test site.

In the top plot of figure 1, a 10 minute time series of 
the meandering wake at around 3 diameters down-
stream the turbine is seen as a black band of low 
velocity air. This demonstrates that one property of 
the wake, the reduced wind speed, can be mea- 
sured by LiDAR systems.

In the lower plot of figure 1, the wind speed variance 
derived from the width of the Doppler peak is shown. 
It is clearly seen that areas of high variance coincide 
with the low speed regions of the top plot of figure 
1. The diagrams illustrate that both the measured 
wake deficit flow structure and the wake-generated 
turbulence are subject to wake meandering, which  
is possible to measure with the LiDAR systems.

Impact of wakes on misalignment 
measurements and its correction
The WindEYE™ systems use line-of-sight (LOS) 
measurement at two different locations in front of 
the turbine to derive the misalignment between the 
current turbine yaw position and the wind direction. 
Furthermore, it is assumed that the wind flow is 
homogeneous, which entails the basic problem that 
a reduced wind speed in one of the beams due to 
a wake situation will be interpreted as a turbine 

WAKE DETECTION WITH LIDAR FOR WIND TURBINE AND FARM CONTROL
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Figure 3: 10 Min. averages of the yaw misalignment as a function of the wind direction gathered from a 

met mast data. The vertical black line indicates the position of the wake-generating turbine 

yaw misalignment. This 
could be considered an 
initial detriment, but is a 
significant part in detecting 
wake situations with the 
WindEYE™; furthermore 
it is worth noting that this 
is not directly relevant to 
how the LiDARs perform 
yaw-misalignment correc-
tion in relation to the mar-
keted product.

Such a case is illustrat-
ed in figure 2. The two 
LOS measurements are 
indicated by red arrows 
originating from the Li-
DAR position. In the left 
situation, the WindEYE™ 
can correctly estimate 
the turbine yaw misalign-
ment. The right diagram 
in figure 2 depicts a sce-
nario where the wake is 
shown as reduced wind 
speed, which will result in 

misalignment measurement from 
the LiDAR – despite the fact that 
the turbine is aligned with the 
wind flow.

Test on a V52 at Risø
A 2-beam WindEYE™ was mount-
ed on a V52 test turbine at the 
DTU Risø campus measuring the 
free inflow at around 40m in front 
of the turbine. The turbine is ex-
posed to another turbine located 
at 195 deg. from the test turbine. 
The 10 minutes averages of the 
yaw misalignment as a function of 
the wind direction gathered from a 
met. mast are depicted in figure 3. 
The data has been filtered to only 
display operative data.

It can be seen that the wake sit-
uation influences the LOS data, 
which will initially lead to a wrong 
misalignment estimate.
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Once a wake situation has been identified, the next 
step is to correct the wind direction determination. 
Basically, additional turbulence in one of the Li-
DAR beams indicates a wake, which in turn means  
lower wind speed. By quantifying the reduction, the 
wind direction can be corrected without impairing 
the viability of the LiDAR’s yaw misalignment cor-
rection functionality, while still having detected the 
wake situation. 

Application for Wind Turbine 
and Wind Farm Control
The information concerning the position of wakes 
can be applied to load-optimise individual wind tur-
bines and to enhance the control of entire wind 

farms, including sector management where turbines 
are shut down or derated according to expected 
wake situations. 

One approach to applying wake detection on a lar- 
ger scale is wind farm management, where turbines 
upstream pitch their blades to reduce the extracted 
power and mitigate the severity of the wake – com-
monly referred to as derating. Wake detection can 
guarantee that the derating only takes place when 
it is actually necessary. 

Another approach, in a wind farm context, is to deflect 
the wake by yawing the upstream turbine, thereby 
essentially pushing the wake aside so that it won’t 
affect the downstream turbine.

As such, the wake detection functionality of the Windar 
Photonics LiDARs can be applied to reduce mechan-
ical loads on individual turbines, enhancing the effi-
ciency of sector management and wind farm control. 
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