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ABSTRACT 
There is a rapid increase worldwide in wind energy development. The rapid 

increase in wind energy development requires taking actions in terms of improving 
wind turbine technology and maximizing annual energy yield of wind farms. The 
characteristics of the wake downstream of a wind turbine have an important bearing 
both on the annual energy yield of a wind farm and on the operation & maintenance 
costs of the wind turbines within the wind farm. In relation to the former, the annual 
energy yield, it is well known that the wind speed is reduced in the wake 
downstream of a wind turbine; the subsequent evolution of the wake is influenced 
by the topography, and detailed knowledge of this evolution in complex terrain is 
presently lacking. In regards to the latter, operation & maintenance costs, the wake 
is characterized by three-dimensionalities & unsteadiness that impact the loads & 
associated lifecycle of wind turbines. Both of the above factors, the annual energy 
yield and the operation & maintenance costs, determine the economic viability of a 
wind farm. Over the last 25 years, measurements in the wake of operational full-
scale wind turbines have been reported. But none of these studies have provided 
detailed information regarding the flow field around full-scale wind turbines. The 
techniques that have been used so far are lacking in terms of spatial coverage and 
spatial resolution that are necessary to resolve the wake structure behind a wind 
turbine. In this thesis, an innovative approach that is comprised of an uninhabited 
aerial vehicle instrumented with a fast response aerodynamic probe has been 
developed to provide high-resolution measurements of the flowfield around full-
scale wind turbines. The key enabler for this novel measurement approach is the 
integration of fast response aerodynamic probe technology with miniaturized 
hardware & software for UAVs that enable autonomous UAV operation. The first-
ever measurements of the wake of a full-scale wind turbine using an instrumented 
uninhabited aerial vehicle are conducted. These high-resolution measurements 
detail the wake of a full-scale wind turbine that is located in complex terrain. It has 
been shown in this thesis that the instrumented UAV is capable of providing 3D 
high-resolution measurements of full-scale wind turbine’s wake; hitherto such 
detailed measurements were not possible.  

The measurement system is comprised of an instrumented UAV and a ground 
control station. The UAV is equipped with a seven-sensor fast response 
aerodynamic probe; this probe technology has been under development at ETH 
Zurich for over 20 years, and allows the measurement of the wind velocity with 
respect to the UAV. The hardware & software of the open-source autopilot system 
Paparazzi are used to provide measurement of the UAV’s velocity with respect to 
the Earth; furthermore, Paparazzi is adapted for the planning & execution of 
autonomous UAV flights within the wind turbine’s wake. The vector sum of the 
UAV’s velocity and the wind velocity with respect to the UAV yield the wind 
vector with respect to the Earth. In order to maximize the density of measurement 
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data, optimized flight trajectories of the UAV are determined based on 
measurements of the UAV’s aerodynamics. The complete UAV was tested in the 
large low-speed wind tunnel at ETH Zurich. Consequently an aerodynamic model 
of the UAV is generated. Additionally, the results of the wind tunnel tests indicate 
that the effects of lift-induced upwash are negligible. Application of the Guide to 
Extended Uncertainty in Measurements yields an standard uncertainty of 0.7 m/s in 
the measured wind speed with a confidence level of 67%. The UAV measurements 
are compared with measurements with circl flights method, wind tunnel 
measurements of a sub-scale wind turbine and LIDAR profiler measurements. For 
all there cases, the UAV measurements are in good agreement in terms of measured 
wind speed. Discrepancies observed between the horizontal speed profiles 
measured with LIDAR profiler. One potential reason for the discrepancies is 
indicated as uniform flow assumption made to retrieve horizontal speeds from 
LIDAR profiler measurements. Hence, UAV measurements can be used to correct 
the LIDAR profiler measurements.  

Downwind of the wind turbine, profiles of the wind speed show that there is 
strong three-dimensional shear in the near-wake flow. Along the centreline of the 
wake, the deficit in wind speed results from the wakes of the rotor, nacelle and 
tower. By comparison the profiles away from the centreline, show only the effects 
of the rotor wake. Away from the centreline, where the wake of the nacelle is 
absent but the effect of the rotor wake is present, the deficit in wind speed shows 
little variation with stream wise direction and is approximately constant ≈25 % over 
the whole measurement distance, 0.5<x/D<3. However, along the centreline, the 
deficit is ≈65 % near to the rotor, 0.5D – 1.75D, and only decreases to ≈25 % 
downstream of 2.5D.  In order to better understand the wake aerodynamics of the 
full-scale wind turbines, the flowfield measured by the instrumented UAV is 
mapped on measurement planes from x/D=1 up to x/D=3. Mapping is done in the 
post processing of the raw data by applying interpolation. 3D volumetric data are 
analyzed thoroughly to understand the evolution of the wake along stream wise 
direction and variation of the flow quantities across the wake. Strong non-
uniformities in the near wake are observed close to the rotor. The non-uniformities 
are due to the existence of tower and nacelle shadowing effect close to the wind 
turbine. The recovery of the velocity deficit further downstream of the wind turbine 
is clearly seen. Further more, a strong upward motion of the flow is observed. It has 
been shown that the mass flow rate passing through the lower part of the rotor is 
higher than in the upper part due to non-uniform work extraction. This mismatch in 
mass flow rates leads to the upward motion of the flow from the lower volume of 
the wake towards the upper volume of the wake, which results in the high pitch 
angles. Additionally, it is shown that there is generally good agreement in the 
measured evolutions of the wakes at the two sites. Thus, it may also be surmised 
that the detailed wake structure is representative of the wake of a full-scale turbine. 
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This confirms the utility of this novel measurement approach using an instrumented 
UAV.  

 The wake measurements taken with the instrumented UAV are used to assess 
the wake model recently developed in Laboratory for Energy Conversion, ETH 
Zurich. A good agreement between the ETH Wake Model and UAV measurements 
are observed with some discrepancies due to tower wake, thermal stratification and 
ground effect. The wake model validated with UAV measurements can be useful in 
various wind application for wind turbine control to energy yield calculations of the 
wind farms. 

In summary, an innovative approach that is comprised of a UAV instrumented 
with a fast response aerodynamic probe has been developed to provide high-
resolution measurements of the flow field around full-scale wind turbines. The 
innovative approach is superior to the existing measurement methods in terms of 
horizontal spatial coverage and resolution. The first-ever measurements of the wake 
of a full-scale wind turbine using an instrumented UAV are conducted. These high-
resolution measurements detail the wake of a full-scale wind turbine that is located 
in complex terrain. The measurements are being used to validate the advanced wind 
simulation tool, which is under development in Laboratory for Energy Conversion, 
at ETH Zurich. The measurements are also used to assess the wake model recently 
developed in Laboratory for Energy Conversion, ETH Zurich. The wake model 
validated with UAV measurements can be useful in various wind applications from 
wind turbine control to energy yield calculations of the wind farms. 
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ZUSAMMENFASSUNG 
Weltweit ist ein rapider Anstieg in der Nutzung von Windkraft zu 

beobachten. Dieser Anstieg erfordert es die Technologie zur Nutzung von 
Windkraft zu verbessern und die jährliche Energieproduktion zu maximieren. Die 
Eigenschaften der Nachlaufströmung hinter einer Windturbine haben eine grosse 
Bedeutung sowohl für die jährliche Energieproduktion eines Windparks als auch 
auf die Betriebs- und Instandhaltungskosten der Windturbinen in einem Windpark. 
Bezüglich der jährlichen Energieproduktion ist es bekannt, dass die 
Windgeschwindigkeit im Nachlaufgebiet einer Windturbine reduziert ist. Die 
weitere Entwicklung der Nachlaufströmung wird von der Topografie beeinflusst. 
Momentan fehlt das Wissen zur Beschreibung dieser Entwicklung in komplexem 
Gelände. Auf Betriebs- und Instandhaltungskosten wirkt sich die Nachlaufströmung 
durch Räumlichkeit und Unstetigkeit, was zu einer Veränderung der mechanischen 
Beanspruchung und der damit verbundenen Lebensdauer der Windturbine führt, 
aus. Beide erwähnten Faktoren, die jährliche Energieproduktion und die Betriebs- 
und Instandhaltungskosten, bestimmen die Wirtschaftlichkeit eines Windparks. In 
den letzten 25 Jahren wurden Messungen der Nachlaufströmung von in Betrieb 
befindlichen, vollmassstäblichen Windturbinen durchgeführt. Jedoch hat keine 
dieser Studien detaillierte Informationen über das Strömungsfeld um eine 
Windturbine in Originalgrösse geliefert. Die bisher verwendeten Messtechniken 
weisen nicht genügend Flächendeckung und räumliche Auflösung für die 
Abbildung der Nachlaufstrukturen hinter einer Windturbine auf. In dieser Arbeit 
wurde ein innovativer Ansatz, bestehend aus einem mit einer schnellen 
aerodynamischen Sonde bestückten unbemannten Flugzeug (UAV), entwickelt um 
hochaufgelöste Messungen des Strömungsfelds in der Umgebung einer 
Windturbine in Originalgrösse zu ermöglichen. Der Schlüssel zu dieser neuartigen 
Messmethode ist die Integration der schnellen aerodynamischen Sondentechnologie 
mit miniaturisierter Hardware und Software in Drohnen, um deren autonomen 
Einsatz zu ermöglichen. Es werden die allerersten Messungen der 
Nachlaufströmung einer vollmassstäblichen Windturbine mit einer instrumentierten 
Drohne durchgeführt. Diese hochaufgelösten Messungen liefern eine detaillierte 
Beschreibung der Nachlaufströmung einer Windturbine in Originalgrösse, die sich 
in komplexem Terrain befindet. In dieser Arbeit wird gezeigt, dass die 
instrumentierte Drohne dreidimensionale, hochaufgelöste Daten über die 
Nachlaufströmung einer vollmassstäblichen Windturbine in einem bisher 
unerreichten Detaillierungsgrad liefern kann. 

Die zum Messsytem gehörende instrumentierte Drohne wird von einer 
Bodenstation aus gesteuert. Die schnelle aerodynamische Sonde des UAVs umfasst 
sieben Sensoren (7S-FRAP). Diese Messtechnik wird seit 20 Jahren an der ETH 
entwickelt und ermöglicht die Messung der Windgeschwindigkeit relativ zum 
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UAV. Die Hardware und Software des Open-Source Autopiloten namens Paparazzi 
wird zur Geschwindigkeitsbestimmung des UAVs über Grund verwendet. Des 
Weiteren wird Paparazzi für die Planung und Ausführung autonomer Drohnenflüge 
innerhalb der Nachlaufströmung einer Windturbine angepasst. Die Vektorsumme 
der Geschwindigkeit des UAVs und des Windes relativ zum UAV ergeben die 
Windgeschwindigkeit bezüglich der Erdoberfläche. Um die Dichte der Messdaten 
zu maximieren, werden auf Basis der Aerodynamik des UAVs optimierte 
Flugbahnen bestimmt. Das gesamte UAV wurde im grossen Windkanal für niedrige 
Geschwindigkeiten an der ETH Zürich getestet, woraufhin ein aerodynamisches 
Modell des UAVs erzeugt wird. Die Resultate der Windkanalmessungen zeigen 
ausserdem, dass die Effekte durch den vom Auftrieb erzeugten Zuwind 
vernachlässigbar sind. Die Anwendung des Guide to Extended Uncertainty in 
Measurements ergibt eine Standardunsicherheit von 0.7m/s mit einer statistischen 
Sicherheit von 67% für die Windgeschwindigkeit. Die mit dem UAV ausgeführten 
Messungen werden mit Messungen mit der Kreisflugmethode, mit 
Windkanalmessungen einer Modellwindturbine und mit LIDAR Profiler 
Messungen verglichen. In allen Fällen zeigen die UAV Messungen gute 
Übereinstimmung für die Windgeschwindigkeit. Diskrepanzen treten beim 
Vergleich der horizontalen Geschwindigkeitsprofile, die mit dem LIDAR Profiler 
gemessen wurden, auf. Ein möglicher Grund für die Abweichung ist die Annahme 
einer gleichförmigen Strömung zur Berechnung der horizontalen 
Geschwindigkeiten in den LIDAR Profiler Messungen. Die UAV Messungen des 
also zur Korrektur der LIDAR Profiler Messungen verwendet werden. 

Im Nahbereich stromabwärts der Windturbine zeigen die Windprofile stark 
ausgeprägte dreidimensionale Scherströmungen. Das Windgeschwindigkeitsdefizit 
entlang der Mittelachse der Nachlaufströmung resultiert aus den Nachläufen des 
Rotors, der Gondel und des Masts. Demgegenüber zeigen die Windprofile abseits 
der Mittelachse nur den Einfluss des Rotors. Hier, wo der Nachlauf der Gondel 
nicht vorhanden ist, zeigt das Windgeschwindigkeitsdefizit über die gesamte 
Messdistanz stromabwärts (0.5 < x/D < 3.0) kaum Veränderungen und ist mit 25% 
näherungsweise konstant. Entlang der Mittelachse nahe dem Rotor, zwischen 0.5D 
– 1.75D, beträgt das Windgeschwindigkeitsdefizit jedoch 65% und nimmt dann 
2.5D stromabwärts auf 25% ab. Um die Aerodynamik des Strömungsnachlaufs von 
Windturbinen in Originalgrösse besser zu verstehen, wurden die 
Strömungsmessungen des mit Sonden ausgestatteten UAVs auf den Messebenen 
zwischen x/D = 1 und x/D = 3 aufgezeichnet. Diese Abbildungen wurden mit Hilfe 
von Interpolation der Rohdaten bei der Auswertung erstellt. Die dreidimensionalen 
Daten wurden eingehend analysiert um die Entwicklung des Strömungsnachlaufs 
stromabwärts und die Veränderung der Strömungsgrössen quer zum 
Strömungsnachlauf zu verstehen. Nahe am Rotor sind starke Unregelmässigkeiten 
zu beobachten. Diese Unregelmässigkeiten sind eine Folge der Abdeckungseffekte 
des Masts und der Gondel nahe der Windturbine. Die Reduktion des 
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Windgeschwindigkeitsdefizits weiter stromabwärts der Windturbine ist klar 
ersichtlich. Ausserdem ist eine stark aufwärts gerichtete Strömung deutlich sichtbar. 
Es konnte weiter gezeigt werden, dass der Massenstrom auf Grund der 
ungleichmässigen Leistungsentnahme durch den unteren Teil des Rotors grösser als 
der durch den oberen Teil des Rotors ist. Diese Diskrepanz der Massenströme führt 
zu einer Aufwärtsbewegung der Strömung aus dem unteren Bereich des 
Strömungsnachlaufs in den oberen, was zu den hohen Steigungswinkeln führt. Des 
Weiteren konnte die generell gute Übereinstimmung der gemessenen 
Strömungsnachläufe an den zwei Standorten gezeigt werden. Es kann daher 
vermutet werden, dass die im Detail aufgezeigte Struktur des Strömungsnachlaufs 
repräsentativ für eine Windturbine im Originalmassstab ist. Diese Tatsache bestätigt 
die Brauchbarkeit des neuartigen Messansatzes mittels einer mit einer Sonde 
ausgestatteten UAV. 

Die mit dem instrumentierten UAV aufgenommenen Messungen der 
Nachlaufströmung werden für die Bewertung des Nachlauf-Modells, das am 
Laboratory for Energy Conversion der ETH Zürich entwickelt worden ist, 
verwendet. Es liegt eine gute Übereinstimmung des ETH-Nachlauf-Modells mit den 
UAV-Messungen vor, wobei durch den Mast-Nachlaufs, die thermische Schichtung 
und den Boden-Effekts Unterschiede auftreten. Das mit UAV-Messungen validierte 
Nachlauf-Modell kann in verschiedenen Windanwendungen nützlich sein, von der 
Regelung der Windturbinen bis hin zur Berechnung der Energieproduktion von 
Windparks.  

Es ist also ein innovativer Ansatz entwickelt worden, der aus einem mit einer 
schnellen aerodynamischen Sonde instrumentierten unbemannten Luftfahrzeug 
besteht. Der Ansatz dient dazu, hochauflösende Messungen des Strömungsfeldes an 
Windturbinen in Originalgrösse bereitzustellen. Der innovative Ansatz ist den 
bestehenden Messmethoden hinsichtlich der horizontalen Raumabdeckung und 
Auflösung überlegen. Es sind die allerersten Messungen des Nachlaufs einer 
Windturbine in Originalgrösse unter Verwendung eines instrumentierten 
unbemannten Luftfahrzeugs durchgeführt worden. Diese hoch-auflösenden 
Messungen geben den Nachlauf einer Windturbine in Originalgrösse, die sich in 
komplexem Gelände befindet, im Detail wieder. Die Messungen werden dafür 
verwendet das erweiterte Windsimulationstool, das am Laboratory for Energy 
Conversion der ETH Zürich entwickelt wird, zu validieren. Die Messungen werden 
ebenfalls dafür verwendet um das Nachlauf-Modell zu bewerten, welches kürzlich 
am Laboratory for Energy Conversion der ETH Zürich entwickelt worden ist. Das 
mit UAV-Messungen validierte Nachlauf-Modell kann in verschiedenen 
Windanwendungen nützlich sein, von der Regelung der Windturbinen bis hin zur 
Berechnung der Energieproduktion von Windparks. 
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NOMENCLATURE  
 

a halfwidth in rectangular distribution 
D  rotor diameter, 80 m 
K  aerodynamic calibration coefficient of 7S-FRAP probe 
k coverage factor 
M model in uncertainty propagation method 
M transformation matrix for transformation from body axis of  

UAV to Earth’s frame of reference 
pi pressure measured on probe 
r half of major axis of ellipse in soft iron calibration of  

magnetometer 
R  reference flow conditions in aerodynamic calibration of 7S-   

 FRAP probe 
R rotation matrix to apply soft iron calibration for magnetometer  

measurements 
Rback rotation matrix to rotate back magnetometer measurements to  

obtain measurements with soft iron correction 
T  temperature 
t time 
U extended uncertainty 
U Voltage 
u standard uncertainty 
V  speed 
V variance 

    

€ 

 
V  velocity 
X coordinate extending from West to East in Earth’s frame of   

reference 
X one of Earth’s magnetic field components in horizontal plane 
x   stream wise coordinate perpendicular to rotor’s plane of  
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rotation 
x’ longitudinal axis of UAV 
Y coordinate extending from South to North in Earth’s frame of  

reference 
Y one of Earth’s magnetic field components in horizontal plane 
y 

  
span wise coordinate perpendicular to rotor’s axis of rotation 

y’ axis along right wing of UAV 
z  surface normal coordinate relative to base of wind turbine  

tower 
z’ vertical axis of UAV 
zhub height of wind turbine tower, 100 m 
Z Earth’s magnetic field component in vertical direction 
 
 Abbreviations: 
ABL Atmospheric Boundary Layer 
CFD Computational Fluid Dynamics 
DAQ Data Acquisition 
GPS Global Positioning System 
GUI Graphical User Interface 
GUM Guide to Uncertainty in Measurements 
INS Inertial Navigation System 
LIDAR Light Detection and Ranging 
Ma Mach number 
NACA National Advisory Committee for Aeronautics 
RPM revolutions per minute 
SCADA Supervisory Control and Data Acquisition 
SODAR Sonic Detection and Ranging 
TAS true air speed 
TSR tip speed ratio 
UAV uninhabited aerial vehicle 
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7S-FRAP seven-sensor fast response aerodynamic probe 
 
Greek: 
Δ  uncertainty 
γ  flow pitch angle 
Φ flow yaw angle 
θ pitch angle of UAV  
θel angle distortion in magnetometer measurements that are made  

to apply soft iron calibration 
ϕ roll angle of UAV 
ψ heading of UAV 
υ vector that contains raw magnetometer measurements 
υc vector that contains re-scaled magnetometer measurements 
υcal vector that contains re-scaled magnetometer measurements  

multiplied by rotation matrix Rback 
σ scale factor in soft iron calibration of magnetometer 
 
Subscripts: 
a air 
abs absolute 
c  calibration 
c climb speed (in section 3.2) 
e excitation 
f freestream 
g ground speed 
h horizontal 
hub hub height 
M moment 
m  model 
ref 

  
reference at hub height 
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rel relative 
p plane 

 
p pitching 
t  traversing system used in aerodynamic calibration of 7S-FRAP  

probe 
total wind speed measured in wake 
w wind 
x stream wise component of wind speed measured in wake 
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1 INTRODUCTION 
1.1 Motivation 

In 2011, over 41,000 MW of wind power was installed globally. The world's 
total installed capacity is now more than 238,000 MW as reported by Global Wind 
Energy Council (GWEC) (GWEC 2011). This represents a 21% increase in the 
wind energy market that reflects to the annual global market as 6%. Recently 
around 75 countries worldwide have commercial wind power installations and 22 of 
them already exceed the 1-gigawatt level. In Figure 1, the gradual increase in global 
installed wind capacity between 1996 and 2011 is shown. 

 

 

Figure 1 The gradual increase in global installed wind capacity 1996 – 2011 (GWEC 2011). 
 

In Europe, at the end of 2011, the total installed capacity of wind was 93957MW 
according to European Wind Energy Association’s (EWEA) annual report 
published in 2012 (EWEA 2011). The distribution of the installed wind power for 
the countries in Europe is shown in Figure 2.  
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Figure 2 Distribution of installed wind power capacity with respect to countries in Europe 
by end of 2011 (EWEA 2012).  

 

The rapid increase in wind energy development requires that action be taken to 
improve wind turbine technology and in order to maximize annual energy yields of 
wind farms. The mismatch between the expected energy yields and the actual 
energy yield shows the challenge to a more aggressive development of wind energy 
globally. At ETH Zurich an integrated approach to identify, over large areas (that is 
land areas of order of 100’000km2), sites that are suitable for the development of 
wind farms has been developed at ETH Zurich. In this approach, geospatially 
referenced data, within the framework of a Geographic Information System, are 
used to identify sites that are suitable for the development of wind energy, based on 
geographical, technical, anthropological and regulatory constraints. For the 
identified sites, the best-suited wind turbine technology can be determined, and the 
wind farms’ annual energy yield be predicted; thus the economic benefits and risks 
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of developing the wind farms can be assessed.  This approach has been 
demonstrated using Iowa as a test case. Iowa is the second largest wind energy 
market in the United States (Figure 3).  

 

 
Figure 3 A snapshot from assessment of Iowa case with windSeeker. 

 
The aerodynamic interaction between wind turbines within a wind farm is one of 

the primary reasons for the observed differences between the actual energy yield 
relative to the expected energy yield. This interaction occurs when the wake of one 
wind turbine, or several wind turbines, interacts with downstream wind turbines. In 
the case, where the difference between the actual and expected energy yields is 
negative, the wind energy project may no longer be financially viable, as the energy 
yield is the project’s primary source of revenue (Singh et al. 2011).  

On the other hand, if the difference in energy yields is positive, this may indicate 
that the wind turbines are undersized; thus operation and maintenance costs related 
to the servicing of the mechanical drive train components of the wind turbines may, 
over the project’s lifetime escalate, thereby adversely impacting the project’s 
financial viability. Thus, it is necessary to have a detailed understanding of the 
flow-field within a wind farm. The flow-field within a wind farm is highly 
dependent on the terrain in which the wind turbines are located. The terrain is 
classified either as flat terrain or complex terrain.  Complex terrain is defined as 
terrain over which the elevation changes over the area within 4km from the wind 
turbine are greater than one third of the minimum height from the ground to wind 
turbine’s rotor. This definition is illustrated in Figure 4 (H. L. Wegley et al. 1978). 
Global wind resource maps show that the available land with good wind resource is 
limited and is largely located in complex terrain. 
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Figure 4 Definition of complex terrain (Wegley et al. 1978). 

 

In a complex terrain, large-scale features are ones where the vertical dimension is 
significant in relation to the planetary boundary layer. They include mountains, 
ridges, high passes, large escarpments, mesas, deep valleys, and gorges (Manwell et 
al. 2002). The flow over these features is the most complex, and flow predictions 
for this category of terrain classification are the least quantified. Therefore resource 
assessment in complex terrain is of great significance. In order to maximize the 
energy output of a wind farm in complex terrain, the siting of the wind turbines 
should be optimized by accurately assessing the wind resource over complex 
terrain. Additionally the spacing of the wind turbines in a wind farm should be 
optimized by knowing the wind resource accurately and how the wakes evolve and 
are modified by topographic effects in complex terrain. Therefore in the rapidly 
growing global wind industry, whose new annual installed capacities have on 
average increased by 26% per year over the past decade, (GWEC 2011), the wind 
field must be understood within the context of both atmospheric flows (that is, 
meteorological boundary layers, which are characterised by ambient turbulence and 
possible thermal instability) and complex terrain. However, there is a lack of 
suitable data that detail the wind field of full-scale wind turbines.  

As the available land with good wind resource is limited and is largely in 
complex terrain, the optimized siting of wind turbines in complex terrain is of 
increasing importance. In complex terrain, the characteristics of the wind turbine 
wake in regards to the velocity deficit and the increased turbulence levels have an 
impact on annual energy yield and wind turbine’s lifetime, respectively. In the 
Laboratory for Energy Conversion at ETH Zurich, an advanced wind simulation 
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tool is under development for optimizing the micro-siting of wind turbines in 
complex terrain. Wind flow field over complex terrain can be simulated with the 
wind simulation tool to identify the wind resource characteristics (Figure 5). 
 

Domain width [km] 
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3 
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Figure 5 Wind flow field simulated over Gütsch wind turbine site in Switzerland with 
LEC’s advanced wind simulation tool. 

 

Therefore both to fill the gap in terms of lacking full-scale wind turbine 
measurements and to provide the necessary measurement data for the validation of 
the advanced wind simulation tool, the topic of this thesis is the development and 
application of an uninhabited aerial vehicle (UAV) instrumented with a fast 
response aerodynamic probe to provide high resolution measurements of the 
flowfield around full scale wind turbines that are located in complex terrain.  
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1.2 Full Scale Wind Turbine Measurements 

1.2.1 State of the Art 

Over the last 25 years, measurements in the wakes of operational full-scale wind 
turbines have been reported. A radiosonde suspended from a tethered balloon was 
used to measure the deficit in the hub-height wake velocity up to nine rotor 
diameters downstream of a 2.5 MW wind turbine (Zambrano and Gyatt 1983).  The 
measurements were recorded instantaneously every two seconds and averaged over 
ten-minute periods. The sonde was also operated next to a meteorological tower to 
calibrate the instrumentation. Measurements were also made down wind with the 
turbine not operating to determine the magnitude of terrain-induced variations in 
wind speed. Downstream locations of 3, 5, 7 and 9 rotor diameters (D) were 
investigated. Scatter observed in l0min-averaged downstream-to-free-stream 
velocity ratio. The velocity ratios measured during the operation of the turbine 
showed even greater scatter, suggesting that only some measurements were, in fact, 
representative of wake centre-line velocities. This suggested that measurements 
were made off centre line instead of along center-line to due to either wake 
meandering or a wind shift. In high wind speeds (13.4 to 20.1 m/s), velocity ratios 
about 50% at 3D and 5% at 5D downstream were measured. Measurements at 
distances greater than 5D downstream showed no wake deficit within the limits of 
resolution of the experiment, indicating that the wake had recovered to free-stream 
conditions. 

Meteorological towers instrumented with cup anemometers installed at different 
heights, were used to measure wake velocity profiles one and two-and-half rotor 
diameters downstream of a 100kW wind turbine (Taylor 1983). These wake 
measurements were conducted at only two positions, 1D and 2.5D downstream of 
the wind turbine. The centre-line velocity deficits are measured as 0.74 and 0.44, 
respectively. 

Kite anemometry was used for measurements in the far-wake (three to nine rotor 
diameters) of a 2.5 MW wind turbine with a rotor diameter of 91m operating under 
stable night-time flow conditions (Baker and Walker 1984).  The wind 
measurements were taken 2D upwind and 3, 5, 7, 9D downwind of two wind 
turbines. The results indicated that the wake velocity deficits 9D downwind were on 
the order of 15-18% during stable night-time flow and in more turbulent night time 
flow these deficits are measured to be less than 10%. 

SODAR, Tala kite and meteorological mast measurements in the near- and far-
wake regions of a 2 MW wind turbine that was located in flat terrain have been 
carried out (Högström et al. 1988).  Measurements with SODAR were made at 
distances ranging from 2D up to 3.6D. Turbulence measurements were obtained at 
three heights of a 145 m tower, situated 3D downwind, during conditions with the 
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wind blowing from the turbine towards the tower. Centre line velocity deficit and 
longitudinal turbulence intensity were obtained with Tala kites at distances of up to 
10.5D. Measurements of the centre line velocity deficit was found to vary 
proportional to the distance with an exponent power of -1.1 (x-1.1), in genera1 
agreement with wind tunnel simulations, but the proportionality constant was found 
to be about 40%, lower than in those simulations. Regarding the turbulence 
measurements, turbulence intensity as an average at the centre of the wake is found 
to be about a factor of two higher than in wind tunnel simulations. Turbulence 
spectra measured in the wake with the SODAR and with tower mounted 
instruments show significantly increased fluctuation levels for frequencies above 
about 0.004 Hz and decreased energy at lower frequencies. 

SODAR measurements of the velocity deficits in the centre and boundaries of 
the wake, two rotor diameters downstream of a 50 kW wind turbine, have been 
reported (Kambezidis et al. 1990). These measurements indicate that wind velocity 
deficit and turbulence intensity take greater values at the centre of the wake than its 
boundaries. 

Nine towers, instrumented with bivane anemometers, were located at the same 
site as Zambrano & Gyatt (1983) to provide measurements of the wake’s 
characteristics over distances from two to ten rotor diameters (Elliott and Barnard 
1990).  The data from nine towers indicated that scattered areas of trees upwind of 
the site caused pronounced variations in the wind flow over the site. The nine 
towers provided detailed data at only 32m height from 2D to 10D downstream of 
the wind turbine. These measurements showed a linear relationship between 
velocity deficit and downwind distance. The average maximum deficits ranged 
from 34% at 2D to 7% at 10D. Largest deficits were measured at low wind speeds 
and low turbulence intensities.  

In complex terrain, a mast instrumented with cup & propeller anemometers at 
different heights, has been used together with acoustic sounders to measure wind 
flow from 1D up to 2.6D  downstream of a 100 kW wind turbine (Helmis et al. 
1995). The results from these measurements indicated a nonlinear interaction of the 
near wake with the turbine-tower shadowing, while cross-wind wake profiles 
indicate a potential core structure. The effect of ambient turbulence was observed, 
especially at lower wind speeds, at a distance of 1D behind the turbine. The wake 
centerline at distances greater than 1D is often observed at heights greater than the 
hub-height and attributed to the wind flow characteristics over the wind park. The 
measurements indicated a rotational motion inside the wake. 

Today, there is increasing use of LIDAR profilers in wind energy applications 
(Smith et al. 2006), (Antoniou et al. 2007) and (Courtney et al. 2008). In (Smith et 
al. 2006), a LIDAR profiler was used to measure wind up to 200mabove ground. In 
these experiments, line measurements of wind profile with LIDAR is compared 
with cup anemometer measurements at different heights. The results were reported 
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that there was good correlation between LIDAR and cup anemometer 
measurements.  

In (Courtney et al. 2008), two commercial LIDAR systems were compared and 
discrepancies in the results of these two systems were reported, which indicates that 
LIDAR measurement technique requires more improvement to increase the 
reliability of each individual system. Additionally, LIDAR profilers provide only a 
one-dimensional (relative to a horizontal coverage area) measurement. While the 
aforementioned studies have provided useful information concerning the wake of 
operational full-scale wind turbines, it is evident that the spatial coverage & spatial 
resolution of the instrumentation that have been employed is limited.  

On the other hand, for many decades now, aircrafts have been used for 
meteorological studies over distances from 10 m to 105 m. The derivation of the 
equations needed to determine vertical and horizontal winds from aircraft have been 
detailed (D. N. Axford 1968) and summarized (Lenschow 1986). The 
measurements of two velocities (the velocity of the aircraft with respect to the 
Earth,   

€ 

 
V aircraft , and the velocity of the wind with respect to the moving aircraft,   

€ 

 
V TAS ) 

are required to obtain the wind vector with respect to the Earth,     

€ 

 
V , by using the 

vector sum,   

€ 

 
V =
 
V TAS +

 
V aircraft . Meteorological research aircraft generally use GPS & 

inertial navigation systems (to measure   

€ 

 
V aircraft) and multi-hole pressure probes (to 

measure   

€ 

 
V TAS ) in order to derive the wind vector.  

The measurement of the horizontal wind field over large areas has been 
accomplished using an instrumented research aircraft (Beswick et al. 2008).  During 
these experiments, a low-cost turbulence probe was installed on the aircraft, UFAM 
Cessna 182 J. It was reported that the data showed good comparison with other 
measurement methods, including ground-based observations and ground-based 
remote sensing. The results showed that probe was capable of reliably mapping out 
a horizontal wind field over a large area. 

Flight manoeuvres to provide in-situ calibration of the wind measurement 
system on a meteorological research aircraft have been described (Bögel and 
Baumann 1991). Furthermore, post-flight filtering of the data from GPS and inertial 
navigation systems have been developed in order to improve the accuracy of an 
aircraft’s measurements (Khelif et al. 1999). In this study, improved techniques for 
measuring horizontal and vertical wind components and state variables on research 
aircraft were presented. They included a filtering method for correcting ground 
speed and position INS data with GPS data, use of moist-air thermodynamic 
properties in the true airspeed calculation, post-flight calculation of the aircraft 
vertical velocity, and calibration of airflow attack and sideslip angles from the two 
air-data systems on each aircraft, a radome gust probe and a pair of fuselage-
mounted Rosemount 858Y probes. The measured wind data from the two air-data 
systems were compared for the National Oceanic and Atmospheric Administration 
WP-3D aircraft. As an evaluation of these techniques, data from the two aircrafts 
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during side-by-side low-level constant heading run were compared for mean and 
turbulent measurements of wind, ambient temperature, and absolute humidity. 
Small empirical offsets were determined and applied to the two latter scalars as well 
as to static and dynamic pressures. Median differences between mean horizontal 
wind components from nine comparisons were within 0.1m/s ± 0.4m/s. 

In one approach for a relatively inexpensive measurement, the GPS-derived 
positions and airspeeds of a sailplane have been used to estimate wind velocities in 
mountain lee waves (Millane et al. 2010). In this study, the logged sailplane 
position and airspeed (sailplane speed relative to the local air mass) were used to 
estimate wind speeds. An algorithm to post-process these data to estimate the three-
dimensional wind velocity along the flight path, based on an assumption of a slowly 
varying horizontal wind velocity was explained.  

Regarding the measurements with large aircrafts, specialized research aircrafts 
are mostly comprehensive and highly instrumented that generally use GPS, inertial 
navigation system (INS), and multi-hole pressure probes to derive ground 
velocities, platform attitude, and airflow vector. However, they provide a limited 
facility because of their expense in terms of capital outlay, maintenance, 
deployment, and operation. 

On the other hand, the conceptual basis of using an uninhabited aerial vehicle 
(UAV) for relatively inexpensive, meteorological measurements has also been 
proposed (Holland et al. 1992). Because of their relatively low cost, high mobility 
and robustness, UAVs have become more widely used for meteorological 
measurements. Long-term measurements using UAVs have been demonstrated 
(Holland et al. 2001). In this study, it was reported that the original concept for the 
Aerosonde, which was introduced by (Holland et al. 1992),  had been validated by 
∼2000 flight hours flown in support of scientific and operational missions. 

Using only the GPS-derived airspeed of the UAV, a plane circular flight 
trajectory has been used to measure wind speed profiles up to an altitude of 2.5 km 
(Ma et al. 2004).  The UAV in this study was a miniature robotic plane 
instrumented with a meteorological sounding system. The system was comprised of 
a miniature robotic plane, an air-borne meteorological sounding, a flight control 
system, and a ground-based system. Take-off and landing of the miniature aircraft 
were guided by radio control, and the flight of the robotic plane along a pre-
designed trajectory was automatically piloted by an onboard navigation system. The 
observed meteorological data and all flight information were sent back in real time 
to the ground, then displayed and recorded by the ground-based computer. The 
ground-based subsystem were able to transmit instructions to the air-borne control 
subsystem.  

Wind vector measurements within the atmospheric boundary layer have been 
made using a UAV equipped with a nine-hole probe. The measurements were 
compared with LIDAR and SODAR measurements (Spiess et al. 2007). The UAV 
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in this study is capable of performing turbulence and wind vector measurements 
within the atmospheric boundary layer and enables to have less time-consuming 
measurement cycles. The comparison with remote sensing systems showed that the 
autopilot of the UAV in this study worked well and directed the UAV to all 
commanded waypoints. The altitude controller of the UAV kept the aircraft at the 
programmed altitude with a deviation of less than two metres. The data link to the 
ground station worked reliably as long as the aircraft was in the range of the 
telemetry (5 km). It was reported in this study that the comparison of remotely 
sensed data with the UAV data showed a good agreement within the measurement 
accuracies of the UAV measurement system. 

A UAV, equipped with an autopilot system for autonomous flight and with 
meteorological sensors was used to measure atmospheric profiles of wind speed, 
wind direction, temperature, humidity and pressure up to 3500 m above ground 
(Reuder et al. 2009). In this study, the UAV, which was developed for atmospheric 
measurements in the lower troposphere was tested. The UAV in this study was 
based on a light-weighted commercially available model airplane, equipped with an 
autopilot and meteorological sensors for temperature, humidity and pressure. In 
addition the applicability of this UAV system for horizontal surveys up to 4 km 
away from the launch site was proven. 

More recently, a UAV equipped with a five-hole probe was used for 
measurements of wind (Kroonenberg et al. 2008). In this study, the wind vector is 
calculated using the vector difference between the aircraft speed relative to the earth 
(inertial velocity) and relative to the airflow (true airspeed). The true airspeed was 
computed from five-hole-probe pressure measurements in combination with 
calibration–coefficient polynomials obtained during wind tunnel calibration. The 
aircraft inertial velocity, position, and attitude were calculated using a Kalman filter 
that combined data from a GPS and INS. In this study, it was reported that an 
inertial subrange of locally isotropic turbulence could be measured up to 40 Hz (or 
0.55 m at 22 m/s airspeed) with the UAV. The first wind estimations based on these 
UAV measurements showed systematic deviations compared to the expected 
values. Consequently an in-flight wind calibration technique was developed that 
corrects for the inaccuracy of the true heading, the constant offset of the pitch angle, 
and the underestimation of the true airspeed. It was reported that the mean 
horizontal and vertical wind measured by the UAV in this study was in agreement 
with simultaneous SODAR and tower measurements. 

The measurement techniques that have been used in previous studies are 
compared to the innovative measurement approach that is the topic of this thesis in 
Table 1. 



1 INTRODUCTION   

 11 

 
 

Technique Coverage  Finest spatial 
resolution (m) 

Range (m) Weight 
(kg) 

Meteorological 
mast 

point - 0-200 

vertical 

Not 
portable 

SODAR line 5 10-1000 

vertical 

12-200 

LIDAR 
profiler 

line 20 40-200 

vertical 

75 

3D Scanning 
LIDAR 

volume 24 - 100 30-5000 

horizontal 

500-2600 

Current 
approach with 

UAV 

volume 5 50 – 3500  vertical 

0 – 1500 horizontal 

1 

Table 1 Comparison of measurement techniques.
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1.3 Approach 
A novel measurement approach that integrates fast response aerodynamic probe 

(FRAP) technology with miniaturized hardware and software for UAVs for wind 
field measurements relevant to full-scale wind turbines is developed in the present 
work. The measurement system is comprised of an instrumented UAV equipped 
with a custom-designed FRAP probe. This fast-response aerodynamic probe 
technology has been under development for a number of years at ETH Zurich. The 
UAV can fly autonomously upstream and in the wake of full-scale wind turbines. A 
trajectory optimization tool is also developed as a part of the system to optimize the 
trajectories with criteria to maximize the useful measurement data. An optical 
trigger system is developed to measure the blade position while UAV is measuring 
in the wake. The illustration of the system components can be seen in Figure 6. This 
innovative measurement system is named “windFlyer”. 
 

 
Figure 6  Measurement system that is comprised of an instrumented UAV, which is 

equipped with a fast response aerodynamic probe, optical trigger and ground control 
station. 
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A comparison of the UAV that is used in the innovative approach to the aircrafts 

that are used in previous flow field measurements of the atmospheric boundary 
layer is given in Table 2. 

 
Aircraft Wing Span 

(m) 
Weight 

(kg) 
Range (m) Probe 

Aerosonde-
Mark 3 

2.9 15 4000 horizontal 
20-6000 vertical 

Vaisala RSS901 
sensor 

RPMSS 3 13 5000 - vertical Digital radiosonde 
M2AV 2 5 5000-horizontal ISM - 9 hole 
SUMO 0.8 0.58 3500 - vertical - 
M2AV 2 6 70000 – 

horizontal 
10 – 800 - 

vertical 

TU-Braunschweig 
- 5 hole 

windFlyer -1 0.8 1 50 – 3500  
vertical 

0 – 1500 
horizontal 

ETH Zurich – 7S-
FRAP - 7 hole 

Table 2 Comparison of airborne approaches for measurements of the atmospheric 
boundary layer. 
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1.4 Research Objectives  
As given in Chapter 1.1, the available land with good wind resource is 

limited and is largely in complex terrain therefore the optimized siting of wind 
turbines in complex terrain is of increasing importance. In complex terrain, the 
characteristics of the wind turbine wake in regards to the velocity deficit and the 
increased turbulence levels have an impact on annual energy yield and wind 
turbine’s lifetime, respectively. In the Laboratory for Energy Conversion at ETH 
Zurich, an advanced wind simulation tool is under development for optimizing 
the micro-siting of wind turbines in complex terrain. Wind flow field over 
complex terrain can be simulated with the wind simulation tool to detail the 
wind resource characteristics. Hence both to fill the gap in terms of lacking full-
scale wind turbine measurements and to provide the necessary measurement data 
for the validation of the advanced wind simulation tool, the topic of this thesis is 
the development and application of an uninhabited aerial vehicle (UAV) 
instrumented with a fast response aerodynamic probe to provide high resolution 
measurements of the flow field around full scale wind turbines that are located 
in complex terrain. Therefore the research objective for the current work is to 
measure the detailed flow structure of full-scale wind turbine’s wake in order to 
understand the physics behind the wake evolution of a full-scale wind turbine. 
The fulfilment of this objective requires having measurements with improved 
spatial coverage and resolution than prior approaches; thus the instrumented 
UAV platform is developed within the context of this work. The database of 
measurements that results from this work will be used in the development of a 
wake model and the validation of the advanced wind simulation tool that is 
under development in Laboratory for Energy Conversion, ETH Zurich. 
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1.5 Thesis Outline 
The following chapters of the thesis are structured as followed: 
In Chapter 2, the measurement system is explained in detail. In this chapter, all 

the components of the main and auxiliary measurement systems are introduced. The 
calibration procedures used for some of the sensors are given. The results from the 
assessment of the instrumented UAV are given also in this chapter. 

In Chapter 3, the measurement methodology is explained. The procedure of the 
the wind vector calculation using all the sensor outputs are given in this chapter. 
The uncertainty analysis of the measurements system is also explained in this 
chapter. 

In Chapter 4, the flight planning and trajectory optimization are explained. The 
details of the trajectory optimization tool are given. The sample flight trajectories 
that are flown during wake measurements are introduced. 

In Chapter 5, the validation of the measurement approach is explained. The 
validation procedure is accompanied by comparison to the circle flights, 
comparison to the wind tunnel experiments and comparison to the LIDAR profiler 
measurements. 

In Chapter 6, the topography of the measurement sites, where the wake 
measurements are made, and the performance characteristics and technical 
specifications of the measurement wind turbines are given. 

In Chapter 7, the reference upstream conditions of the measurement wind 
turbines during the wake measurements, which are measured on the nacelle, are 
given. In this chapter, the upstream profiles measured by the UAV are also 
presented.  

In Chapter 8, the 3D wake structure measured with the instrumented UAV is 
given. In this chapter, the measurements are compared for two different sites. The 
validation of the wake model, which is recently developed in Laboratory for Energy 
Conversion, with the UAV measured wake profiles are also given. 

In Chapter 9, the contribution of the thesis and concluding remarks are 
summarized. The recommendations for the future work are also given in this 
chapter. 
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2 MEASUREMENT SYSTEM 
The main goal of the measurement system is to measure wind flow field 

upstream and in wake of full-scale wind turbines as the main goal. The 
measurement of the wind vector brings certain sensor requirement due to the 
necessity of measuring attitude, position and speed of the UAV. The attitude (pitch, 
roll and heading) of the UAV is used to perform the axis transformation of the 
relative velocity vector measured on the UAV into the Earth’s frame of reference. 
After transformation vector summation of the relative wind vector with ground 
velocity of the UAV is necessary to calculate the wind vector. In the approach 
presented here, a fast response aerodynamic probe, 7S-FRAP, installed on the UAV 
measures the air velocity relative to the UAV. In order to calculate the wind vector 
in Earth’s frame of reference, an axis transformation from the body axis of the 
UAV to Earth’s frame of reference is performed. Prior to axis transformation, the 
air speed relative to UAV is decomposed to its component in UAV’s body axis 
using the flow angles, pitch (α) and yaw (β) measured with 7S-FRAP. For the axis 
transformation pitch (θ) and roll (ϕ) angles measured with infrared sensors and 
heading (ψ) measured by the magnetometer are used. The axis systems and the 
identification of the angles are given in Figure 7. 
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7S-FRAP!

 
Figure 7 The definition of angles used in calculation of wind vector. 

 
The axis transformation matrix (Beswick et al. 2008) is given below: 
 

€ 

M =

cosθ sinψ −sinφ sinθ sinψ − cosφ cosψ −cosφ sinθ sinψ + sinφ cosψ
cosθ cosψ −sinφ sinθ cosψ + cosφ sinψ −cosφ sinθ cosψ − sinφ sinψ
sinθ sinφ cosθ cosφ cosθ

 

 

 
 
 

 

 

 
 
 

 
Eqn. 1 

 
After axis transformation, the vector summation of air speed in Earth’s frame of 

reference and ground speed of the UAV is used to calculate the wind vector as 
given in Eqn. 2. The ground speed of the UAV is given by GPS. 
 

€ 

Vw =Va +Vp  

Eqn. 2 
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The pitch and roll angles are measured with a set of infrared sensors in the 
current system. The details of the working principle and specifications of the 
infrared sensors will be discussed in the following sections. The heading 
information is critical for wind vector measurements. The heading of the UAV can 
only be measured with a magnetometer to give the angle between the longitudinal 
axis of the UAV and the magnetic North. There is an angle between the course of 
the flight and the longitudinal axis of the aircraft that is termed as sideslip angle. 
Hence the course of the aircraft is mostly not representative of the heading. 
Therefore a magnetometer is installed on the aircraft. The specifications and the 
calibration procedure of the magnetometer will be given in the following sections.  

There is also other onboard instrumentation such as GPS, temperature and 
pressure sensors that are part of the measurement system. The detailed information 
regarding all the other onboard instrumentation will be given in the following 
sections. 
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2.1 Fast Response Aerodynamic Probe 
The principal component for time-resolved wind measurements is the 7-sensor 

fast-response aerodynamic probe  (7S-FRAP). The probe is based on previous 
turbomachinery applications in the Laboratory for Energy Conversion at the Swiss 
Federal Institute of Technology, ETH Zürich which is the key enabler of the UAV-
mounted measurements in the wake of a wind turbine. Detailed aspects and 
applications of FRAP technology are described in (Kupferschmied et al. 2000; 
Mansour et al. 2008; Pfau et al. 2002; Porecca et al. 2007).  

The principal requirements for the probe is the capability to measure wind 
(speed, direction and turbulence parameters) in the atmospheric boundary layer and 
downstream of a wind turbine. Thus measurements in low dynamic head (0-
10mbar), over large flow angles (≤ 70°), and with large bandwidth (≤1kHz) are 
required.  

2-hole and 4-hole fast response aerodynamic probe configurations are used in 
previous turbomachinery measurements at Laboratory for Energy Conversion. The 
range of measurement flow angles, ±30°, that these configurations provide is not 
sufficient for wind flow field measurements upstream and in wake of full-scale 
wind turbines. The requirement of designing a 7-hole probe arose from the need to 
have a wider measurement angle range. As indicated in previous studies, a 7-hole 
probe can enable a measurement angle range of ± 70° (Gallington 1980) and (G. G. 
Zilliac 1993).  

The frequency bandwidth requirement of 800Hz is set considering the maximum 
vortex shedding frequency that is associated with the wake of a full-scale wind 
turbine. The vortex shedding frequencies due to different characteristic lengths on a 
a modern full-scale wind turbine are calculated using Strouhal number. Strouhal 
number range used in the calculations are defined referring to the correlation 
between Strouhal number and Reynolds number as shown in Figure 8 (Schewe and 
Larsen 1998). Reynolds numbers applicable for different characteristic lengths 
(Table 3) on a modern full-scale wind turbine are calculated prior to vortex 
shedding frequency calculations. 
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Figure 8 Correlation between Reynolds number, Strouhal number and drag coefficient 
(Schewe and Larsen 1998). 

 

 
 The Strouhal number is given below in Eqn. 3: 
 
 

€ 

St =
f ⋅ L
V  

Eqn. 3 
 

In Eqn. 3, St represents Strouhal number, f, L and V represent vortex shedding 
frequency, characteristic length and velocity, respectively. The characteristic 
velocities and lengths for different parts of a full-scale modern wind turbine that are 
used in the calculations of vortex shedding frequencies are given in Table 3. 
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wake structure characteristic velocity (m/s) characteristic length (m) 

helical tip vortex 70 (blade-relative) 0.5 

nacelle vortex 10 (absolute) 3 

tower vortex 10 (absolute) 2 

trailing edge 
vortex 

70  (blade-relative) 2x10-2 

Table 3 Characteristic velocities and lengths for different parts of a full-scale modern wind 
turbine. 

The vortex shedding frequencies that are calculated using the different 
characteristic lengths on a modern full-scale wind turbine are given in Table 4. As 
shown in Table 4, maximum vortex shedding frequency, 800 Hz, is calculated for 
trailing edge and is used to set the frequency bandwidth requirement for the fast 
response aerodynamic probe.  

 

wake structure vortex shedding 
frequency (Hz) 

helical tip vortex           30 

nacelle vortex               0.5 

tower vortex                 1 

trailing edge vortex    800 

Table 4 Vortex shedding frequencies that are calculated using  different characteristic 
lengths on a modern full-scale wind turbine  

 

The major challenge was to design a probe measurement system that did not 
exceed the payload and autonomous flight limitations of the UAV, which was the 
chosen platform for high-resolution flowfield measurements of full-scale wind 
turbines. Moreover, the probe and sensor packaging needed to be robust, such that 
they can be reliably operated on a UAV. 
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2.1.1 Design 

The sensing elements of the 7S-FRAP employ miniature pressure sensor dies 
(Intersema MS-7505-D), This sensor is designed for low pressure applications (≤ 
50mbar) that have stringent requirements on resolution and accuracy. The sensor 
packaging and bonding techniques are derived from MEMS technology. These 
packaging and the bonding techniques ensure optimal spatial resolution, 
measurement bandwidth and protection of the sensors in harsh weather conditions. 
Moreover the gluing and bonding techniques employed in the present design 
provided a high degree of reliability and low disturbance to the sensors as the probe 
can experience large temperature and pressure fluctuations. The miniature silicon 
piezo-resistive chip is glued onto a socket using a silicon glue with very low E-
modulus. The silicon glue is based on an inorganic ground structure, which offers 
large temperature range of operation (-90 − 200°C) and is highly resistant to 
corrosive media.  Thus the thermo-mechanical stresses are minimized. The 
photopolymer socket is encapsulated into a threaded casing of 5.5mm in diameter. 
The treated casing enables a repeatable fixation of the sensor in the probe tip, as 
well as the quick replacement of a sensor in case of a failure.  

The 7S-FRAP consists of a 20mm hemispherical probe head that is comprised of 
7 fast-response pressure sensors installed beneath the pressure taps. The sensing 
holes have a diameter of 1.3mm, which is less than one-twelfth of the probe 
diameter, ensuring negligible influence on the aero-calibration (Bryer and 
Pankhurst 1971). As the total and static pressures occur on the surface of an 
hemispherical probe at flow angles equal to 0° and about 45° respectively with 
respect to the probe shaft axis, the probe incorporates surface pressure tapings at 
these positions. The volume and the length of pressure taps of the probe tip body 
are minimized, as these dimensions have a significant impact on the probe 
aerodynamics and measurement bandwidth. The reduction of the pressure tap 
volume is a key parameter to yield a high frequency measurement bandwidth, as the 
eigenfrequency of the pneumatic cavity will affect the pressure sensor dynamic 
response. This issue is further discussed below in the dynamic calibration section. 
The probe tip is installed on a cylindrical shaft to give an overall probe length of 
70mm, which minimizes the potential field effect of the UAV on the probe’s 
flowfield. The shaft has a squared-end, which enables the repeatable installation of 
the probe on the UAV.    

2.1.2 Calibration  

Static calibration 
The piezo-resistive sensors are calibrated over a pressure and temperature range 

of 1-30mbar and 1-65°C, respectively. For the measurements, a fifth-order 
polynomial interpolation, Eqn. 4 and Eqn. 5 are used to determine the pressure and 
temperature from the measured sensor signals.  
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The measured sensitivities of the pressure sensor after amplification are 98 
mV/mbar and 135 mV/K for the pressure signal and the temperature signal 
respectively. The noise on the pressure signal reduces the resolution of the analog-
to-digital converter to 19-bit effective, which provides a differential pressure 
measurement resolution of ±8.6 10-3 Pa. The calibration model exhibits an average 
standard deviation compared to the measured data of ±2.27 Pa and ±0.14K, which 
corresponds to an error of less than 0.075% and 0.018% over the full calibration 
range of the probe. 

 

            

€ 

p(U,Ue ) =
i= 0

m

∑ KPi , j
j= 0

n

∑ UiUe
j
   

Eqn. 4 

     

€ 

T(U,Ue ) =
i= 0

m

∑ KTi , j
j= 0

n

∑ UiUe
j
   

Eqn. 5 

 
The output signal U is weakly temperature dependent, while the excitation signal 

Ue is decoupled from the pressure. However the effect of temperature on the 
pressure sensitivity, see Figure 9(a) and the zero pressure offset, which is the 
pressure signal output at zero applied pressure, see Figure 9(b), is not negligible. 
The pressure signal output experiences 7.4% and 47% increase in pressure 
sensitivity and zero pressure output, respectively, when temperature varies from 
1°C to 65°C. It can also be observed that the response to temperature variations is 
non-linear. Therefore the sensors must be calibrated over the full range of intended 
temperature use.  
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Figure 9 (a) Pressure sensitivity versus applied temperature, (b) zero pressure offset versus 

temperature. 
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Aerodynamic calibration 

 
Figure 10 (a) Flow angles convention, (b) Pressure taps numbering and sectoring scheme 

(Sumner 2002). 

The seven-sensor probe design is used to measure the wind over the high flow 
angle variations present in the turbulent boundary layer and in the wake of wind 
turbines. Figure 10 shows (a) the definition of the flow angles and (b) the 
arrangement of the pressure taps. The probe is used in a non-nulling fashion and the 
pressure information from the seven sensors is combined to compute four pressure 
coefficients, representing the local yaw angle, ψ,  pitch angle, θ,  total pressure, Po, 
and dynamic pressure q. This information is then used to derive the local velocity 
vector 

 

v .  
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At low flow angles, the flow remains attached over the entire surface of the 
probe and the central port (n=7) has the highest pressure. Therefore the pressures 
measured by all seven sensors are used to determine the flow conditions. However 
at high flow angles, the flow separates on the leeward side of the probe and an off-
center pressure sensor (n=1-6) has the highest pressure. In this case only a subset of 
the seven pressure sensors is used to determine the flow conditions, based on the 
sensor reading the highest pressure and the sensors that are adjacent to it. The 
difference between high and low flow angles leads to a sectoring scheme, which 
can be employed in the case of high angles as shown in Figure 10(b). For the wind 
vector measurements with aircrafts, wind vector is calculated by summing up air 
velocity vector relative to aircraft and aircraft velocity vector relative to ground. 
Based on the statistical values of air velocity vector relative to aircraft and aircraft 
velocity vector relative to ground under typical wind speed conditions (5-15m/s) 
from our measurements, it is justified that the low flow angle range is sufficient to 
retrieve the wind velocity vector. Therefore the low angle range sequence is 
implemented in the aero-calibration scheme as described below. 

The aero-calibration of the probe was made in the fully automated freejet facility 
at ETHZ. A detailed description of the facility can be found in (Kupferschmied et 
al. 2000). The probe is installed on a three axis traversing system (lateral motion, 
yaw angle and pitch angle motion) in order to rotate the probe relative to the fixed 
jet. The automatic calibration procedure follows a pre-defined measurement grid for 
different probe yaw and pitch angles. For the low angle range the set of calibration 
data is taken on a homogenous grid that covers ±30° in yaw and pitch angles, for a 
Mach number of 0.07, that corresponds to a velocity of 25m/s. 

Following an approach similar to that of (Zilliac 1993), a pitch angle coefficient, 
Cθ , is used to represent the local pitch angle, θ, and a tangential pressure-difference 
coefficient, Cψ , is used to represent local yaw angle, ψ. Similar coefficients, Co and 
Cq, are used to derive the total pressure and dynamic pressure, respectively. These 
coefficients are defined for low angles corresponding to sector 7 as follows:  

 

€ 

Cθ ,7 =
2(P4 − P1) + (P3 − P6) − (P2 − P5)

2(P7 − P7)
 

Eqn. 6 
 

€ 

Cψ ,7 =
(P3 − P6) − (P2 − P5)

3(P7 − P7)
 

Eqn. 7 



2 MEASUREMENT SYSTEM   

 28 

€ 

Co,7 =
P7 − Po
P7 − P7

 

Eqn. 8 
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Cq,7 =
P7 − P7
q  

Eqn. 9 
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P7 =
1
6

Pn
n=1

6

∑  

Eqn. 10 
 

The polynomial curve-fit method of (Gallington 1980) is applied to the 
calibration data. Four sets of calibration coefficients are derived for the four flow 
properties (ψ, θ, Co,  Cq ) .   The polynomial calibration coefficients kijψ  and kijθ , 
used to derive yaw and pitch flow angles, result from the solution of this set of 
linear equations using a least squares 10th order polynomial approximation, as 
shown in Eqn. 11 and Eqn. 12: 
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ψ =
i= 0
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Eqn. 11 
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θ =
i= 0

n

∑ kijθ
j= 0

m
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i Cθ

j
 

Eqn. 12 
A similar procedure as for the flow angles is applied to the pressure 

measurements in order to derive the polynomial calibration coefficients for the total 
pressure and dynamic pressure. The relations Eqn. 13 and Eqn. 14 are a function of 
the computed flow yaw angle. The polynomial interpolation orders are 6 and 5 for 
total pressure and dynamic pressure, respectively. 
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Co =
i= 0
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j= 0
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Eqn. 13 
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Cq =
i= 0

n

∑ kijq
j= 0

m

∑ ψ iθ j
 

Eqn. 14 
 

The calibration curves of the 7S-FRAP probe are shown in Figure 11 for ±30° in 
yaw and pitch, at a Mach number of Ma = 0.074 which corresponds to wind 
dynamic head and velocity of 4mbar and 27m/s, respectively. Table 5 provides the 
uncertainties of the calibration models of 7S-FRAP at Ma=0.074. As described in 
chapter 3, uncertainty of calibration models is not one of the major uncertainty 
contributors of the wind speed measurements with 7S-FRAP. 
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 Figure 11 Aero-calibration coefficients,  (a) yaw flow angle, (b) pitch flow angle, (c) total 

pressure, and (d) dynamic pressure. 
 

Yaw Angle 
abs. [°] / 
rel. [%] 

Pitch Angle 
abs. [°] / 
rel. [%] 

Total 
Pressure 
abs.[Pa]/ 
rel. [%] 

Dynamic 
Pressure 

abs. [Pa] / 
rel.[%] 

5.75 10-2/  

9.58 10-2 

5.77 10-2/  

9.62 10-2 

3.93/  

9.58 10-1 

2.35/  

5.72 10-1 

Table 5 Calibration model accuracy of the 7S-FRAP probe. Calibration range: Ma = 0.074, 
±30° in yaw and pitch angles. 
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Dynamic Calibration 
 

 
Figure 12 Amplitude response of stagnation pressure sensor 7. The measured response is 

from grid generated turbulence. 
 

The pneumatic cavity between the pressure tap and piezo-resistive sensor 
membrane can influence the unsteady pressure measurements. If the pneumatic 
cavity is excited with with its eigenfrequency this may lead to resonance. The 
eigenfrequency of the pneumatic cavity sets the frequency measurement bandwidth 
of 7S-FRAP probe. In order to resolve the flow information with the frequencies 
above this bandwidth, the transfer function of the response is required. The acoustic 
resonance is associated with the characteristic length of the pneumatic cavity, 
implies that the measured signals around the eigenfrequency of the pneumatic 
cavity are strongly amplified and have a phase shift (Gossweiler et al. 1989). It is 
thus important to quantify the eigenfrequency of the newly design shielded pressure 
tap, which will determine the frequency measurement bandwidth of 7S-FRAP 
probe.  

The dynamic response of the pneumatic cavity was measured in the freejet 
facility, equipped with a fine mesh turbulence-generating grid. The PSD of 
measured pressure signal is calculated. The resulting flow turbulence has constant 
amplitude over relatively low frequencies and then decays with a characteristic 
slope of -5/3 at higher frequencies. The amplitude response in terms of PSD/PSD0 
versus frequency is shown in Figure 12. PSD0 is the amplitude of the signal at 1Hz. 
The amplitudes are converted in to dB to indicate the point where the amplitude 
becomes 3dB. The peak at 3.8kHz corresponds with the eigenfrequency of the 
pneumatic cavity of the stagnation pressure sensor 7, which exhibits the largest 
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pneumatic cavity of all seven sensors. The amplitude is flat up to a frequency of 
3kHz, above which the amplitudes are in excess of 3dB. Thus the cut-off frequency 
of 3kHz determines the bandwidth of the 7S-FRAP probe. As previously mentioned 
in the beginning of this chapter, the requirement of the frequency bandwidth of the 
probe is defined as 800 Hz that is based on the maximum vortex shedding 
frequency associated with the wake of a full-scale wind turbine. The probe’s 
frequency bandwidth is factor of four higher than the design requirement of 800Hz, 
which allows capturing higher frequencies if they exist in the flow. 
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2.2 Magnetometer 

2.2.1 Specifications 

A magnetometer is integrated into the system to measure UAV’s heading. The 
magnetometer is a 3-axis magnetic sensor module, the MicroMag3 from PNI 
Sensor Cooperation (PNI 2010). The technical specifications of the magnetometer 
are given in Appendix A1.  

The magnetometer readings are corrected for installation tilt, hard iron and soft 
iron effects (Brücker 2010) , as described in the next sections.  

2.2.2 Tilt Correction 

A correct heading determination requires the compensation for the effect of tilt, 
i.e. pitch and roll angle, as well as for the magnetic field distortions caused by the 
presence of ferrous materials on the UAV.  

In the case where the three-axis magnetometer is oriented in the horizontal plane 
with respect to the earth’s gravity vector, i.e. pitch and roll angle are zero, the 
heading is simply calculated by the earth’s horizontal magnetic field components 
Yh and Xh, which are equal to the magnetic field components X and Y measured by 
the magnetometer:  

 

€ 

Heading = arcTan(Yh
Xh
) = arcTan(Y

X
) 

Eqn. 15 
 

The heading given by Eqn. 15 is in degrees referenced to magnetic north. 
However, if pitch and roll deviate from zero, the magnetic field component Z has to 
be taken into account since the magnetometer’s sensitivity decreases with 
increasing tilt angles, which would result in errors in the measurement of the 
heading. Consequently the effect of pitch and roll angle has to be compensated in 
the first place during the post-processing of the raw magnetometer data. By 
applying equations Eqn. 16 and Eqn. 17, the magnetometer readings X, Y and Z can 
be transformed into the horizontal plane. After obtaining Xh and Yh, Eqn. 15 is 
used to calculate the heading (Caruso 2000).  
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€ 

Xh = X cosϕ +Y sinΘ.sinϕ − Z cosΘsinϕ  
Eqn. 16 

 

€ 

Yh =Y cosΘ + Z sinΘ  

Eqn. 17 

 

2.2.3 Hard Iron Calibration 

The fact that ferrous materials are located close to the magnetometer requires a 
compensation for their magnetic disturbances. The amount of magnetic distortions 
is usually identified by rotating the magnetometer through 360° in a horizontal 
plane. With no nearby magnetic sources or disturbances, the plot of Xh vs. Yh 
would result in a circle with the centre in the origin (0,0), representing the distortion 
free magnetic field of the Earth, as shown in Figure 13a (Caruso 2000). If the effect 
of materials with a constant, additive distortion, e.g. magnetized iron or steel on the 
UAV platform, is added to the earth’s magnetic field, the centre of the circle is 
shifted away from the origin (Figure 13b). This type of distortion is known as hard 
iron effect and remains constant for all heading orientations. Therefore the 
calibration can be done by simply subtracting the x and y offsets of the centre of the 
circle from each magnetometer reading.  
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(a) (b)  
Figure 13 Magnetometer output for distortion free magnetic field (a.) and with hard iron 

effect (b.) 
 

2.2.4 Soft Iron Calibration 

In addition to the hard iron effect, the measurements of heading are influenced 
by what is referred to as a soft iron effect. As opposed to hard iron distortions, the 
distortion originating from soft iron materials in the surroundings of the 
magnetometer is dependent on the orientation of the material within the earth’s 
magnetic field. For this reason the compensation is not as straightforward as for the 
hard iron effect and requires more than subtracting a constant value. Considering 
the raw magnetometer output for a full rotation in the horizontal plane, the soft iron 
effect leads to a deformation of the ideal circle into a rotated ellipse, as shown in 
Figure 14 (Caruso 2000). 
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Figure 14 Magnetometer output with soft-iron distortion 

 

A possibility to compensate for the soft iron effect is to rotate the ellipse until its 
major axis is aligned with the X-axis, then convert the ellipse into a circle by a scale 
factor and finally rotate it back to the original position. In (Konvalin 2008) a 
procedure to calibrate out the soft iron effect is described. This procedure was 
followed in the present work. It is important to point out that both tilt and hard iron 
effects have to be compensated for prior to the correction for the soft iron effects. 
Figure 15 from (Konvalin 2008) illustrates an example ellipse with the origin at 
(0,0) and a rotation of θ as it could result from raw magnetometer outputs after tilt 
and hard iron correction. 
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el 

 

Figure 15 Sample ellipse resulting from soft iron distortion 
 

The steps that are necessary to reshape the ellipse to a circle are summarized as 
follows: 

Identification of θel and r 
First the absolute distances from the origin of all magnetometer (xi/yi) 

measurements are calculated by Eqn. 18. R(x2,y2) is the point for which the 
distance d reaches its maximum and hence defines the major axis. Eqn. 19 yields 
the length of the line segment r. The rotation angle θel is subsequently computed by 
equation Eqn. 20. 
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di = xi
2 + yi

2
 

Eqn. 18 
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r =maxi di = x2
2 + y2

2  

Eqn. 19 
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θel = arctan( y2
x2
) 

Eqn. 20 
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Rotation of the ellipse by θel  
The actual rotation of the magnetometer data through angle θ is carried out by 

multiplying the rotation matrix R in Eqn. 21 by the vector υ containing all the raw 
magnetometer measurements (x/y) , using equation Eqn. 22. 

 

€ 

R =
cosθel sinθel
−sinθel cosθel

 

 
 

 

 
  

Eqn. 21 
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v1 = R ⋅ v  

Eqn. 22 
 

The ellipse after the rotation is shown in Figure 16 (Konvalin 2008). Point R 
now lies on the X-axis, which is aligned with the major axis of the ellipse. 

 

 
Figure 16 Rotated ellipse (black) and scaled circle (red) 
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Conversion of the ellipse to a circle  
The ratio of the lengths of the major axis to the minor axis has to be determined 

for the scaling of the ellipse to a circle. In an analogous manner as r, the line 
segment q is found through the point Q(x1,y1), which defines the minor axis and 
for which d reaches its minimum (Eqn. 23). The scale factor σ is then calculated by 
equation Eqn. 24. The ellipse is finally converted to a circle by multiplying each 
magnetometer measurement of x-wise magnetic field by σ (see Figure 16). 
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q =mini di = x1
2 + y1

2
 

Eqn. 23 
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σ =
q
r  

Eqn. 24 
 

• Final rotation back to original position 
After scaling the magnetometer data have to be rotated back to their original 

position to complete the soft iron calibration. For that purpose the vector υc, 
containing the re-scaled magnetometer measurements, is multiplied by the rotation 
matrix Rback, which rotates the data by the angle negative θel to obtain vector υcal 
(see Eqn. 25 & Eqn. 26). The values in υcal can be used to determine the corrected 
heading in Eqn. 15. 
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Rback =
cos(−θel ) sin(−θel )
−sin(−θel ) cos(−θel )
 

 
 

 

 
  

Eqn. 25 
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vcal = Rback ⋅ vc  

Eqn. 26 
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Other than by compensating with the procedure presented above the soft iron 
effect can be minimized by reducing the amount of soft-iron materials on the 
measurement platform and locating the magnetometer as far away as possible from 
any magnetic source. In the case of the instrumented UAV the magnetometer has 
been installed close to the wing tip, where the influences of the measurement chain, 
the batteries and the electric motor are expected to be lowest. 

Generally speaking it is possible to compensate for hard and soft iron effects 
caused by ferrous parts installed on the aircraft, since their position relative to the 
magnetometer remains the same as the aircraft moves. On the contrary it is almost 
impossible to correct any magnetic distortions originating from materials outside of 
the aircraft (Konvalin 2008), such as a wind turbine or an RC transmitter. 
 

Calibration Tests 
In order to determine the calibration coefficients σ and θel for the UAV platform 

and to demonstrate the newly implemented soft-iron correction, a magnetic sensor 
calibration test was performed. The experiment should further show whether a 
possible impact of the electric motor current could be identified and, if necessary, 
corrected. For the calibration tests a rotating platform for the complete instrumented 
UAV was constructed, as presented in Figure 17. The platform had to be able to 
perform a continuous rotation through 360°, maintaining the UAV in the horizontal 
plane. For the purpose of providing conditions similar to flight, the electric motor 
with the propeller as well as the entire measurement chain including the F7S-UAV 
probe were powered. 

An important precondition was that the construction did not contain any ferrous 
materials. Therefore the platform was mainly built out of wood, PVC and 
plexiglass. The ground plate, which was fixed to the ground by four wooden pins, 
as well as the arrangement of the PVC pipes made sure that the pitch and roll angles 
of the UAV were kept as small as possible during the experiment when thrust was 
generated by the propeller. This measure was necessary because no reliable pitch 
and roll data could be obtained from the IR sensors when the UAV is close 
(approximately 2m) proximity to the ground. Therefore no tilt correction could be 
made in the post-processing. The pitch and roll angles were thus assumed to be 
zero.  

For safety reasons the plexiglass plate was installed at a height of around two 
meters and a PVC pipe was used as a handle to keep the propeller distant from the 
person that is manually rotating the platform. In addition, the UAV was mounted to 
the plexiglass plate with two fastening straps to avoid any movement in axial 
direction. 
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Figure 17 CAD model of rotating plate construction 
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As a result of the calibration tests that are conducted with the rotating plate 
construction, a correction method for soft-iron effects has successfully been 
implemented. The hard iron correction and the soft iron correction on the 
magnetometer output are shown in Figure 18. Using these results the hard iron and 
soft iron correction routines are developed and incorporated into flight data post-
processor. 
 

 
Figure 18 Hard and soft iron correction for a full rotation of UAV. 
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2.3 Infrared Sensors 
Infrared sensors are used to measure the attitude, pitch and roll angles of the 

UAV. IR sensors contain a set of six thermopiles that are orthogonally installed in 
the airframe. A pair of thermopiles is installed vertically, one seeing ground and the 
other one seeing sky to measure the reference signal. Two pairs of thermopiles are 
installed in the horizontal plane and each pair is oriented diagonally to each other; 
these pairs of thermopiles sense the differential signals generated due to the change 
in pitch and roll angle of the UAV. 

 

 
Figure 19 Attitude sensing approach with horizontal and vertical IR-sensors (Paparazzi The 

Free Autopilot 2012c). 
 

The infrared thermopiles use the thermoelectric effect to convert heat to voltage. 
They require no power and the voltage produced is low ~ 40µV/K^4. The 
thermopiles produce 0V if the sensors are sensing equal temperatures, and any 
difference between temperatures creates either a positive or negative voltage. This 
voltage is amplified by a factor of 500 and a 1.65V DC offset is added on top of it. 
The result is that for normal earthly temperatures, the sensor pair will output a 
voltage of 0V - 3.3V at extreme temperature differences and 1.65V at equilibrium. 
As the Earth emits substantially more infrared radiation than the sky, as shown in 
Figure 19, the difference between the radiations emitted by Earth and sky can be 
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measured even in cloudy/rainy weather, over snow-covered land, or at night. The 
voltage produced by the sensor pair is proportional to two factors:  

 
• The angle of the aircraft  
• The local ground/sky temperature difference  

The sensors typically have a 100-degree field of view and produce a quasi-
sinusoidal voltage response relative to their angle orientation. By combining the 
data from three orthogonal pairs of sensor, the bank and pitch angles of the UAV 
can be computed in any weather/terrain conditions with the following drawbacks:  

• Thermopile response is not perfectly sinusoidal so some approximate 
correction factors must be manually tuned  

• Thermopiles react slowly (~25ms time constant), producing a phase delay 
that can cause oscillation on agile UAVs if a gyro is not implemented  

• Thermopiles must be dry. A water drop on the sensor will degrade its 
function. It is therefore not recommended to fly in precipitation or in 
heavy fog/clouds.  

The infrared sensors are calibrated before each flight by holding the aircraft 
nose-down and storing the generated signal. More detailed explanation can be 
found about the working principle and application of attitude sensing with infrared 
sensors in (Long et al. 2010) and (Paparazzi The Free Autopilot 2012c). 
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2.4 Other Onboard Instrumentation 
A GPS receiver, ublox LEA-5H, is installed onboard to measure the position and 

ground speed of the UAV. The performance characteristics of the GPS receiver is 
given in Appendix A1. More detailed information on the ublox LEA-5 GPS 
receiver that is installed on the UAV can be found in (ublox 2008). 

An absolute pressure sensor, VTI TECHNOLOGIES SCP1000, is installed 
onboard to measure the reference back- pressure of the 7S-FRAP. The performance 
characteristics of the VTI SCP1000 sensor is given in Appendix A1. More detailed 
information on the technical specifications of VTI SCP1000 absolute pressure 
sensor can be found in (VTI TECHNOLOGIES). 

A relative humidity and temperature sensor, SENSIRION SHT7, is installed 
onboard to measure the ambient air temperature during measurement flights. 
Ambient temperature readings are used to correct air density, which is ultimately 
used to in the dynamic head equation to calculate relative air speed. Performance 
parameters of the sensor SENSIRION SHT7 is given in Appendix A1. More 
detailed information on the technical specifications of SENSIRION SHT7 relative 
humidity and temperature sensor can be found in (SENSIRION). 
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2.5 Instrumented UAV 
The instrumented UAV (see Figure 20) is comprised of a lightweight airframe, 

the fast response aerodynamic probe 7S-FRAP and onboard instrumentation. The 
onboard instrumentation are comprised of onboard sensors, as described in the 
previous sections, autopilot board and data acquisition system. The details of the 
airframe, the data acquisition system and the autopilot board will be given in the 
following sections. 

 

!
 

Figure 20 Instrumented UAV equipped with seven-sensor fast-response aerodynamic probe. 
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2.5.1 Airframe 

The airframe of the UAV is FunJet manufactured by Multiplex (See Figure 
20). This UAV has a delta-wing airframe with a pusher propeller engine 
configuration, which has given the opportunity to install 7S-FRAP at the tip. The 
airframe is made out of lightweight foam material EPP (expanded polypropylene). 
The engine is an electrical brushless engine (AXI 2212/26) with a 9”x 6” propeller. 
Lithium polymer (LiPo) battery pack with a capacity of 2100mAh is generally used 
to power the engine that enables a flight endurance of around 20-30 minutes. The 
technical specifications of the FunJet airframe are given in Table 6 (Multiplex 
2006): 

 
Length (mm) 750 
Wingspan (mm) 795 
Weight (gr) ≈ 600 
Maximum airspeed (m/s) 35 

Table 6 Technical specifications of Funjet Multiplex  

 
A CAD model of the airframe with the onboard instrumentation has been 

developed in this work(See Figure 21). The CAD model is used to determine the 
centre of gravity and thus to optimize the placement of the equipment in the 
payload bay. The CAD model is also used to make a modification on the airframe, 
which was necessary to build a mock-up model to enable the installation of the 
UAV in the wind tunnel (Brücker 2010). The details of the wind tunnel tests will be 
explained in the next section. 
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(a) 

(b) 

signal conditioners + ADC!

data logger + micro SD card!

CG 

 
Figure 21 CAD model of instrumented UAV with (a) indicated center of gravity, (b) internal 

view 
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2.5.2 Onboard Data Acquisition System 

A data acquisition system is designed and built for 7S-FRAP that is installed in 
the airframe. The data acquisition system enables the onboard in-flight data storage 
of 7S-FRAP measurements. The onboard data acquisition system is comprised of 
signal conditioners, a 14-channel, 24-bit resolution ADC (sampling at 250Hz), and 
an onboard multimedia flash card for data storage. The placement of the data 
acquisition system in the airframe can be seen in Figure 21b. 

2.5.3 Wind Tunnel Testing 

The wind tunnel tests are conducted to assess the velocity measurements with 
7S-FRAP installed at the tip of the UAV and to measure aerodynamics forces and 
moments to generate the flight dynamics model of the UAV (Brücker 2010). The 
flight dynamics model is integrated to the Flight Trajectory Optimization Tool, 
which will be discussed in a following section. The wind tunnel tests were carried 
out in the large low-speed wind tunnel at the Institute of Fluid Dynamics (IFD) at 
ETH Zurich (See Figure 22). This tunnel is a closed-circuit design and has overall 
planform dimensions of 19.9 m x 10.3 m. The closed test-section has a size of 3 m 
in width and 2.1 m in height.  

 
Figure 22 Low-speed wind tunnel test  facility at IFD 

Due to effect of the tunnel walls on the flow, the ratio of the wing-span of the 
UAV to the tunnel width should be below 0.8 (Barlow et al. 1999). For the UAV, 
this ratio is calculated as 0.26, which is clearly within the requirements. Regarding 
the flow blockage in the test-section, the blockage factor must not exceed 4 %. This 
factor is defined as the ratio of the cross-sectional area taken up by the model to the 
total test-section area. For the cross-sectional area of the UAV, a value of 0.021 m2 
could be derived from the CAD model. Divided by the test-section area of around 
5.8 m2 this yields a blockage factor of 0.36 %. Thus, wall and blockage effects are 
negligible. The flow is driven by two axial flow fans and passes square-shaped 
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honeycomb flow conditioners further downstream before entering the nozzle in 
order to obtain a spatially uniform steady stream of air. 

For both angle of attack and sideslip angle adjustment the wind tunnel features a 
traversing system capable of varying independently pitch and yaw angle of the 
model relative to the airflow. The maximum range in pitch reaches from - 15° up to 
+ 45° whereas the yawing mechanism can be rotated through 360°. The model is 
mounted on a support strut in the center of the test-section, which is controlled by 
the stepper motors of the traversing system. The part of the support strut exposed to 
the airstream is shielded by a fairing, which always remains parallel to the 
airstream. The airspeed is adjusted by manually setting a percentage of the available 
flow fan capacity. As a connection between the traversing system and the model a 
streamlined mounting strut is provided, which yaws together with the model. 
Windows at each side of the test-section allow viewing the model during the tests.  

A six-component load cell, LAT-1010KA-2, manufactured by Kyowa, was used 
for the measurement of the aerodynamic forces and moments. The six-component 
force transducer is able to detect three forces in three axial directions orthogonal to 
the transducer as well as the moments around the three axes simultaneously (see 
Figure 23). A signal processor (FDP-106A) that features integrated compensation 
of interference between the transducer axes is integrated to the load cell. The rated 
capacity is 100 N for the horizontal Fx and Fy components and 200 N for the 
vertical force Fz with a safe overload rating of 120%. For the moments around all 
three axes the transducer is rated up to 20 Nm. The aluminium alloy casing has a 
diameter of 70 mm and a height of 44 mm.  
 

 
Figure 23 Force transducer & signal processor (left) and definition of axes (right). 

 

A mock-up model of the UAV was designed and manufactured by introducing 
modifications on the FunJet airframe. The modifications enable the installation of 
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the load cell and 7S-FRAP data acquisition system together in the payload bay. A 
U-shaped aluminium part is used to connect load cell to the airframe. For the 
fixation of the load cell and the strut that is used to mount the mock up of the UAV 
to the floor of the wind tunnel, an aluminium base-plate is used. The illustration of 
the connection interface to the wind tunnel can be seen in Figure 24. 

 

 
Figure 24 Final design for mock-up model with integrated load cell. 

 

A picture of the UAV mock up installed in the wind tunnel can be seen in Figure 
25.  
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!

 
Figure 25 Instrumented UAV installed on traversing system in the IFD , ETH Zurich wind 

tunnel 

2.5.3.1 Upwash Effect 

One of the goals of the wind tunnel testing of the instrumented UAV was to 
assess the influence of the airframe on 7S-FRAP measurements, so called upwash 
effect. The flow pitch angle measurements of 7S-FRAP during the wind tunnel tests 
are assessed to quantify the upwash effect. Prior to this assessment, the expanded 
uncertainty in the flow pitch angle by 7S-FRAP installed on the UAV is determined 
to be 1.4°. In Figure 26 , the difference between the measured flow pitch angle and 
the pitch angle of the traversing system is plotted over a range of pitch angles. For 
the measurements, the flow speed in the wind tunnel is 20m/s, which corresponds to 
the UAV’s relative flow speed in typical field measurements. The difference 
between the measured and the actual flow pitch angles results from uncertainties in 
the probe and measurement chain and from a lift-induced upwash effect. The 
difference varies from 0.3° to 1.8°; thus over flow pitch angles of -12.2 to -5°, the 
difference is within the measurement uncertainties, whereas for flow pitch angles 
between 5° and 7.8°, the difference is never more than 0.4° in the excess of the 
measurement uncertainty. Thus, the effects of lift-induced upwash are negligible. 
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!

 
Figure 26 Variation of difference between measured (θp) and actual (θactual) pitch angles 

over a range of pitch angles. 
 

2.5.3.2 Aerodynamic Forces and Moments 

The aerodynamic forces and moments, which are generated on the UAV mock 
up, are measured with the load cell during the wind tunnel tests. A database of 
aerodynamic forces and moments of the UAV mock up is generated to be used in 
the development of the flight dynamics model of the UAV (Brücker 2010). The lift 
and drag coefficients are also calculated to be used in the development of flight 
dynamics model. The coefficients CL and CD are calculated using the load cell 
measurement data collected at Vflow = 15 m/s and 20 m/s by stepwise increasing the 
pitch angle from θ = -10° to θ = 11°. The wing area A = 0.153 m2 was derived from 
the CAD model. The resulting values at a yaw angle Ψ = 0° are presented in Figure 
27. 
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(a) (b) 
 

Figure 27 Lift (a.) and drag (b.) coefficients at Ψ = 0° 
 

The variation of lift-to-drag ratio of the UAV with the corresponding angle of 
attack is given in Figure 28. As can be seen in Figure 28, the maximum lift-to-drag 
ratio of 13 occurs with an angle of attack of 8° at relative speed of 15m/s in wind 
tunnel. The airframe can be characterized as a low lift-to-drag ratio airframe, since 
the lift-to-drag ratio that is achieved for a light recreational aircraft is in the range of 
15 to 20. The lift-to-drag ratio of gliders, which are characterized as high lift-to-
drag-ratio aircrafts, are in the range of 30 to 60.  
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Figure 28 Lift-to-drag ratio of UAV measured in wind tunnel at flow speeds of 1m/s and 

20m/s. 
 

The longitudinal static stability of the UAV is assessed by plotting the variation 
of CMp, pitching moment, with respect to CL, lift coefficient as presented in Figure 
29. The slope of the curve indicates that the UAV is stable. Using a stable UAV for 
wind measurements has certain advantages. The stable UAV flights avoids to have 
distortions due to the sudden movements of the platform on the signals measured 
with the probe, which is installed at the tip of the UAV. Additionally the pre-
designed measurement trajectories can be followed accurately with a stable UAV. 
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Figure 29 Variation of CMp, pitching moment, with respect to CL, lift coefficient that is 
measured in wind tunnel. 
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2.6 Paparazzi Autopilot System 
Paparazzi is a system that is comprised of hardware and software that enables 

autonomous flight. The hardware is comprised of an airframe and a ground control 
laptop. The airframe is instrumented with a microprocessor board and infrared 
sensors (detailed information given in section 2.3). The autopilot software is an 
open-source software that is developed in Linux environment. Paparazzi uses 
common Proportional Integral Derivative (PID) control for stability and navigation. 
In the controller, outputs of the infrared sensors, pitch and roll angle of the UAV, 
are used as control inputs. The autopilot software runs on a microprocessor board 
called Tiny v2.11 that uses a single Philips LPC2148 ARM7 based microcontroller. 

The Paparazzi system utilizes a bi-directional data-link between the UAV and 
the ground control laptop. The link is established via a wireless modem connection. 
The software enables the pre-flight planning of the flight trajectories. The flight 
trajectories can also be simulated on the laptop. A map of the terrain that the flights 
will be established on can be downloaded on the laptop. During the flights, the 
trajectories can be monitored on the screen of the ground control laptop with the 
map of the terrain in the background. The graphical user interface of the Paparazzi 
software enables the in-flight modification of the flight trajectories and monitoring 
of the onboard sensor outputs. The altitude, battery voltage and the status of link 
between the UAV and the ground control laptop are some of the parameters that can 
be continuously monitored on the screen. A screenshot of the Paparazzi graphical 
user interface is given in (Paparazzi The Free Autopilot 2012a). 
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Figure 30 Screen shot from a flight simulation conducted with Paparazzi software  

More detailed information on the Paparazzi autopilot system can be found in 
(Paparazzi The Free Autopilot 2012a) .  
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2.7 Optical Trigger System 
An optical trigger system is developed to measure the blade position during the 

measurement flights in the wake of a wind turbine. The system is ground based and 
comprised of a laser distance meter (LDM301) and supporting mechanism. LDM 
301 is a laser-based system that measures the distance to and speed of moving 
objects. It has a pilot laser to assist in targeting the object and a main laser that 
detects the distance to and speed of the object. The technical specifications of LDM 
301 are given in Appendix A2. More detailed information on the technical 
specifications and performance characteristics of LDM 301 can be found in 
(ASTECH 2008). 

The working principle of the optical trigger system is based on targeting the 
stationary part of the wind turbine (e.g. tower) and measuring the time of the blade 
passing when the laser beam is interrupted by the rotating blade. The schematic of 
the architecture of the optical trigger system is given in Figure 31. A data 
acquisition system is developed to detect and store the blade passing time. The data 
acquisition system is comprised of an electric circuit to generate a trigger signal, a 
micro-processor board (the same type used in the UAV for autonomous flight, see 
section 2.6 and a wireless modem. The electric circuit is connected to LDM 301’s 
output to detect the signal generated when the blade interrupts the laser beam and 
create a step output. Using the GPS embedded in the micro-processor board, the 
trigger signal is labelled with GPS time. The trigger time data is sent to the ground 
control laptop via modem and stored together with other sensors’ outputs from the 
UAV.  
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Figure 31 Architecture of optical trigger system. 

 
 

In  Figure 32 (a), the plot of the distances measured to the tower and the blades 
that are measured during a field experiment on a full-scale wind turbine is given. In 
Figure 32(b), the trigger signal that is generated using the variation in distance 
measurements is shown. This trigger signal is generated by post-processing the 
distance measurements data. The time of the blade position data are acquired with 
the system, of which the architecture is presented in Figure 31. Hence the distance 
measurements are redundant measurements to the main trigger time data that can be 
used in case of any time data gap. In Figure 32(c), the rotational speed of the wind 
turbine that is calculated using the trigger data is shown.  
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(a) 

(b) 

(c)  
Figure 32 (a) Distance to tower and blades (b) blade trigger signal (c) rotational speed 

measured with optical trigger system on a full-scale wind turbine. 
 

The trigger measurements that are taken on a Vestas-V66 wind turbine indicate a 
blade passing frequency of ≈1Hz that corresponds to a rotor rotational speed of 
≈20rpm. The comparison of the rotational speed measurement conducted with the 
optical trigger system to the nominal rotational speed information from the data 
sheet of Vestas V66 is shown in Table 7. The measured rotational speed and the 
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expected rotational speed that corresponds to the measured wind speed from 
SCADA are in good agreement. 
 

 wind speed (m/s) rotational speed (rpm) 

nominal 

 

16 

(from data sheet) 

21.3 

(from data sheet) 

during 
measurements 

 

15 

(SCADA) 

21 

(measured by optical 
trigger) 

Table 7  Comparison of rotational speed measurement conducted with optical trigger 
system to nominal rotational speed information from data sheet of Vestas V66 wind turbine. 

 
More detailed information on the design and the manufacture of the optical 

trigger system can be found in (Vasella 2010). 
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2.8 Data Acquisition 
The data acquisition of 7S-FRAP and the onboard sensors are handled in two 

different ways. The data from the onboard sensors are sent to the ground control 
laptop during the flight via telemetry. The telemetry link between the UAV and the 
ground control laptop is established by using wireless modems connected at both 
ends. All the onboard sensors data  sent to the ground control laptop is stored in a 
logfile on the laptop. The optical trigger data are also sent to the ground control 
laptop via a second telemetry link that is established between the optical trigger 
system and the laptop. 7S-FRAP data are logged on board in a micro SD card 
during the flight. The signals from 7S-FRAP are amplified with the amplifier board 
and then discretized using custom designed analog to digital converters. Discrete 
probe data are sent to a data logger, a micro-processor, to be labelled with time. 
After this the data are stored on the micro SD card that is installed in the UAV. The 
flowchart of the data acquisition for the UAV measurement system is given Figure 
33. 
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Figure 33 Flow chart of data acquisition for UAV meaurements. 
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2.9 Data Processor 
A data-processor software is developed to process 7S-FRAP and onboard 

sensors data to retrieve wind flow field. There are two data files generated during 
the UAV measurements. Log file that contains onboard sensor and optical trigger 
data and a data file that contains 7S-FRAP output. These two data files are fed into 
the pre-processor to be merged with the same sampling rate. The onboard sensors 
data are up-sampled to 250Hz, which is the data-sampling rate of 7S-FRAP. An 
output file is generated after pre-processing that contains onboard sensors and 7S-
FRAP data together at an unified frequency. This output file then fed into the post-
processor together with the offset/gain file and two different files that contain 
sensor and aero calibration coefficients. In the post processor the voltage signal 
values form 7S-FRAP are converted into pressure using the sensor calibration 
coefficients. Flow angles and dynamic pressure are calculated using the aero 
calibration coefficients. The true airspeed of the UAV is calculated from the 
dynamic pressure. The attitude angles, pitch and roll, and heading are used to 
perform axis transformation from UAV’s body axis to Earth’s frame of reference. 
The vector summation of the relative air velocity measured with 7S-FRAP and the 
ground speed of the UAV from GPS are used to calculate the wind vector. The 
details of the calculation will be given in Section 3.1. The flowchart of the data-
processing routine is given in Figure 34. 
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Figure 34 The flowchart of the data-processing routine of UAV measurement system. 
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3 UNCERTAINTY ON MEASUREMENTS 
The measurement uncertainties of all components in the overall measurement 

chain are systematically combined using the Guide to Expression of Uncertainty in 
Measurements (GUM) to determine the uncertainty in the measurement of the wind 
vector.  In the GUM method, all sources of uncertainty are modelled as probability 
distributions, and a Gaussian uncertainty propagation method is used to combine 
the sources of uncertainty. The modelling of the sources of uncertainty requires 
knowledge about the input data. There are two types of input data considered in the 
GUM method; 

 Type A 
• Statistical information gathered during the measurement (observed data) 
Type B 
• Non-statistical information, which are known prior to the measurement (data 

sheets, etc.) 
In the case of a statistical data set that defines the uncertainty normal distribution 

can be applied. If the uncertainty information is available in terms of upper and 
lower limits as in data sheets, a rectangular distribution can be used to model the 
source of the uncertainty. As an example, in the rectangular distribution case, the 
standard and the extended uncertainty with a known half-width a is calculated as 
follows: 

The variance V is calculated as 

€ 

V (x) =
(2a)2

12  

Eqn. 27 

The standard uncertainty u is calculated as 
 

€ 

u(x) = V (x) =
a
3  

Eqn. 28 

The uncertainty contribution of each input parameter on the result can be calculated 
using its partial derivative, 
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€ 

ui(y) =
∂y
∂xi

u(xi)  

Eqn. 29 

 
 

The law of uncertainty propagation is used to calculate the standard uncertainty  
 

€ 

u(y) = ui
2(y)

i=1

n

∑  

Eqn. 30 

Standard uncertainty u represents a confidence level of 67%. In the GUM 
method there is another uncertainty definition termed as expanded uncertainty. It is 
calculated as follows: 

 

€ 

U = k ⋅ u(y)  
Eqn. 31 

The term k is the coverage factor. The coverage factor is generally set as k=2 in 
the GUM method. The expanded uncertainty represents a confidence level of 95%, 
if k=2. 

A description of the application of the GUM method to fast response 
aerodynamic probes can be found in (Behr et al. 2006). The calibration and 
measurement sequence of 7S-FRAP are modelled following the methodology as 
described in (Behr et al. 2006). The uncertainties associated with the onboard 
sensors are also modelled and incorporated with 7S-FRAP uncertainty. The 
flowchart diagram of the GUM uncertainty model for UAV system is given in 
Figure 35. Sources of the uncertainties associated with calibration of 7S-FRAP and 
the measurements with 7S-FRAP are modelled as separate modules in the GUM 
software. The wind vector calculation sequence is also modelled separately. The 
uncertainty contributors of the wind vector calculation are 7S-FRAP, infrared 
sensors, GPS, temperature sensor and the magnetometer. A more detailed 
description of the uncertainty sources in the wind vector calculation is given in 
Figure 36. 
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Figure 35 Illustration of the uncertainty propagation using the GUM method considering all 
sources of uncertainty in measurement of the wind vector 
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!, heading 

", aircraft pitch angle 

#, aircraft roll angle 

Vrel, (total velocity in aircraft’s FoR) $p , flow pitch angle 

#p , flow yaw angle 

Vx = f (Vrel ,!, $p , #p , Vg, " , # )  

Vg (ground speed) 

Vc (climb speed) 

Vy = f (Vrel, !, $p , #p , Vg, " , # )  

Vz = f (Vrel, !, $p , #p , Vc, " , # )  

sources of uncertainties 

Vw = f (Vx, Vy, Vz)    $abs ,#abs   

Figure 36 Uncertainty contributors in wind vector calculation. 

 
The standard and the expanded uncertainties calculated on the flow quantities 

measured by the instrumented UAV are given in Table 8. The following 
uncertainties apply for the wind speed, flow pitch and flow yaw that are 
transformed into Earth’s frame of reference. 

 
 standard uncertainty expanded uncertainty 

Wind speed (m/s) 0.7 1.5 
Flow pitch (°) 9 18 
Flow yaw (°) 7 14 

Table 8 Standard and expanded uncertainties of flow quantities measured with 
instrumented UAV. 

 

The assessment of the interim uncertainty contribution of the uncertainty sources 
has also revealed the main uncertainty contributors to the overall uncertainty on the 
wind speed measurement. The uncertainty budget of the system is given in Table 9 
and Table 10. 
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 Vrel Φp γp 

Uncertainty contributors Contribution (%) 

δKqc (dyn. pressure calibration coef.) 79.9 - - 
dp7c (diff. pres. center tap) 16.3 - - 
Φp, flow yaw angle 1.1 - - 
δΦmt (probe installation error, yaw) - 94.8 - 
δΦc (flow yaw angle error) - 5.1 - 
δγmt (probe installation error, pitch) - - 94.7 
δγc, (flow pitch angle error) - - 5.1 

Table 9 The contributors in uncertainty of relative wind velocity and flow angles, pitch and 
yaw relative to probe. 

 

 δKqc 

Uncertainty contributors Contribution 
(%) 

q (dynamic pressure) 67.3 
dp7c (diff. pres. center tap) 27 

Table 10 Main contributors in uncertainty of dynamic pressure calibration coefficient. 
 

From the uncertainty budget of the measurement system, the major contributors 
in the uncertainty of measured wind velocity are identified as: 

•probe installation error in pitch & yaw (Δγm,T ,ΔΦm,T) 
• climb speed (Vc) : derived from GPS 
•Free jet pressure transducer: PSI9016, range 340mbar 
•aircraft pitch angle (θ) : derived from IR sensors 
 
The sensitivity of the overall uncertainty on wind velocity to various uncertainty 

sources is investigated using the GUM uncertainty model of the UAV system. The 
purpose of the sensitivity analysis is to identify the possibilities to improve the 
uncertainty band on the measurements with the instrumented UAV. 

In Figure 37 (a), the sensitivity of flow pitch and yaw angles that are measured 
with the instrumented UAV to pitch and yaw angle error in probe installation is 
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presented. The present uncertainty in installation of the probe on UAV is 2.5° for 
both pitch and yaw angles. As can be seen in Figure 37(a), 1.5° improvement in 
uncertainty of installation of the probe may lead to 3° improvement in the 
uncertainty of flow pitch angle measurement and 6° improvement in the uncertainty 
of flow yaw angle measurement. The 1.5° improvement in uncertainty of 
installation of the probe on the UAV is translated as 0.1m/s improvement in the 
uncertainty of wind speed measurement as can be seen in Figure 37(b). 
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O present uncertainty 

(a) 

(b)  
Figure 37 Sensitivity of uncertainty on (a) flow pitch and (b) wind speed to uncertainty on 

pitch and yaw angle error in probe installation. 
 

In Figure 38(a), the sensitivity of flow pitch and yaw angles to the uncertainty of 
climb speed of the UAV is presented. The present uncertainty of the climb speed is 
0.8m/s. The uncertainty of flow yaw angle is insensitive to the improvement on the 
uncertainty of climb speed. On the other hand, the uncertainty of flow pitch can be 
improved 3° with an improvement of 0.3m/s in climb speed. The uncertainty of 
wind speed can only be improved if the uncertainty of the climb speed is less than 
0.5m/s as shown in Figure 38(b). 
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O present uncertainty 

(a) 

(b)  
Figure 38 Sensitivity of uncertainty of (a) flow pitch and yaw (b) wind speed to uncertainty 

of climb speed of UAV. 

In Figure 39(a), the sensitivity of flow pitch and yaw to the uncertainty of 
dynamic pressure measurement measured with UAV is presented. The main 
contributor for the uncertainty of the dynamic pressure measurement is the accuracy 
of the pressure transducers used in the aerodynamic calibration of the probe. 
Although the uncertainty of flow pitch and yaw are not very sensitive to the 
improvements in the uncertainty of dynamic pressure, considerable amount of 
improvement can be achieved in the uncertainty of wind speed by improving the 
uncertainty of dynamic pressure. The transducer used in the aero-calibration of the 
probe had an accuracy of FS 0.05% over a range of 34kPa. If a transducer with FS 
0.05% accuracy over the range of 6.8kPa was used, this could improve the 
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uncertainty of dynamic pressure (Figure 39(b)) around 13Pa that may lead to an 
improvement of 0.2m/s in uncertainty of the wind speed. 

 

O present uncertainty 

(a) 

(b)  

Figure 39 Sensitivity of uncertainty of (a) flow pitch and yaw (b) wind speed to uncertainty 
of dynamic pressure measurement. 

In Figure 40(a), the sensitivity of uncertainty of flow pitch and yaw to the 
variation in the uncertainty of pitch (attitude) angle of the UAV is presented. The 
uncertainty in flow yaw angle is insensitive to the variation in the uncertainty in 
pitch angle of the UAV whereas an improvement of 1° in the uncertainty of pitch 
angle of the UAV can lead to 2° improvement in the uncertainty of flow pitch 
measurement. The improvement in the uncertainty of pitch angle of the UAV 
should be more than 1° to achieve an improvement in the uncertainty of wind speed 
measured with the UAV as can be seen in Figure 40(b). 
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O present uncertainty 

(a) 

(b)  
Figure 40 Sensitivity of uncertainty of (a) flow pitch and yaw (b) wind speed to pitch 

(attitude) angle of UAV. 
 

A scenario that suggests a combination of improvements to the four main 
contributors of the uncertainty in wind speed and flow pitch and yaw angles 
measured with instrumented UAV has been run in the GUM software. The details 
of the scenario are given in Table 11. The possible improvements in the 
uncertainties of probe installation angles, climb speed, pressure transducer used in 
aero-calibration facility and pitch angle of UAV may result in an overall expanded 
uncertainty of 1m/s in wind speed and 10° and 7.6° in flow pitch and yaw measured 
with UAV, respectively. 
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Uncertainty Present system Improved system 

probe installation angle error   

(pitch & yaw)(°) 

±2.5 ±1 

climb speed (m/s) ±0.8 ±0.5 

PS9016-Freejet (Pa) ±17 ±10 

aircraft pitch angle (°) ±2 ±1 

Vw (total velocity) (m/s) ±1.5 ±1 

absolute pitch (°) ±18 ±10 

absolute yaw (°) ±14 ±7.6 
Table 11 Scenario of combined uncertainty improvements and the resulted improved 
uncertainties in wind speed, flow pitch and yaw measured with instrumented UAV. 

 
As a result of the improved uncertainties in flow measurements with the UAV, 

the flow speed and angles in the wake volume can be resolved with 30-40% better 
accuracy. Consequently the improved uncertainties in flow speed and angles will 
lead to more accurate description of the characteristics of the wake's evolution. 
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4 FLIGHT TRAJECTORIES 
4.1 Planning 

A flight planning software that enables to generate waypoints, which define the 
flight trajectory of the UAV is developed. The waypoints are generated within a 
cube that allows the UAV to conduct volumetric measurements. The flight planning 
software is integrated into the Paparazzi autopilot software. The flight plans 
generated by the flight planning software can be simulated before measurement 
flights using the simulation module of the Paparazzi.  

4.2 Optimization 
In order to maximise the data measurement density, a flight simulator with an 

optimised trajectory generator has been developed by (Schneider 2010). The flight 
trajectory optimizer, which is comprised of an aircraft flight dynamics model, a 
navigation controller and a simulated wind field, is implemented in the 
MATLAB/Simulink environment (MathWorks Inc.). The flight simulator is based 
on the open-source flight dynamics and control software JSBSim (J. S. Berndt 
2010). In the simulator, the UAV’s equations of motion are integrated using the 
aerodynamic characteristics of the UAV, which have been measured in wind tunnel 
experiments (Brücker 2010), and the actuator settings are commanded from a 
software-in-the-loop controller; the software-in-the-loop controller implements the 
controller portion of the Paparazzi autopilot system. The schematic of the flight 
trajectory optimizer is shown in Figure 41. 
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Figure 41 Schematic of the flight simulator with optimised flight trajectory generator. 

 
The lift and drag coefficients varying with pitch and yaw angle that are 

measured in the wind tunnel are shown in Figure 42. The pitch and yaw of the 
aircraft are changed during the measurements to investigate the effect of the varying 
pitch and yaw angles on the lift and drag coefficients. 

 

  (a)    (b)  
Figure 42  (a) Lift and (b) drag coefficients as a function pitch and yaw of UAV that are 

measured in wind tunnel. 
 

The stability derivatives of the UAV are calculated using the forces and 
moments that are measured in wind tunnel.  

There were no measurements available that were taken with deflected control 
surfaces from the wind tunnel tests. Therefore the moments due to the control 
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surface deflections were estimated by trying to fit a simulation of a real time flight 
to the log data from the corresponding real time measurements. Further a realistic 
damping for the roll modes was assumed to keep the dynamics of the aircraft and 
the control system stable.  

The UAV is flown in a simulated wind field, which comes either from a CFD 
simulation or from a wake model. A multi-objective optimization algorithm that 
generates multiple flights is then used to identify the optimised trajectory for which 
the measured data best resolve the wind field within the complete flight volume. 
Optimization is performed using the following three criteria, probe acceptance 
angle limits, flight time and interpolation quality. The acceptance angle of 7S-
FRAP is ± 70°. The optimization algorithm assures that the measurement points are 
within the acceptance angle limits. Regarding the flight time, a term called 
measurement time efficiency is defined (Eqn. 32). 
 

€ 

ηtime =
tmeasurement
t flight  

Eqn. 32 
 

This ratio is a measure of how well the battery capacity is utilized during the 
measurement flights in terms of density of the measurement points. ηtime should be 
maximized during the optimization. The interpolation quality is used to quantify 
and compare the performance of different flight plans in terms of how well the 
collected measurements can be used to resolve the flow properties by interpolating 
measurement data in measurement volume. The basic idea of the algorithm that is 
used to calculate interpolation quality is to divide the measurement planes into grid 
cells and to attribute a weight on every cell, which is varying with number of 
measurement points around the cell and how close the measurement points to each 
other. In Figure 43, sample interpolation quality checks can be seen which are 
conducted for inclined flight segments. Figure 43 (a) and (b) show top-view of 
measurement planes. The dotted lines represent the measurement flight segments. 
As the colour code gets red, this indicates that the interpolation quality gets better. 
It is vice-versa, as the colour code gets blue. In Figure 43(a), the interpolation 
quality check for an optimized trajectory is presented. The interpolation quality is 
good inside the measurement plane but it gets worse on the boundaries. In Figure 
43(b), a random inclined trajectory is shown and compared to the optimized one the 
interpolation quality is worse in the measurement plane. 
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Figure 43 Interpolation quality check for (a) optimized and (b) random flight trajectories. 
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After the optimization, the flight plans that are comprised of optimized flight 
segments are automatically generated. These flight plans then are incorporated into 
the UAV’s autopilot software. This procedure is valid for the offline optimization 
case. The optimization tool can provide on-line optimization that is based on real-
time optimization of the waypoints during the flight (Vogel 2012). The flight 
optimization tool can be run on the ground control station that has a communication 
link with UAV. The flight plan optimization code is developed in MATLAB. 
MATLAB is installed on the ground control station hence the Paparazzi and the 
flight optimization tool can be run on the ground control station simultaneously. A 
link between optimization software and Paparazzi is established that enables 
sending the optimized waypoints as messages. In Figure 44, the flow chart of data-
flow during flight in Paparazzi can be seen (Paparazzi The Free Autopilot 2012b). 
The online trajectory optimization massages are integrated into Paparazzi message 
flow as shown in Figure 44. The flight optimization tool outputs are introduced to 
Ground Network during online optimization, which then transfers the message to 
the flying UAV. Consequently UAV changes its trajectory to meet the optimized 
target waypoints in real time. 
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receives datalink messages 
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messages (debug) 
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- datalink 

datalink 
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telemetry 
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ground telemetry 

Ground Network 

online trajectory 

optimization messages 

 
Figure 44 Paparazzi message flow with integrated online trajectory optimization messages. 
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4.3 Sample Trajectories 

The flight trajectory flown during the wake measurements at site 1 (described in 
section 6.1) is given in Figure 45. The Paparazzi software was adapted in order to 
define trajectories for autonomous flight within a volume that included the wind 
turbine’s wake. The measurements reported here are from a measurement volume 
that had dimensions of 0.5 < x/D < 3, -0.75 < y/D < 0.75 and 0.6 < z/zhub < 1.6. 
Within this volume, 2.5D long, straight, horizontally level, upwind flight segments 
were autonomously flown between specified start and end waypoints, such as 
shown in the plan view of Figure 45; if necessary the waypoints could be adjusted 
at any time to ensure that the flight segment is aligned with the centreline of the 
wind turbine’s rotor. The offset, in the x-y plane, of successive flight segments was 
adjusted as desired. Following the upwind flight segment is a sharp left bank turn 
immediately after end waypoint, then a more gradual turn along an arc of a circle 
ahead of the start waypoint. The gradual turn ahead of the end waypoint allowed a 
controlled ascent to be made to a successive measurement height, if desired; the 
interval between successive heights is 20 m.  

 

 

Figure 45 Plan view of typical flight trajectories of UAV used to measure in the wake of the 
wind turbine at site 1. Symbols Bn and En (where n = 1, 2, ...5) denote the start and end 

waypoints of successive measurement segments. 

 



4 FLIGHT TRAJECTORIES   

 86 

A similar trajectory was used during the wake measurements at site 2 (described 
in section 6.2) as can be seen in Figure 46. 

 

 
Figure 46 Plan view of typical flight trajectories of UAV used to measure in the wake of the 

wind turbine at site 2. Symbols Bn and En (where n = 1, 2, ...5) denote the start and end 
waypoints of successive measurement segments. 

 

The actual and the target trajectories for the flight segments of one 
measurement campaign are compared in Figure 47. The target trajectories are 
defined before the measurements. In Figure 47, the straight trajectories are flown 
along four different spanwise paths at y/D= 0.75, 0.5, -0.5, and -0.75. In Table 12, 
the rms spatial differences between the actual and target trajectories in Figure 47 
are given. It can be seen that these differences are comparable to the GPS accuracy, 
and thus indicate that the intended trajectories are reliably followed. Nevertheless, it 
must be emphasized that the actual flown trajectories are used in the subsequent 
post-flight data reduction.
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target 

actual-1 

actual-2 
actual-3 

actual-4 

 
Figure 47 Comparison of actual and target trajectories at four different spanwise locations 

of y/D= -0.75, -0.5, 0.5, 0.75 in wake. 
 

y/D RMS spatial difference between actual and 
target trajectories (m) 

0.75 1 

0.5 2 

-0.5 3.5 

0.75 1.5 

Table 12 RMS spatial differences between actual and target trajectories at  four different 
spanwise locations of y/D= -0.75, -0.5, 0.5, 0.75 in wake. 
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5 VERIFICATION OF MEASUREMENT         
   APPROACH 
5.1 Comparison with Circle Flights 

The wind measurements of the UAV have been assessed with independent 
measurements of the UAV flown in circle-flight mode (Mansour et al. 2011).The 
circle-flight mode has been used for profiling of the atmospheric boundary layer in 
meteorology, as given in (Ma et al. 2004) and (Reuder et al. 2009). 

 

!

 

Figure 48 Profiles of wind speed from 7S-FRAP and UAV circle-flight measurements. All 
wind velocity are non-dimensionalized with the wind velocity measured at 200m. From 
(Mansour et al. 2011). 

 

The principle of the circle-flight mode is to fly the UAV in a circle such that the 
ground speed is decelerated by a headwind on one half of the circle and accelerated 
by a tailwind on the other half of the circle. If the UAV is operated at a constant 
true air speed, the wind speed can be determined from the difference between the 
minimum and maximum ground speeds over a full circle. The evolution of vertical 
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wind profiles measured with circle-flight mode and 7S-FRAP installed at the tip of 
the UAV show qualitatively good agreement over heights of z/zhub = 0.8 – 2, Figure 
48. The measurements are taken upstream of a Vestas-V80 wind turbine. (located in 
site 1, see chapter 6). The measurements of wind speed on the nacelle of the wind 
turbine that is at 100m height were also available during the measurements. The 
comparison of the measured wind speed with circle flight mode and 7S-FRAP to 
nacelle measurements at 100m is shown in Table 13. Expected wind speed is 
calculated following the methodology in (Mansour et al. 2008). 
 

 Measured 
Wind Velocity 

(m/s) 

Nacelle 
anemometer 

(m/s) 

Expected 
wind velocity 

(m/s) 

Deviation 
Abs. [m/s] / rel. [%] 

F7S 4.65 3.6 4.5 0.15 / 3% 

Circle 
flight 

3.14 2.45 3.06 0.08 / 2.6% 

Table 13 Comparison of  measured wind speed with circle flight mode and 7S-FRAP to 
wind turbine nacelle measurements at 100m. 
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5.2 Comparison with Sexbierum Field Measurements 
The UAV wake measurements are compared to the single wake measurements in 

Sexbierum wind farm (Cleijne 1993). The Sexbierum measurements are taken at 
streamwise distances of x/D= -2.8, 2.5, 5.5 and 8 in neutral atmospheric conditions 
in flat terrain. The UAV measurements are taken at streamwise distances from 
x/D=1 up to 3 in complex terrain. A summary of salient characteristics of the 
measurements is given in Table 14.  

 
 

 Sexbierum 
Measurements 

Field Measurements 
with UAV 

Number of turbine blades 3 3 

Rotor diameter (m) 30.1 80 

Tower height (m) 35 100 

Wind turbine installed 
capacity (MW) 

0.31 2 

Wind turbine rated wind 
speed (m/s) 

14 15 

Upstream reference wind 
speed at hub-height (m/s) 

10 11.2 

Table 14 Comparison of the design parameters of wind turbines and performance 
parameters from measurements conducted in Sexbierum with mast and in Extertal with 

UAV. 
 

A comparison of the streamwise wind speed in the wake at x/D = 2.5 is given 
in Table 15. The wind speeds are non-dimensionalised with respect to the upstream 
wind speed at the respective hub height. 
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 x/D Vx/Vref 

Sexbierum 2.5 0.52 

UAV 2.5 0.6 

Table 15 Comparison of streamwise wake velocity components from Sexbierum 
and UAV measurements that are non-dimensionalized with upstream reference hub-

height wind speeds. 
 

As shown in Table 15, at x/D = 2.5, the UAV measurements indicates a 15% 
larger wind speed compared to the Sexbierum measurements. This result suggests 
that the wake has recovered more rapidly at the complex terrain site of the UAV 
measurements compared to the flat terrain site of the Sexbierum measurements.
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5.3 Comparison to TNO Wind Tunnel Experiments 
The evolution of the centreline velocity deficit measured with the UAV on a full 

scale wind turbine is compared to measurements on a sub-scale wind turbine. A 
summary of salient characteristics of the experiments is given in Table 14.  

 

 TNO Wind Tunnel 
Experiments 

Field Measurements 
with UAV 

Number of turbine 
blades 

2 3 

Rotor diameter (m) 0.36 80 

Tip speed ratio 7.5 (design) 5.8 (design) 

Reynolds number at 
50% span 

4x104 ≈4x106 

Table 16 Comparison of the design parameters of wind turbines and performance 
parameters from measurements conducted in TNO wind tunnel and on filed with UAV. 
 

The sub-scale experiments are the TNO- Apeldoorn wind tunnel experiments 
with a sub-scale wind turbine model with 36cm diameter which are described in 
(Crespo et al. 1988) and (Luken et al. 1986). Neutral thermal stratification of a non-
uniform incoming velocity profile is established during the sub-scale experiments.  

The comparison of the velocity deficit evolutions is given in Figure 49. The 
centreline velocity deficit measured by the UAV is compared with two sets of TNO 
measurements conducted at tip speed ratios of 4.5 and 6.6. The tip speed ratio of the 
wind turbine during the UAV measurements is 5.6. The evolution of the centreline 
velocity deficit is generally in good agreement as can be seen in Figure 49. The 
comparison of the wake centreline velocity recovery rates that are measured in the 
wind tunnel and on the full-scale wind turbine with UAV is presented in Table 15. 

 
 



5 VERIFICATION OF MEASUREMENT APPROACH 

   

 94 

 

Figure 49 Comparison of centerline wake velocity deficit evolution measured with the UAV 
at TSR=5.6 to wind tunnel experiments conducted at TSR=4.5 and 6.6, respectively. 

 

 

 

             recovery rate [%] 

x/D UAV TNO TSR=4.5  TNO TSR=6.6 

1-2 10 10 10 

2-3 25 12 15 

Table 17 Comparison of wake centreline velocity recovery rates that are measured in wind 
tunnel and on full-scale wind turbine with UAV at site 1. 
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From x/D= 1 to 2 downstream of the wind turbine, the recovery rates that are 
measured in the wind tunnel and on the full-scale wind turbine are the same, 10%. 
From x/D=2 to 3, the centreline wake velocity deficit measured by the UAV shows 
a more rapid recovery along stream wise direction compared to the wind tunnel 
measurements that is around two times the recovery rate observed in the wind 
tunnel. The main reason for this discrepancy is the rate of turbulent mixing that 
takes place in the atmospheric boundary layer, which is higher than the conditions 
simulated in the wind tunnel. In the TNO experiments the upstream turbulence 
intensity is measured as 1%. The turbulence intensity in the full-scale experiments 
that are measured with the UAV is ≈18%. (The detailed results regarding the 
turbulence measurements with UAV will be presented in a later chapter). The 
higher turbulence intensities in field measurements leads to higher turbulent mixing 
that explains the higher, 25%, recovery rates that are observed from x/D=2 to 3 in 
the field experiments c.f. 12-15% observed in the subscale experiments. 

Overall some of the differences that are seen between the UAV and wind tunnel 
measurements are on account of the differences in Reynolds number and in the 
freestream turbulence levels.
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5.4 Comparison with LIDAR Measurements 
 

(a) (b)  

Figure 50 Comparison of (a) total wind velocity and (b) horizontal wind speed, measured by 
UAV and LIDAR profiler. 

 

Measurements of the upstream wind, made using the instrumented UAV are 
compared with measurements from a LIDAR profiler. The purpose of the 
comparison is to assess the quality of LIDAR profiler measurements over complex 
terrain. The LIDAR profiler is a Leosphere Windcube LIDAR system, which 
operates as a pulsed laser Doppler anemometer. In this system, a pulsed laser beam 
of 1.54µm wavelength is used to measure the line-of-sight wind speed. To obtain 
the three-dimensional wind vector, the beam is inclined by 30° from the vertical and 
the measurements, at a given height, from four different azimuth angles are used to 
reconstruct the wind vector. The length of the laser pulses, which is approximately 
26m, defines the vertical extent of the measurement, and up to ten different height 
levels can be measured simultaneously. The LIDAR profiler takes measurements 
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approximately every 1.5seconds. The UAV is flown autonomously over the LIDAR 
at heights corresponding to measurement heights of the LIDAR. The wind speed 
profiles measured by the UAV are compared to the LIDAR profiler measurements 
in Figure 50a. In Figure 50a, over the height of measurements, it is seen that there is 
good agreement between the total wind velocities measured with UAV and LIDAR. 
On the other hand, the horizontal wind speeds measured by the UAV and LIDAR 
profiler, Figure 50b, show a larger discrepancy than in the total velocity profiles. A 
possible reason, for the discrepancy, is that the horizontal speed measured by 
LIDAR profiler is assumed to be uniform flow at each of the measurement points at 
a given height. The working principle of the LIDAR profiler assumes uniform flow 
in the volume that is penetrated by the LIDAR profiler beams. However in complex 
terrain the flow is not uniform as illustrated in Figure 51. 

 

Hill!

LIDAR profiler!

Uniform horizontal flow!

Non-uniform flow!

Measurement volume of LIDAR profiler!

 
Figure 51 Illustration of LIDAR profiler measurements in complex terrain. 

 

The radial component of the flow velocity that is measured in the line of sight 
and the elevation angle of the LIDAR beam enable the derivation of horizontal 
wind speed as illustrated in Figure 52. 
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Uniform horizontal flow!

Upwind and  downwind 

transmitted beams!
Radial component of wind 

velocity vector!

Elevation angle of 

beam!

Radial component of wind 

velocity vector!

LIDAR profiler!
 

Figure 52 Illustration of measurements of horizontal wind speed with LIDAR profiler. 
 
When the flow is assumed to be uniformly inclined, the difference between the line 
of sight components allows the derivation of vertical velocity component and 
consequently the flow inclination as illustrated in Figure 53. 
 

Upwind and  downwind 

transmitted beams!

Uniformly inclined flow!

LIDAR profiler!  
Figure 53 Illustration of measurements of vertical wind velocity component with LIDAR 

profiler. 
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Whereas in complex terrain the flow is non-uniform and leads to non-unform 
inclination of the flow vectors in the measurement volume of the LIDAR profiler as 
illustrated in Figure 54. Non-uniform flow within the volume defined by the beams 
of the LIDAR profiler introduces ambiguity in the measurements. 
 

Upwind and  downwind 

transmitted beams!

Non-uniform flow inclination!

LIDAR profiler!  
Figure 54 Illustration of non-uniform flow inclination in measurement volume of LIDAR 

profiler in complex terrain as a source of ambiguity. 
 

In Figure 55, the flow pitch angles, measured with the UAV, over the LIDAR 
profiler’s field of view are shown. High flow pitch angles are measured at each 
height. The pitch in the flow may be due to the combination of topography effects 
and thermal stratification of the atmospheric boundary layer during the time of the 
measurements. The measurements were made before sunset in the afternoon, which 
corresponds to an atmospheric boundary layer state of mixed layer evolution. This 
boundary layer state may lead to high flow pitch angles due to the upward motion 
of the air. The measured high pitch angles indicate that the uniform flow 
assumption that is made to calculate horizontal wind speed with the LIDAR 
profiler, see Figure 52, is not valid for these specific measurements. This 
assumption may lead to overestimation of the horizontal wind speed and 
underestimation of vertical wind speed. This explains the good agreement in total 
velocities although the horizontal wind speeds measured with LIDAR are higher in 
magnitude compared to the horizontal speeds measured with UAV. A possible 
remedy is to use the UAV measurements to correct LIDAR profiler measurements 
over complex terrain. 
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Figure 55 Flow pitch angles measured with the UAV at five different heights.  
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6 MEASUREMENT SITE DESCRIPTION AND   
   WIND TURBINE CHARACTERISTICS 

 

6.1 Measurement Site 1 

 6.1.1 Description 

The first measurement site that the upstream and wake measurements on a full 
scale wind turbine by using the instrumented UAV are conducted, is located in the 
Weser highland region of northwest Germany. Figure 56 shows the topography of 
the area. The surface elevations are shown in Figure 56a, and it can be seen that in 
the northwest there is a valley extending approximately in the northwest-southeast 
direction, and in the east-north-east there is a broad ridge that slopes towards the 
northwest and south. Figure 56b shows the simulated wind flow; the upper plot 
shows the velocity contours at an elevation of 100 m and in the lower plot are 
shown the velocity vectors at 10 m elevation. The channelling and acceleration 
effects of topography on the wind flow are seen in Figure 56b. These simulations 
are obtained with ETH Zurich’s advanced wind simulation tool, which is described 
in more detail elsewhere (Jafari et al. 2012). The vegetation of the area is shown in 
Figure 56c; the primary vegetative feature is a covering of open agricultural fields, 
but includes also a dense grove of small trees.  
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(a) 

(b) 

(c)  
Figure 56 Site 1 (a) Contours of surface elevation. (b) Simulated wind flow – upper plot 

shows the velocity contours at an elevation of 100 m and the lower plot the velocity vectors 
at an elevation of 2 m, and  (c) Vegetative cover. The location of wind turbine is shown in (a) 

and (c). 
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6.1.2 Wind Turbine  

The wind turbine that is located at site 1 is a Vestas V-80 with a 2MW installed 
capacity. The technical specifications and the performance characteristics of the 
wind turbine are given in Table 18. 

 
Rotor diameter (m) 80 
Nominal rotational speed 
(rpm) 

16.7 

Operational interval (rpm) 9 - 19 
Hub height (m) 100 
Cut-in wind speed (m/s) 4 
Nominal wind speed (m/s) 15 
Cut-out wind speed (m/s) 25 

Table 18 Technical specifications and performance characteristics of measurement wind 
turbine, Vestas V-80 (Vestas 2008). 

 

The wind turbine has an automatic yaw control system that keeps the rotor faced 
towards the direction of the incoming wind. It has also an automatic control of the 
blade pitch that maintains a near-constant tip speed ratio. 
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6.2 Measurement Site 2 

6.2.1 Description 

The second measurement site is located in southwest Switzerland. The surface 
elevations are shown in Figure 57a, and it can be seen that there is a valley 
extending approximately in the northwest-southeast direction, and at both sides of 
the valley there are hills with an elevation varying from approximately 700m up to 
2800m.  The surface cover of the area is shown in Figure 57b; the primary 
vegetative feature is a covering of open agricultural fields, but also there are some 
small patches of short trees. The wind turbine is located in the middle of the valley 
with an equal distance to the hills at both sides. It can be seen that similar to the 
first measurement site, because of the effects of the topography and vegetation on 
the wind flow, the wind turbine at this site operates under the challenging effects of 
complex terrain.  

From the perspective of measurements using the UAV, the presence of the 
transmission lines at heights of 30m and 80m in close proximity to the wind 
turbine, posed some limitations. 
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(a) 

(b)  
Figure 57 Topography at the site of the second field experiment. (a) Contours of surface 

elevation. (b) Vegetative cover. The location of wind turbine at site 2 is shown in (a) and (b). 
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6.2.2 Wind Turbine 

The wind turbine that is installed at site 2 is an Enercon E70-E4-2.0 MW wind 
turbine. The technical specifications and the performance characteristics of the 
wind turbine are given in Table 19. 

 
Rotor diameter (m) 71 
Hub height (m) 100 
Cut-in wind speed (m/s) 4 

Table 19 Technical specifications and performance characteristics of measurement wind 
turbine, Enercon E70-E4 (Windenergie-Daten der Schweiz). 

 

This wind turbine has also automatic yaw and pitch control systems, such as the 
wind turbine located at site 1, for the adjustment of rotor yaw and blade pitch 
angles. 
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6.3 Assessment of Topography of Measurement Sites 
For both of the measurement sites, the elevation change over the area within 

4km from the wind turbine is greater than one third of the minimum height from the 
ground to wind turbine’s rotor. The elevation changes within 4km of the wind 
turbines at sites 1 and 2 and one third of the minimum heights from the ground to 
the wind turbines’ rotors (termed as reference height) for both of the wind turbines 
are given in Table 20. The elevation changes over sites 1 and 2 indicate that both of 
the wind turbines at sites 1 and 2 operate under the challenging effects of complex 
terrain due to the definition of complex terrain as given in section 1.1. 

 
 reference height (m) elevation change (m) 

Site 1 20 160 

Site 2 22 2400 

Table 20 Comparison of elevation changes within 4km of wind turbines at sites 1 and 2 to 
one third of minimum heights from ground to wind turbines’rotors (termed as reference 

height) for both of  wind turbines. 
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7 UPSTREAM CONDITIONS FOR WAKE   
   MEASUREMENTS 

The wind flow data measured at the nacelle of the wind turbines were accessible 
during the measurements at both sites. Additionally the upstream wind profiles at 
measurement sites are measured with the UAV. Regarding the UAV measurements, 
although the upstream measurements were not simultaneous with the wake 
measurements, measured upstream velocity profiles are useful to observe the 
topography and thermal effects on the inflow conditions. 

 

7.1 Site 1 
The frequency distribution of the 10-minute averaged wind direction and wind 

speed are shown in Figure 58. The measurements are from the wind turbine’s 
nacelle-mounted instrumentation over a 24-hour period that includes the duration of 
the measurements at site 1. The primary wind direction is 280 deg. and the average 
wind speed is 10.4 m/s. 

 

 
Figure 58 Frequency distribution of wind speed and wind direction over a 24-hour period 

encompassing the duration of field experiment at site 1. 
 



7 UPSTREAM CONDITIONS FOR WAKE MEASUREMENTS 

   

 111 

The wake measurements are conducted over a time period of two hours at site 1. 
The mean wind speed and direction that are measured by the wind turbine’s 
nacelle-mounted instrumentation during these two hours period of wake 
measurements are given in Table 21. The standard deviations in wind speed and 
direction are also given in the same table.  

 
 

 mean standard deviation 

Wind speed (m/s) 11.2 1 

Wind direction (°) 288 6 

Table 21 Mean and standard deviation of the wind speed and direction measured by the 
instrumentation on the nacelle of the wind turbine during the measurements at site 1. 
 

The vertical profiles of wind speed upstream of the wind wind turbine, which are 
measured with UAV at Site 1, are shown in Figure 59. These measurements are not 
taken simultaneously with the detailed wake measurements that will be presented in 
the next chapters but just after the wake measurements on the same day. 
Nevertheless these profiles are of significance in terms of giving information on the 
topography and thermal effects on the evolution of vertical wind profiles. The error 
bars denote the expanded uncertainty in the measured wind speed. In the same 
figure, wind speed that is measured on the nacelle of the wind turbine is also given, 
termed as SCADA. This wind speed is then corrected as described in (Mansour et 
al. 2011). The corrected wind speed is also given in the same figure. The wind 
speed at hub height measured with UAV and the corrected wind speed measure on 
the nacelle of the wind turbine are in good agreement.  

In order to measure the upstream profiles, the UAV is flown from a location 2D 
upwind of the wind turbine on a straight, horizontal, upwind flight path over a 
ground distance of 1.9D. The profiles are for spanwise locations of y/D = ±1.25. 
The measured profiles show that there are three-dimensional variations in the flow. 
There is shear normal to the surface, as is expected, as well as spanwise shear that is 
due to the topography and vegetative cover shown in Figure 56. 
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Figure 59 Profiles of wind speed measured upstream of the wind turbine at spanwise 

locations of y/D = ±1.25 at site 1. 
 

 The wind directions measured with the UAV during the same upstream 
measurements, which are given above, are shown in Figure 60. The wind direction 
that is measured with UAV at hub height of the wind turbine is compared to the 
wind direction measured on the nacelle. A good agreement is observed within 10° 
difference. 
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Figure 60 Profiles of wind direction measured upstream of the wind turbine at spanwise 
locations of y/D = ±1.25 and wind direction measured on nacelle of wind turbine. 
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Turbulence intensity is also measured at 100m (hub height) and 165m at site 1. 
The measurements are taken 2D upwind of the wind turbine. As the turbulence 
statistics are derived from a non-stationary platform, the effect of the analysis 
period was first systematically evaluated. The variation of turbulence intensity with 
averaging time is assessed at both of these measurement heights and shown in 
Figure 61. At 100m the turbulence intensity converges to ≈18% whereas at 165m 
the turbulence intensity converges to ≈14%. As the height above ground level 
increases, the effect of surface and the roughness decreases. Consequently a 
decrease in turbulence intensity, as observed in the measurements, is expected. 
 

 
Figure 61 Variation of turbulence intensity with increasing averaging time at 100m and 

165m upstream of wind turbine at site 1. 
 

The trends observed in the variation of the turbulence intensity that is measured 
upstream of wind turbine are compared to measurements results from other 
meteorological studies (Skupniewicz et al. 1989), obtained horizontal turbulence 
measurements from 22 wind sensors located on 9 towers in a mountainous coastal 
area are described and categorized by stability and terrain. Vector wind time series 
are high-pass filtered, and lateral and longitudinal wind speed variance is calculated 
for averaging times ranging from 15 seconds to 2 hours. A parameterization study 
of turbulence intensity is conducted in the crosswind (lateral) and along wind 
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(longitudinal) direction for any selected averaging time. As it is shown in UAV 
measurements, Figure 61, and results from their study, Figure 62, the trends of the 
variation in turbulence intensity with increasing averaging time show consistency. 
As shown in Figure 61 the turbulence intensity measured at 100m and 165m can be 
considered as ≈18% and ≈14% respectively. 
 

  (a) 

   (b) 
 

Figure 62 Turbulence intensity as a function of averaging time with a comparison of the 
power law and spectrally based parameterization techniques for (a) a typical longitudinal 

case, (b) a typical lateral case. 
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The ambient temperature profiles that are measured with temperature sensor that 
is installed on the UAV are given in Figure 63. The ambient temperature that is 
measured at hub height with UAV is compared to the ambient temperature 
measured on the nacelle of the wind turbine. A discrepancy of 3°C is observed. The 
potential reason for this could be the variations in the local temperatures due to the 
spatial difference in the measurements that are conducted with UAV and nacelle-
mounted instrumentation. 

 

 
Figure 63 Profiles of ambient temperature measured upstream of the wind turbine at 

spanwise locations of y/D = ±1.25 . 

 
The absolute pressure profiles that are measured with the absolute pressure 

sensor that is installed on the UAV are shown in Figure 64. 
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Figure 64 Profiles of absolute pressure measured upstream of the wind turbine at spanwise 

locations of y/D = ±1.25 . 
 

The thermal stability of the atmospheric boundary layer during the upstream 
measurements is also assessed. The virtual temperature profiles are generated to 
perform the assessment. The ambient temperature and the absolute pressure profiles 
are used to calculate the virtual temperature profiles. The corresponding virtual 
temperature profiles are shown in Figure 65. These profiles indicate that the 
upstream flow is thermally stable.  
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Figure 65 Profiles of virtual temperature measured upstream of the wind turbine at 
spanwise locations of y/D = ±1.25. 
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    7.2 Site 2 
The frequency distribution of the 10-minute averaged wind direction and wind 

speed are shown in Figure 66. The measurements are from the wind turbine’s 
nacelle-mounted instrumentation over a 24-hour period that includes the duration of 
the measurements at site 2. There are two primary wind directions, which are 
340deg and 160deg and the average wind speed is 4.1 m/s. 

 

 

Figure 66 Frequency distribution of wind speed and wind direction over a 24-hour period 
encompassing the duration of field experiment at site 2. 

 

The wake measurements are conducted over a time period of 0.5 hour at site 2. 
The mean wind speed and direction that are measured by the wind turbine’s 
nacelle-mounted instrumentation during the wake measurements are given in Table 
22. The standard deviations in wind speed and direction are also given in the same 
table. 
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 mean standard deviation 

Wind speed (m/s) 9.3 0.4 

Wind direction (°) 340 1.2 

Table 22 Mean and standard deviation of the wind speed and direction measured by the 
instrumentation on the nacelle of the wind turbine during the measurements at site 2. 
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8 WAKE MEASUREMENTS ON FULL- 
   SCALE WIND TURBINES 

In this chapter the detailed, high-resolution measurements that are conducted in 
the wake of two full-scale wind turbines using the instrumented UAV are presented.  

8.1 3D Wake Structure of a Full-Scale Wind Turbine 
The measurements that are presented in this subchapter are taken in the wake of 

the wind turbine that is located at site 1.  
Vertical profiles of wind speed measured downstream of the wind turbine are 

shown in Figure 67. The profiles are at streamwise locations of x/D = 1, 1.5, 2, 2.5, 
and 3 for two spanwise locations of y/D = 0, Fig. 8a, and y/D = -0.5, Fig. 8b. As the 
UAV’s measurement flight trajectory is aligned with the wind turbine’s rotor axis, 
the profiles along y/D = 0 show the streamwise evolution along the centreline of the 
wake, whereas along y/D = -0.5 the streamwise evolution away from the centreline 
is measured. By comparison of the profiles at x/D = 1 with the profiles measured 
upstream of the wind turbine, Figure 59, the deceleration of the wind speed across 
the rotor plane, which has a vertical extent of 0.6 < z/zhub < 1.4 at the centreline, is 
evident. Above z/zhub = 1.5 at x/D = 1 for both spanwise locations, there is little 
variation in wind speed as this region is outside the vertical extent of the wake. 
Further downstream, x/D ≥ 1, along the centreline, Figure 67a, for z/zhub > 1.5, the 
velocity increases with height; this increase is indicative of the wake’s broadening 
and an increase in the wake’s vertical extent as the wake evolves downstream. On 
the otherhand, over the same streamwise distances away from the centreline, Figure 
67b, no such broadening is seen; since the rotor’s wake has an initially circular 
cross section at the rotor’s plane of rotation, the region z/zhub > 1.5, at y/D = -0.5, is 
outside the rotor’s wake. Along the centreline, Figure 67a, as well as the rotor 
wake, the profiles at x/D = 1, 1.5 and 2 show the effects of the wakes from the 
tower and nacelle, as there is a near constant wind speed, V/Vref ≈ 0.4 for heights 
z/zhub < 1.25 at x/D = 1 and 1.5 and V/Vref ≈ 0.5 for heights z/zhub < 1 at x/D = 2. 

Further downstream, x/D ≥ 2.5, along the centreline, this region of decelerated 
flow that is also modified by the tower and nacelle mixes out. At x/D = 2.5, the 
profile shows that there is a minimum in the wind speed at z/zhub = 0.8, which is 
below the hub height. Further downstream at x/D = 3, the minimum wind speed is 
at hub height. There is also a lower speed observed at z/zhub = 0.6, which may be 
indicative of the vertical shear in the upstream wind profile. Away from the 
centreline, Figure 67b, the flow deceleration is less marked than along the 



8 WAKE MEASUREMENTS ON FULL-SCALE WIND TURBINES 

   

 123 

centreline, as at y/D = -0.5, there are no shadowing effects of the nacelle and tower. 
At x/D = 1, there is a near constant wind speed, V/Vref ≈ 0.5 for heights z/zhub < 1, 
and a monotonic increase in the wind speed over the heights z/zhub = 1 - 1.4. 
Further downstream, 1.5 < x/D < 2.5, there are variations in the wind speed below 
hub height. At the most downstream location, x/D = 3, the profile shows a distinct 
minimum in the wind speed, similar to the more upstream profile, x/D = 2.5, at the 
centreline, Figure 67a; this is indicative of the increasing horizontal extent of the 
rotor’s wake as the wake evolves downstream. 

 

(a) 

(b) 
 

Figure 67 Profiles of wind speed measured downstream of the wind turbine at streamwise 
locations of x/D = 1, 1.5, 2, 2.5, and 3. Profiles are at spanwise locations of (a) y/D = 0 and (b) 

y/D = -0.5. 



8 WAKE MEASUREMENTS ON FULL-SCALE WIND TURBINES 

   

 124 

Profiles of streamwise component of the wind speed measured downstream 
of the wind turbine are shown in Figure 68. As described above, an automatic yaw 
control system aligns the wind turbine with the direction of the upstream wind. The 
close semblance between the profiles of total and stream wise wind speeds, shown 
in Figure 67 and Figure 68 respectively, indicates the efficacy of the yaw control 
system. 

(a) 

(b)  
Figure 68 Profiles of streamwise wind speed measured downstream of the wind turbine at 
streamwise locations of x/D = 1, 1.5, 2, 2.5, and 3. Profiles are at spanwise locations of (a) 

y/D = 0 and (b) y/D = -0.5. 
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(a) 

(b) 
 

Figure 69 Profiles of in-plane (y-z) wind speed measured downstream of the wind turbine at 
streamwise locations of x/D = 1, 1.5, 2, 2.5, and 3. Profiles are at spanwise locations of (a) 

y/D = 0 and (b) y/D = -0.5. 
 

Vertical profiles of the in-plane (y-z) component of the wind speed measured 
downstream of the wind turbine are shown in Figure 69. The y-z plane is parallel to 
the rotor plane, and thus the in-plane wind speed components are indicative of the 
in-plane motion within the wake. Along the centreline, Figure 69a, over the vertical 
extent of the rotor, 0.6 < z/zhub < 1.4, the magnitude of the in-plane wind speed is 
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initially relatively large, V/Vref ≈ 0.2 at x/D = 1, and then decreases to relatively 
small magnitudes, V/Vref ≈ 0, further downstream at x/D = 3. The larger magnitudes 
are indicative of the flow turning, in-plane rotation and radial broadening of the 
wake which are all marked to occur close to the rotor. Further downstream, these 
effects diminish due to the mixing out that takes place in the wake, and as in seen in 
Figure 68 & Figure 69, the flow is then predominantly in the streamwise direction. 

The streamwise evolution of the deficit in hub-height wind speed is shown in 
Figure 71. The locations of the measurements are illustrated in Fig 69 as location 1 
y/D=0, location 2 y/D=-0.25 and location 3 y/D=-0.5. Along the centreline, Figure 
71a, the deficit is ≈ 65 % near to the rotor, 0.5 < x/D < 1.75; by comparison, at 
y/D=-0.5, away from the centreline, over the same streamwise distance, Figure 71c, 
the deficit is ≈25 %.  At an intermediate span wise position, y/D=-0.25, the deficit 
in wind speed is constant, approximately 40% over 0.5<x/D<1.75. Thus, it is 
evident that the presence of the tower and nacelle has a marked impact on the 
deceleration of the flow. Further downstream, 1.75 < x/D < 2.5, the deficit in wind 
speed along the centreline, Figure 71a, decreases, and for x/D > 2.5 deficit is 
approximately constant ≈25 %.  At the mid-span position, y/D=-0.25, over the 
distance, 1.75<x/D<3 the deficit is approximately constant at ≈ 50%. Further away 
from the centreline, Figure 71b, over the whole measurement distance, 0.5 < x/D < 
3, the deficit in wind speed is approximately constant ≈25 %. This magnitude of 
speed deficit is representative of what is expected for rotors of modern wind 
turbines (Hau 2006). The above observations indicate that the impact of the 
shadowing effect of the tower and the nacelle decreases away from the centreline 
between x/D= 0.5 and 1.75. However, as is evident from Figure 71, in the region 
0.5 < x/D < 1.75 there are strong (25 – 65 %) spanwise variations in the wind 
speed’s deficit that must be accounted for in advanced wind simulation tools. 

 

 
Figure 70 Locations that wake evolutions measurements are taken, as location 1 

corresponds to y/D = 0, location 2 corresponds to y/D = -0.25 and location 3 corresponds to 
y/D = -0.5.  
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Figure 71 Streamwise evolution of deficit in hub-height wind speed in the wake. (a) Along 
centreline (y/D = 0), (b) away from centreline (y/D = -0.25) and (c) further away from 

centreline (y/D = -0.5). 

 
The measurement results presented above are generated applying a spatial 

averaging on raw measurement data from UAV. The spatial resolution of the 
measured data is 7.5×10-4D; in data post-processing, the resultant wind vector at a 
given point is derived from 350 successive measured data points; thus in the x-y 
plane, the measurements in the wake are averaged over 0.25D. A sensitivity 
analysis is conducted to investigate the impact of the varying averaging length of 
measurement segment on the magnitude of mean velocities measured with the 
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UAV. The sensitivity analysis is applied to two different measurement lines at 
y/D=0 (centreline) and y/D=-0.5 (the border of the rotor extent). Three different 
averaging length are used in the sensitivity analysis that are 0.25D, 0.5D and 1D. 

In Figure 72, the centreline wake velocity deficit evolutions that are generated 
using the averaging lengths of 0.25D, 0.5D and 1D are presented. 
 

 
Figure 72 Centreline wake velocity evolutions that are generated using averaging lengths of 

0.25D, 0.5D and 1D based on the measurements at site 1. 
 

The absolute values of the wake centreline velocity deficit and the maximum 
difference that is due to using different averaging lengths of 0.25D, 0,5D and 1D 
are presented in Table 23. 
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Velocity deficit [%]  
x/D 0.25D 0.5D 1D 

 
Max difference [%] 

1 61 55 54 6 

2 46 38 40 8 

3 22 19 20 3 

Table 23 Absolute values of centerline wake velocity deficit and maximum difference that is 
due to using different averaging lengths of 0.25D, 0.5D and 1D. 

The maximum difference in velocity deficit due to varying spatial resolution used in 
averaging to calculate deficit evolution along centerline is calculated as 8% for 
centreline velocity evolution.  

In Figure 73, the wake velocity deficit evolutions at y/D= -0.5 that are 
generated using the averaging lengths of 0.25D, 0.5D and 1D are presented. 
 

 
Figure 73 Wake velocity evolutions at y/D= -0.5 (border of rotor extent in wake) that are 

generated using averaging lengths of 0.25D, 0.5D and 1D based on the measurements at site 
1. 
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The absolute values of the wake velocity deficit at y/D= -0.5 and the maximum 
difference that is due to using different averaging lengths of 0.25D, 0,5D and 1D 
are presented in Table 24. 
 

Velocit deficit [%]  
x/D 0.25D 0.5D 1D 

 
Max difference [%] 

1 25 17 21 8 

2 40 36 32 8 

3 25 24 31 7 

Table 24 Absolute values of wake velocity deficit at y/D=-0.5 and maximum difference that 
is due to using different averaging lengths of 0.25D, 0.5D and 1D. 

 
The maximum difference in velocity deficit due to varying spatial resolution used in 
averaging to calculate deficit evolution at y/D= -0.5 is calculated as 8% similar to 
the centreline velocity evolution. The maximum 8% difference is not a dramatic 
discrepancy considering that the measurement system uncertainty for wind speed is 
0.7m/s. The sensitivity analysis showed that using 0.25D as averaging length is 
reasonable to calculate the mean velocity profiles in the wake. 
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In order to better understand the wake aerodynamics of the full-scale wind 
turbines, the flow field measured by the instrumented UAV is mapped on 
measurement planes. Mapping is done in the post processing of the raw data by 
applying interpolation. 3D volumetric data are analyzed thoroughly to understand 
the evolution of the wake along stream wise direction and variation of the flow 
quantities across the wake.  

  
 

 
Figure 74 Contours of wind speed measured at x/D= 1, 1.5, 2, 2.5, and 3 (80m, 120m, 160m, 
200m and 240m downstream of the wind turbine). The solid white circle indicates the radial 

extent of the rotor (rotor diameter, 80m). The wind direction is from right to left. 
 

An overview of the time-averaged wind speed measured in the near-wake region 
downstream of the wind turbine at site 1 is shown in Figure 74. The wake is 
measured from x/D=1 up to x/D=3 at stream wise positions of x/D=1, 1.5, 2, 2.5 
and 3. The evolution of the wake in the near wake region is clearly seen in Figure 
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74. The measurements indicate a sound recovery in the wake velocities along 
streamwise direction. A closer look to the time-averaged wind speed mapped on the 
measurement planes is given in Figure 75. During these wake measurements; the 
reference upstream velocity was 11.2m/s. At x/D=1, the total velocity is less than 
4m/s within a vertical region in the lower half of the rotor plane. This region of low 
velocity is a signature of the tower’s wake. Further downstream at x/D=1.5, it can 
be clearly seen that the tower’s wake has mixed out. On the other hand, from x/D=1 
to x/D=2, regions of low velocity, within which the total velocity is less than 4m/s, 
are observed near to the centre of the rotor plane; these regions of low velocity 
result from the nacelle’s wake. It is evident from Figure 74 and Figure 75 that the 
instrumented UAV is capable of providing high-resolution measurements of the 
full-scale wind turbine’s flow field; hitherto such detailed measurements were not 
possible. 

The contours of the streamwise component of velocity are shown in Figure 76 
for streamwise positions of x/D = 1, 1.5, 2, 2.5 and 3. The stream wise components 
of velocity at x/D=1 show the shadowing effect of tower and nacelle, which results 
in the regions of low, less than 3m/s, wind speeds. On the other hand at x/D=3, the 
significant recovery in streamwise component of wind speed is observed, which is 
similar to the trend in total wind velocity as shown in Figure 75. It is possibly due 
to the turbulent mixing in the wake, as the wake evolves downstream. 
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Figure 75 Contours of wind speed measured 
at x/D= 1, 1.5, 2, 2.5, and 3 (80m, 120m, 
160m, 200m and 240m downstream of the 
wind turbine). The dashed white circle 
indicates the radial extent of the rotor (rotor 
diameter, 80m). 
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(e)  
Figure 76 Contours of streamwise 
component of wind velocity  measured at 
x/D= 1, 1.5, 2, 2.5, and 3 (80m, 120m, 160m, 
200m and 240m downstream of the wind 
turbine). The dashed white circle indicates 
the radial extent of the rotor (rotor 
diameter, 80m). 
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The streamwise evolution, from x/D=1 to x/D= 3, of the total velocity averaged 
over the rotor plane are shown in Figure 77. It can be seen that there is a gradual 
increase in the recovery of rotor-area-averaged total velocity in the streamwise 
direction; this recovery is an indication of the turbulent mixing within the evolving 
wake.  

 

 
Figure 77 Streamwise evolution of the rotor area averaged total velocities. 

 
The side view of the near wake region in terms of the time-averaged wind speed 

measured downstream of the wind turbine at site 1 is shown in Figure 78 and Figure 
79. The wind turbine is at x/D=0 and y/D=0, and the measurements extend in the 
stream wise direction from 0.65D to 3D, and in the vertical direction from 0.5zhub to 
approximately 1.7zhub. The measurement plane is along the centreline of the wind 
turbine (y/D=0), and thus in Figure 78 side view of the near-wake region is shown. 
The dotted white lines show the vertical extent of the rotor. Overall Figure 78 and 
Figure 79 shows details of the evolution of the flow in the near-wake region. It can 
be seen that the wake’s evolution is asymmetric, in part due to the underlying 
topography that is shown in Chapter 6. In the region 0.6 < x/D< 1.2 and, 0.5 < z/zhub 
< 1.2, there is a region of highly decelerated (Vtotal< 3m/s) flow. This highly 
decelerated flow region is a consequence of shadowing from the nacelle and tower. 
Further downstream, x/D > 1.2, the mixing out of the rotor and tower/nacelle wakes 
can be observed. Above z/zhub=1.5, downstream of x/D=1.4, the flow recovers back 
to 11m/s, which is the upstream reference flow speed. Further downstream, in the 
region x/D>2.5, the wind speed changes from 5m/s up to 11m/s, indicating that 
there is a significant velocity recovery in that region.  
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The contours of the stream wise component of the time-averaged total velocity 
measured in the near-wake region downstream of the wind turbine are shown in 
Figure 79. As mentioned in Chapter 6, an automatic yaw control system aligns the 
wind turbine with the direction of the upstream wind. The close semblance between 
the profiles of wind speed and stream wise speeds in the wake, shown in Figure 78 
and Figure 79 respectively indicate the efficacy of the yaw control system of the 
wind turbine at site 1. 
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Figure 78 Contours of time-averaged wind speed mapped on a plane at y/D=0 , extending 
from x/D=0.65 up to 3 and z/zhub=0.5 up to z/zhub=1.7 and line plots of time-averaged wind 
speed profiles at x/D = 0.75, 1.75 and 2.75 that are measured at site 1. White dashed lines 

represent rotor extent. 
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Figure 79 Streamwise component of velocity mapped on a plane at y/D=0, extending from 
x/D=0.65 up to 3 and z/zhub=0.5 up to z/zhub=1.7 and line plots of streamwise component of 

velocity profiles at x/D = 0.75, 1.75 and 2.75  that are measured at site 1. White dashed lines 
represent rotor extent. 
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The evolution of turbulence intensity along the centreline of the near-wake at 
100m (hub height) and at 170m height are shown in Figure 80.In the figure, the 
turbulence intensity is compared to the wake velocity. The purpose of this 
comparison is to correlate the recovery in wake velocity with the turbulent mixing, 
which is directly linked to turbulence intensity in wake. As can be seen in Figure 80 
the turbulence intensity at hub height increases up to 33% at x/D=2 at which there 
is a steep increase in wake velocity. Further downstream of x/D=2, the turbulence 
intensity starts decreasing and the recovery in wake velocity changes slopes and 
recovery rate gets smaller.  At x/D=3, the turbulence intensity decreases to ≈ 6%. 
On the other hand, at a height of 170m the turbulence intensity is lower. The 
maximum point of rotor extent is 140m AGL. Thus the height of 170m AGL can be 
considered as outside wake region. This is confirmed in Figure 78, where the wake 
flow is recovered up to freestream velocity. Therefore measurements at this height 
can be considered as representative of the upstream conditions of the wind turbine. 
The turbulence intensity variation at 170m shows a more constant trend compared 
to the hub height turbulence intensity variation.  
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Figure 80 Comparison of velocity evolution with turbulence intensity evolutions at 100m 
and 170m AGL along centreline in wake. 

 

The variation of the turbulence intensity at 170m AGL with increasing averaging 
time is assessed, as can be seen in Figure 81, to be compared with upstream 
turbulence intensity variation that is presented in Figure 61. As can be seen in 
Figure 61, the turbulence intensity upstream of wind turbine at 165m AGL is 
measured as ≈ 14%, whereas the turbulence intensity at 170m behind the wind 
turbine, outside the wake is measured as ≈ 9%, Figure 81. The discrepancy between 
two turbulence intensity values that represents the ambient turbulence intensity 
could be a result of the fact that measurements were taken at the different times of 
the day. The turbulence measurements presented in Figure 80 were taken in the 
afternoon between 1pm and 5pm whereas the upstream turbulence measurements 
were taken just before the sunset. As shown in Figure 82, the measurements 
downstream of the wind turbine, Figure 80, have taken place during the time of the 
day where mixed layer is formed whereas the upstream measurements, Figure 60, 
were taken at a time of the day where there is transition from mixed layer to stable 
layer in ABL. This may be a possible reason to observe discrepancy in turbulence 
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intensities measured in two different times of the day. Further investigation needed 
to justify this reason by conducting further measurements during different times of 
the day. 

 

 

Figure 81 Variation of turbulence intensity with increasing averaging time at 170m AGL 
behind wind turbine outside wake at site 1. 
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Figure 82 Daily cycle of structure of atmospheric boundary layer, EZ:Entrainment zone 

(Stull 2000). 

In Figure 83, the vectors of the in-plane velocities superimposed on the contours 
of in-plane wind speed measured in the near wake region of wind turbine are 
presented. The in-plane velocities are calculated from the stream wise and vertical 
velocity components. As the stream wise velocity gets smaller, the in-plane 
component gets smaller in magnitude. This explains why the in-plane velocity 
magnitude variation shows the same trend with the stream wise velocity 
component, which is the component that is mainly influenced by the velocity 
decrease in the wake. The vectors of in-plane velocity component indicates a strong 
upward motion in the region where x/D = 0.65 - 1.2 and z/zhub=0.5 – 1.2.  
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Figure 83 In-plane velocity vectors superimposed on contours of in-plane velocity mapped 

on a plane at y/D=0, extending from x/D=0.65 up to 3 and z/zhub=0.5 up to z/zhub=1.7 
measured at site 1. White dashed lines represent rotor extent. 
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Figure 84 Contours of pitch angle mapped on a plane at y/D=0, extending from x/D=0.65 up 
to 3 and z/zhub=0.5 up to z/zhub=1.7 and line plots of pitch profiles at x/D = 0.75, 1.75 and 2.75 

measured at site 1. White dashed lines represent rotor extent. 
 

In Figure 84, the contours of pitch angle are presented. The strong upward 
motion of the flow downstream of the wind turbine has a pitch angle variation of 
40° up to 80°. Above z/zhub= 1.2, the pitch angles are significantly smaller, varying 
from -10° to 20°. Downstream of x/D=1.2, the pitch angles get also smaller and 
vary between -10 and 40°.  
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In Figure 85, the measurement planes of flow pitch parallel to rotor plane are 
presented. Measurement planes are from downstream distances of x/D=0.75, 1, 2 
and 3. Also in these measurement planes, the existence of the high pitch angle in 
flow can clearly be seen at x/D=0.75 and 1. Further downstream there is a sound 
decrease in pitch angle as can be seen in measurements planes at x/D=2 and 3. 
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Figure 85  Contours of pitch in flow measured at x/D= 0.75, 1, 2 and 3 (60m, 80m, 160m and 
240m downstream of the wind turbine). The dashed white circle indicates the radial extent 

of the rotor (rotor diameter, 80m).  

 

The region of high pitch angles that is measured close to the rotor plane can be 
explained by the non-uniform power extraction of the wind turbine due to the 
smaller incoming wind speed in the lower part of the rotor plane compared to the 
higher incoming wind speed in the upper part. In order to clarify this observation, 
the span wise averaged stream wise velocities are calculated in the upper and lower 
volumes of the wake that covers z/zhub=1 - 1.4, x/D=0.65 – 0.75 and  z/zhub=0.6 - 1, 
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x/D=0.65 – 0.75 , respectively. These boundaries of the volumes are selected due to 
the fact that the largest magnitudes of pitch angles are measured in this region; 
these large pitch angles result in the upward motion further downstream. The mean 
stream wise velocities in the upper and lower parts of the volume are calculated as 
4.7m/s and 6m/s, respectively. The mean stream wise velocity in the lower volume 
is higher than that in the upper volume. This indicates that there is a smaller power 
extraction in the lower part of the rotor, which results in a higher mean stream wise 
velocity in the lower part of the wake.  The mass flow rate passing through the 
lower part the rotor is therefore higher than in the upper part. This mismatch in 
mass flow rates leads to the upward motion of the flow from the lower volume of 
the wake towards the upper volume of the wake, which results in the high pitch 
angles. 

The non-uniform work extraction is conceptually explained using the velocity 
triangles in Figure 86. In Figure 86(a), a non-uniform upstream velocity profile is 
given that is measured at site 1. The velocities, u and u’ represent the upper and 
lower incoming velocity with respect to the rotor centreline, respectively. In Figure 
86 (b), the velocity triangles at the inlet of the blade section are given. Vrel and Vrel’ 
represent the velocities relative to the blade at upper and lower part of the rotor 
plane, respectively. Vrot represents the rotational speed of the rotor and stay constant 
at the inlet and the exit of the blade section. Angle of attack is defined as the angle 
between the relative flow velocity at the inlet and the camber line. Camber line is 
represented with a blue dashed line in Figure 86(b). At the inlet, as can be seen in 
Figure 86(b), the angle of attack decreases when the blade sees a smaller absolute 
incoming flow velocity. In Figure 86(c), the plot of the lift coefficient variation with 
the angle of attack is given for an airfoil of NACA632XX series. As can be seen in 
Figure 86(c), lift coefficient decreases with the decreasing angle of attack for the 
angle of attack values lower than the optimum one. This is a consequence of less 
blade loading with a decrease in angle of attack that is set to the optimal value. This 
means that if the incoming profile is non uniform as given in Figure 86(a), the 
loading of the blades at the upper part is higher than the loading at the lower part of 
the rotor plane. This loading difference leads to a non-uniform work extraction 
across the rotor plane.  Consequently the flow behind the rotor has a higher kinetic 
energy at the lower part of the rotor plane than the upper part although the incoming 
flow velocity at the lower part is smaller. This is result of smaller power extraction 
at the lower part of the rotor plane and that leads to higher pitch angles behind the 
rotor at the lower part as measured with the UAV (Figure 84 and Figure 85). 
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Figure 86 (a) A non-uniform upstream profile measured at site 1 (b) velocity triangles at 
upper and lower rotor plane in case of non-uniform incoming velocity profile (c) variation 

of lift coefficient with angle of attack for a NACA632XX airfoil (Manwell et al. 2002). 
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8.2 Yaw Misalignment Measurements at Site 2 
Plan view of the time-averaged wind speeds in the near-wake region downstream 

of the wind turbine located at site 2 are measured as shown in Figure 87. The wind 
turbine is at x/D=0 and y/D=0, and the measurements extend in the stream wise 
direction from 1D to 4D, and along span wise direction from -0.65D to 
approximately 0.75D. The measurement plane is at hub height (z/zhub=1). Figure 87 
shows the details of the evolution of the flow in the near-wake region measured at 
site 2. It can be seen that the wake’s evolution is strongly skewed relative to the 
rotor centreline. In the regions 1 < x/D< 1.7, -0.2 < y/D < 0.2 and 1.7 < x/D< 2.4, 
0.2 < y/D < 0.7, there is highly decelerated (Vtotal< 3m/s) flow. The highly 
decelerated flow region that is closer to the wind turbine is the result of tower and 
nacelle shadowing effect similar to that observed in the measurements at site 1. The 
low velocity region that is at the positive y/D part of the wake indicates a possible 
yaw misalignment that is occurred during the measurements. This will be analyzed 
in detail in the following part of the manuscript. Further downstream, x/D>2.4, the 
wind speed recovers from 4m/s up to 11m/s along the stream wise direction. Along 
the span wise direction, the wind speed increases to 11m/s outside the rotor extent. 
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Figure 87 Contours of time-averaged wind speed mapped on a plane at z/zhub=0 , extending 
from x/D=1 up to x/D=4 and, y/D=-0.65 up to y/D=0.75 and line plots of time-averaged wind 

speed profiles at x/D = 1.5, 2.5 and 3.5  that are measured at site 2. White dashed lines 
represent rotor extent. 



8 WAKE MEASUREMENTS ON FULL-SCALE WIND TURBINES 

   

 149 

x/D=    1.5 2.5 3.5 

Vx [m/s] 

y
/D

 

x/D 

y
/D

 

Vx [m/s]  
Figure 88 Contours of stream wise velocity component mapped on a plane at z/zhub=0 , 
extending from x/D=1 up to x/D=4 and, y/D=-0.65 up to y/D=0.75 and line plots of time-
averaged wind speed profiles at x/D = 1.5, 2.5 and 3.5 that are measured at site 2. White 

dashed lines represent rotor extent. 
 

The contours of the time-averaged stream wise velocity component measured in 
the near-wake region of the wind turbine are shown in Figure 88. As opposed to the 
measurements from site 1, there is a significant difference between the magnitudes 
of the total velocity and the stream wise component. As mentioned above this is 
indicative of a possible yaw misalignment of the rotor during the measurements. 
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In Figure 89, plan view of the vectors of in-plane velocities superimposed on the 
contours of in-plane velocity measured in the near wake region of the wind turbine 
located at site 2 is presented. The vectors of in-plane velocity component indicates a 
strong motion towards the positive part of y/D axis in the region where x/D = 1 – 
2.5. Figure 90 shows the corresponding yaw angle contours. The strong deviation of 
the flow in the region where x/D = 1 – 2.5 varies from 60° up to 80°. Further down 
stream where x/D>3.5, the yaw angle gets significantly smaller, approximately 50°. 
 

            x/D 

y
/D

 

 

Figure 89 Plan view of in-plane velocity vectors superimposed on contours of in-plane 
velocity mapped on a plane at z/zhub=0, extending from x/D=1 up to x/D=4 and, y/D=-0.65 up 

to y/D=0.75 that are measured at site 2.  White dashed lines represent rotor extent. 
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Figure 90 Contours of yaw angle mapped on a plane at z/zhub=0, extending from x/D=1 up to 
x/D=4 and, y/D=-0.65 up to y/D=0.75 and line plots of yaw angle profiles at x/D = 1.5, 2.5 

and 3.5 that are measured at site 2.  White dashed lines represent rotor extent. 
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The direction of the wind upstream of the wind turbine is measured as 300° and 
the wind turbine’s SCADA data indicates a yaw direction of the wind turbine 
(during the measurements) as 340 °. The sketch in Figure 91 shows the orientation 
of the wind turbine and the wind vector.  The axes X – Y represent the Earth’s 
frame of reference and the axes x - y represent the wind turbine’s axis system. Y 
indicates the magnetic North direction, relative to which the wind vector’s direction 
and wind turbine’s yaw are measured. The yaw misalignment is thus determined to 
be 40° as shown in Figure 91. The mean yaw angle of the flow measured at x/D=4 
downstream of the rotor is approximately 50°, which is consistent with the yaw 
misalignment that is calculated as approximately 40°.  
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Figure 91 Sketch of the yaw misalignment of the wind turbine rotor during the 

measurements at site 2. 
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In order to validate the results the power output during the measurements that 
are recorded in SCADA are assessed. SCADA indicates an actual power production 
of 430kW during the measurements. Expected power production based on UAV 
measured wind speed (9.3m/s) is calculated as 960kW referring to the power curve 
of the measurement wind turbine (ENERCON 2006). For 40° yaw misalignment, 
ratio of actual power to zero yaw power is calculated as 45% by calculating cos3 of 
yaw misalignment. The ratio of SCADA and UAV-derived powers is equal to the 
ratio of actual power to zero yaw power that is calculated using the cos3 of yaw 
misalignment which is measured as 40°. This validates the correctness of the yaw 
misalignment that is measured at site 2. More measurements should be taken on the 
same turbine to justify this result and take actions regarding the operation of yaw 
controller of the wind turbine. 
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8.3 Comparison of Measurements at Sites 1 and 2 
The evolution of the velocity deficit measured in the wakes of the wind turbines 

that are located at sites 1 and 2 are next compared. The specifications of the wind 
turbines and the operating conditions during the measurements are shown in Table 
25. It can be seen that at both sites the wind turbines are operating under 
comparable conditions. 

 
 SITE 1 SITE 2 

Specifications of Wind Turbine 
Wind turbine type                 Vestas V80 Enercon E-70/E4 
Installed capacity (kW) 2000 2000 
Rotor diameter (m) 80 71 
Hub height (m) 100 100 

Operation Data during Measurements 
wind speed at hub 
height (m/s) 

 11.2 9.7 

rotational speed (rpm) 15 15 
tip speed ratio  5.6 5.8 
Table 25 The comparison of the specifications of the wind turbines and operating conditions 

during measurements at sites 1 and 2. 
 

The comparison of the wakes’ evolution in terms of the measured velocity 
deficit at sites 1 and 2 is given in Figure 92. The comparison at hub height is made 
at three different span wise positions of hub (y/D=0), 50% span (y/D=0.25) and tip 
(y/D=0.5) as given in Figure 70. The velocity deficits along the stream wise 
direction are measured from x/D=0.75 to x/D= 3 at site 1 and x/D=1 to x/D= 4 at 
site 2.  
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Figure 92  Comparison of stream wise evolutions of velocity deficit at hub (top most plot), 

50%span (middle plot) and tip (bottom plot) measured at sites 1 and 2. 

 
 At site 2, downstream of the rotor, a deficit of 60% is measured from x/D=1 

to x/D= 2.5. Further downstream, the deficit is reduced gradually down to 20%. At 
site 1, from x/D=0.75 to x/D=2, the deficit is approximately 60% similar to site 2. 
Further downstream, from x/D=2 to x/D=3 the deficit is 20%. At mid rotor span, 
the deficit varies between 25% and 55% along the stream wise direction at both 
sites. Between x/D= 1.25 and x/D=2.75, good agreement is observed between the 
deficits measured at sites 1 and 2. At site 2, at mid rotor span, the deficit is 
gradually reduced to 0 downstream of x/D= 2.75. At rotor tip at site 1, the deficit 
varies from 30% to 20%, from x/D=0.75 to x/D= 1.25. Downstream of x/D= 1.25, 
the deficit varies between 25% and 45% at site 1. At site 2, at mid-rotor, the deficit 
varies from 10% to approximately 40% showing the same behaviour from x/D=1.25 
to x/D=3. The comparison of the velocity deficits comparison indicates a maximum 
difference of 15% at hub and mid span and a maximum difference of 10% at rotor 
tip.  

 It is seen that there is generally good agreement in the measured evolutions 
of the wakes at the two sites.  
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8.4 Validation of ETH Wake Model 
In previous studies, several wake models are developed for wind energy 

applications. The purpose of the models is to predict the effect of wake evolution on 
the expected power prediction in a wind farm. An overview of commonly used 
wake models are given in (Beaucage et al. 2012). The Park model was developed 
originally by (Jensen 1983) and (Katic et al. 1986) et al. and implemented in the 
WAsP software package of Risø National Laboratory. An empirical equation based 
on a balance of momentum is used to model single wakes. It assumes an initial 
velocity deficit immediately behind the turbine rotor, which is calculated from the 
turbine’s thrust coefficient (Ct) for the inlet speed, and an empirically determined 
wake-decay constant (k). The wake-decay constant sets the linear rate of expansion 
of the wake with distance downstream. The effects of multiple wakes are taken into 
account by superimposing, or overlapping, the wake cross-sections of the upstream 
turbines. A second version of the model called Modified Park differs in the way the 
overlapping area is defined. Park is generally used at downstream distances of three 
rotor diameters (3D) or more. The Eddy Viscosity model is based on the work of 
(Ainslie 1988) to simulate single wake effects. The model solves the RANS 
equations in axisymmetric (cylindrical) coordinates using several simplifying 
assumptions including an eddy viscosity turbulence closure. The model assumes 
stationary conditions, and is only valid at downstream distances of at least two rotor 
diameters (2D) because the pressure gradient term in the radial direction is 
neglected. It also assumes that beyond 5D downstream, the wake profile is 
Gaussian and can be determined by the velocity deficit, turbine thrust coefficient 
(Ct) and ambient turbulence intensity. This velocity deficit is modified by mixing 
with the free stream wind around the wake. The rate of mixing is determined by the 
ambient turbulence intensity – the greater the ambient turbulence intensity, the 
greater the rate of mixing and the faster the wind low recovers downstream. The 
Deep-Array Wake Model (DAWM) (Brower and Robinson 2009) was developed 
by Brower and Robinson and implemented in the openWind software package 
(openWind 2010). The goal was to improve the standard wake models by 
accounting for the two-way interaction between the PBL and the turbines. DAWM 
has two major components: (a) an internal boundary layer (IBL) approach based on 
Frandsen (Frandsen 2007), and (b) a standard wake model (EV by default). A 
conceptually similar approach was taken by GL Garrad Hassan for the Large Array 
Wind Farm model in the WindFarmer sotware  (Schlez and Neubert 2009), but the 
methods differ in the details. In DAWM, each turbine is assumed to occupy a 
discrete area of increased surface roughness. As the wind flow reaches a turbine, an 
IBL is created due to the surface roughness change and the IBL grows with distance 
downstream according to Garratt (Garratt 1992). The wind speed profile within the 
IBL is defined by the turbine roughness rather than the terrain surface roughness. 
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Fuga is a linearized RANS model that inserts an actuator disk (an idealized model 
of a wind turbine rotor’s effect on the airflow) to simulate the wakes. It is fully 
integrated within WAsP. Fuga was recently developed by Ott et al. (Ott et al. 2011) 
and bares some similarities to WasP, including a mixed spectral solver using pre-
calculated lookup tables. WindModeller is a RANS model using a k-ε turbulence 
closure. It is based on the commercial RANS software Ansys CFX and was urther 
developed by Montavon et al. (Montavon et al. 2011) with the addition of an 
actuator disk to model wakes. The Advanced Regional Prediction System (ARPS) 
is a non-hydrostatic mesoscale NWP and LES model developed at Oklahoma 
University (Xue et al. 2000) and (Xue et al. 2001). The PBL parameterization 
scheme follows Sun and Chang (Sun and Chang 1986), and the sub-grid scale 
turbulence scheme is based on Moeng (Moeng 1984) and Deardorff  (Deardorff 
1972). An actuator disk model was implemented in ARPS by including a sink term 
(drag force) in the conservation of momentum equation and a source term in the 
Turbulent Kinetic Energy (TKE) equation, following Adams and Keith (Adams and 
Keith 2007) and Réthoré et al. (Réthoré et al. 2009). Prior internal research at AWS 
Truepower (Beaucage et al. 2010) had established that coupled NWP-LES 
simulations with an actuator disk model can capture key features of wake formation 
and evolution, such as time- and space-varying wake meandering, under different 
atmospheric stability conditions. In order to capture the local wind climate and the 
wakes at each wind farm, we ran the ARPS NWP and LES model for a sample of 
72 random days chosen over a two-year period. ARPS simulations are conducted 
starting with a 30-km grid spacing down to 80 m using nested grids. The initial and 
lateral boundary conditions to the30-km grid are provided by the Global Forecast 
System (GFS) analyses. This dynamical downscaling approach allows switching 
ARPS from a NWP model to a LES model when going from a 400-m grid spacing 
to 80 m by specifying a suitable time step and SGS turbulence scheme. While 80 m 
is relatively coarse for LES, it was hoped for this initial round of tests that it would 
be sufficient to simulate the deep-array wake effects in a realistic fashion. 

In LEC’s dynamically-scaled wind turbine test facility, detailed measurements of 
wind turbine wakes under different ambient turbulence conditions (zero and low 
ambient turbulence) are made (Kress et al. 2011). The measurements, over the 
extent of the rotor plane, extend from the near-wake region of the wind turbine to 
the far-wake region. Experimental observations and free shear flow theory are then 
used to develop a new wake model, termed the ETH Wake Model. 

The LEC’s dynamically-scaled test facility is comprised of a water towing tank 
and a carriage with the installation of the sub-scale wind turbine and the 
instrumentation. In Figure 93(a), the schematic of the water towing tank and the 
carriage  is  given. In Figure 93(b), a picture of the LEC dynamically scale test 
facility is shown. 
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(a) 

(b)  
Figure 93 (a) Schematic of water towing tank and carriage (b) picture of LEC 

dynamicallyscaled wind turbine test facility. 

The carriage has an overall length of 5m. It is positioned on the rails running 
along each side of the water channel. The carriage can be moved at the desired 
velocity by a carriage drive motor that is positioned at the end of the channel. The 
carriage can accommodate two wind turbines and a probe for flow measurements. 
Wind turbines can be installed on the carriage at various axial and lateral positions 
relative to each other. 

The sub-scale wind turbine that is used to conduct the wake measurements for 
wake model development is made from aluminum (Figure 94a). It has a rotor 
diameter of 300mm. The diameter of the cylindrical tower is 40mm. The nacelle 
has the shape of a cubic cylinder with an edge length of 48mm and an axial length 
of 172mm (Figure 94b). 

The geometry of the three-bladed sub-scale wind turbine that is used in the 
measurements  matches with the National Renewable Energy Laboratories (NREL) 
Phase VI rotor (S809 profile) from 25% to 100% span. The blades have been 
reinforced from hub to 25% span in order to improve stability.  

In terms of operation, it takes several seconds to accelerate the carriage to the 
desired measurement velocity and to decelerate it at the end of the measurement 
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period. In order to set the desired rotational speed of the wind turbine precisely and 
to overcome the internal friction of the wind turbine, the turbine rotor is driven by a 
DC motor. 
 

(a) 

(b) 
 

Figure 94 (a) Picture and (b) drawing with dimensions of the wind turbine used in the sub-
scale wind turbine wake measurements at LEC’s dynamically-scaled wind turbine test 

facility. 
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The ETH Wake Model is based on the measurements that are conducted in 
LEC’s dynamically-scaled test facility. The measurements show that the evolution 
of the wake is primarily driven by the mixing layer between the wake stream and 
the freestream. Consequently the free shear flow theory (Greitzer et al. 2004) is 
used to formulate the ETH wake model. In (Greitzer et al. 2004), the free shear flow 
theory is used to develop an analytical solution for the mixing layer between two 
streams as shown in Figure 95.  

 

 
Figure 95 Schematic of a mixing layer between parallel streams of different velocity as given 

in (Greitzer et al. 2004). 

 
In ETH Wake Model, characteristic flow properties, such as lateral dimensions 

or centerline velocity, are functions of downstream distance. Following free shear 
flow theory, in the ETH wake model the axial velocity in the wake is  formulated 
as:  
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Eqn. 33 

where u1 is freestream velocity, u2 is centerline velocity at x = 3D, uc is measured 
centerline velocity. The modeling parameters σ and q are determined by fitting to 
the experimental database. In the ETH Wake Model, both evolution in the mixing 
layer and the modification due to the pressure gradient are taken into consideration. 

The detailed wake measurements made with the UAV at site 1, as given 
above, are used to assess the recently developed ETH Wake Model.  In Figure 96, 
the comparison of the velocity profiles measured at different streamwise locations 
at x’/D=1, 2 and 3 are presented. The UAV measurements are of vertical (side 
view) and spanwise (top view) profiles in the wake. The vertical axis of side view 
profile is non-dimensionalized in a way that it is consistent with spanwise axis. In 



8 WAKE MEASUREMENTS ON FULL-SCALE WIND TURBINES 

   

 161 

Figure 96a, the wake model shows good agreement with velocity profiles measured 
with the UAV at x/D=1. It can be seen that in the vertical profile (side view), there 
exists the effect of tower wake, which leads to a higher velocity deficit below the 
hub height. The spanwise (top view) profile and the model are in a better agreement 
than the vertical profile due to the fact that ground and tower effects are not present 
in the span wise profiles. Figure 96b, the comparison of the velocity profiles 
measured with UAV at x/D=2 to ETH Wake Model are shown. The agreement is 
good. It can be seen that the effect of tower wake on the vertical profile is not as 
pronounced as at x/D=1. In Figure 96c, the velocity profiles measured with the 
UAV at x/D=3 are compared to ETH Wake Model. There is a good agreement 
between the spanwise profile and the model. Whereas at y/D< 0, the vertical 
profiles show a higher recovery in velocity. This indicates that there is a high rate of 
turbulent mixing, possibly due to proximity of the ground, below the hub height. 
The standard deviations of the differences between the ETH Wake model non-
dimensional wake velocities and the side view and top view measured non- 
dimensional velocity profiles are calculated for three streamwise locations. The 
results are presented in Table 26. 
 
 standard deviation(measurements compared to model) (%) 
 1D 2D 3D 
top view - model 15 14 11 
side view - model 26 15 16 

Table 26 Standard deviations of differences between ETH Wake model non-dimensional 
wake velocities and the side view and top view measured non- dimensional velocity profiles 

at x/D= 1, 2 and 3.  

As can be seen in Table 26, although there is a overall good agreement between 
the model and the measurements, the standard deviation of the differences between 
the model and the measurements is varying from 11% up to 26%. The main reason 
for this discrepancy is the difference between the turbulence intensity generated 
during the experiments in the measurements in LEC’s dynamically-scaled facility 
and the ambient turbulence intensity measured in ABL during the UAV wake 
measurements. The sub-scale measurements that are the basis for the ETH model 
development were conducted with a turbulence intensity of  ≈2.5%. As given in the 
previous chapter, the ambient turbulence intensity is measured ≈18% during the 
wake measurements. In order to have the representative turbulence intensity of 
onshore sites in LEC’s dynamically-scaled facility, currently an active turbulence 
generator is being designed and built in LEC. In future, the measurements with 
turbulence intensity similar to as in ABL will be conducted and the results will be 
used to improve the ETH wake model. 
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(a) (b) 

(c) 

x/D=1 x/D=2 

x/D=3 

 

Figure 96 Comparison of velocity profiles measured with UAV to ETH Wake Model at (a) 
X/D = 1, (b) X/D = 2 and x/D = 3. 
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The centreline wake velocity evolution of a wind turbine is modelled using the 
wake measurements from site 1 and site 2. A cubic polynomial fit is used to model 
the centreline wake velocity evolution. Cubic curves have the advantage that they 
can be joined in a manner that first and second derivatives at the point where they 
are joined agree. This brings a certain smoothness factor in modelling physical 
phenomena. Later on when a far wake centreline velocity model is developed, it can 
be smoothly combined with the near wake centreline wake velocity model that is 
presented here. In Figure 97, the centreline velocity evolutions measured at site 1 
and 2 are given together with the model fit that is generated using these 
measurements. The generic centreline wake velocity evolution model is an average 
of the two measurements. The equation of the centreline model fit is given below: 
 

 
Eqn. 34 

 

This centreline velocity evolution model can be integrated with ETH wake 
model to have a more generic wake model. In ETH wake model, the centreline 
velocity measurements are inputs to generate the wake profiles at different stream 
wise locations. The model fit is based on the centreline wake velocity 
measurements that are conducted at two different complex terrain site. More 
measurements on complex terrain can be added to the database to make the model 
more robust and generic. 
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Figure 97 Model fit of centreline wake velocity evolution generated using measurements 
from site 1 and site 2. 

In Figure 98, the comparison of wake models that are tuned with 
measurements at site 1 and site2 to the wake model that is tuned with centreline 
velocity evolution model is given. The centreline velocities that are measured at site 
1 and site 2 are in good agreement as mentioned above. Consequently the wake 
models tuned with these measurements are in good agreement with a slight 
discrepancy. The difference between the wake model tailored using the centreline 
measurements that are conducted at site 1 and the wake model tailored with 
centreline model fit is ≈1%. The difference between the wake model tailored using 
the centreline measurements that are conducted at site 2 and the wake model 
tailored with centreline model fit is ≈5%. 
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Figure 98 Comparison of wake models anchored centreline wake velocity measurements at 

site 1 and 2 with model fit generated using these measurements. 
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8.5 Summary 
Detailed, high-resolution measurements in the wake of two full-scale wind 

turbines at different complex terrain sites are presented. Measurements that detail 
the evolution of the wake are accomplished using a UAV that is equipped with a 
seven-sensor fast response aerodynamic probe for measurements of the wind speed 
and direction. The key enabler of the present wind measurements using an 
instrumented UAV is the FRAP technology that has been developed at ETH Zurich 
for industrial turbomachinery applications. 

An overview of the time-averaged wind speed measured in the near-wake region 
downstream of the wind turbine is presented. The wake is measured from x/D=1 up 
to x/D=3. Strong non-uniformities in the near wake are observed close to the rotor. 
The non-uniformities are due to the existence of tower and nacelle shadowing effect 
close to the wind turbine. The recovery of the velocity deficit further downstream of 
the wind turbine is clearly seen. Further more, a strong upward motion of the flow 
is observed. It has been shown that the mass flow rate passing through the lower 
part of the rotor is higher than in the upper part due to non-uniform work extraction. 
This mismatch in mass flow rates leads to the upward motion of the flow from the 
lower volume of the wake towards the upper volume of the wake, which results in 
the high pitch angles. It is shown that there is generally good agreement in the 
measured evolutions of the wakes at the two sites. Thus, it may also be surmised 
that the detailed wake structure is representative of the wake of a full-scale turbine. 
This confirms the utility of this novel measurement approach using an instrumented 
UAV. 

The wake centreline velocity deficit measurements made with UAV are 
compared to wind tunnel measurements conducted having non-uniform velocity 
profile and simulated thermal stratification and roughness height. A good 
agreement is observed between the UAV and the wind tunnel measurements. 
Upstream velocity profiles measured with UAV are compared to measurements 
made with a LIDAR profiler. Although the total velocity profiles measured with 
UAV and LIDAR profiler show good agreement, discrepancies observed between 
the horizontal speed profiles. One potential reason for the discrepancies is indicated 
as uniform flow assumption made to retrieve horizontal speeds from LIDAR 
profiler measurements. UAV measurements can be used to correct the LIDAR 
profiler measurements. The comparison of the ETH Wake Model and wake 
measurements made with UAV are also shown. A good agreement between the 
ETH Wake Model and UAV measurements are observed with some discrepancies 
due to tower wake, thermal stratification and ground effect. Therefore, wake models 
that are validated with field measurements can be used in various wind energy 
applications.
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9 CONCLUSIONS AND OUTLOOK 
9.1 Contribution and Concluding Remarks 

An innovative approach that is comprised of an uninhabited aerial vehicle 
instrumented with a fast response aerodynamic probe has been developed to 
provide high-resolution measurements of the flow field around full-scale wind 
turbines. The key enabler for this novel measurement approach is the integration of 
fast response aerodynamic probe technology with miniaturized hardware & 
software for UAVs that enable autonomous UAV operation. The first-ever 
measurements of the wake of a full-scale wind turbine using an instrumented 
uninhabited aerial vehicle are conducted. These high-resolution measurements 
detail the wake of a full-scale wind turbine that is located in complex terrain. It has 
been showed in this thesis that the instrumented UAV is capable of providing 3D 
high-resolution measurements of full-scale wind turbine’s wake; hitherto such 
detailed measurements were not possible. 

The UAV is equipped with a seven-sensor fast response aerodynamic probe; this 
probe technology has been under development at ETH Zurich for over 20 years, and 
allows the measurement of the wind velocity with respect to the UAV. The 
hardware & software of the open-source autopilot system Paparazzi are used to 
provide measurement of the UAV’s velocity with respect to the Earth; furthermore, 
Paparazzi is adapted for the planning & execution of autonomous UAV flights 
within the wind turbine’s wake. The vector sum of the UAV’s velocity with respect 
to Earth and the wind velocity with respect to the UAV yield the wind vector with 
respect to the Earth. In order to maximize the density of measurement data, 
optimized flight trajectories of the UAV are determined based on measurements of 
the UAV’s aerodynamics. The complete UAV was tested in the large (test section 
of 3m in width and 2.1m in height) low-speed wind tunnel at ETH Zurich. 
Consequently an aerodynamic model of the UAV is generated. Additionally, the 
results of the wind tunnel tests indicate that the effects of lift-induced upwash are 
negligible. Application of the Guide to Expression of Uncertainty in Measurements 
yields an standard uncertainty of 0.7 m/s in the measured wind speed with a 
confidence level of 67%.  

The wake centreline velocity deficit measurements made with UAV are 
compared to wind tunnel measurements conducted having non-uniform velocity 
profile and simulated thermal stratification and roughness height. A good 
agreement is observed between the UAV and the wind tunnel measurements. 
Upstream velocity profiles measured with UAV are compared to measurements 
made with a LIDAR profiler. Although the total velocity profiles measured with 
UAV and LIDAR profiler show good agreement, discrepancies observed between 
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the horizontal speed profiles. One potential reason for the discrepancies is indicated 
as uniform flow assumption made to retrieve horizontal speeds from LIDAR 
profiler measurements. Hence, UAV measurements can be used to correct the 
LIDAR profiler measurements.  

Downwind of the wind turbine, profiles of the wind speed show that there is 
strong three-dimensional shear in the near-wake flow. Along the centreline of the 
wake, the deficit in wind speed results from the wakes of the rotor, nacelle and 
tower. By comparison the profiles away from the centreline, show only the effects 
of the rotor wake. Away from the centreline, where the wake of the nacelle is 
absent but the effect of the rotor wake is present, the deficit in wind speed shows 
little variation with stream wise direction and is approximately constant ≈25 % , 
over the whole measurement distance, 0.5<x/D<3. However, along the centreline, 
the deficit is ≈65 % near to the rotor, 0.5D – 1.75D, and only decreases to ≈25 % 
downstream of 2.5D. The measured wake profiles aforementioned above are 
generated by applying a spatial averaging on raw measurement data from UAV. 
The spatial resolution of the measured data is 7.5×10-4D; in data post-processing, 
the resultant wind vector at a given point is derived from 350 successive measured 
data points; thus in the x-y plane, the measurements in the wake are averaged over 
0.25D. 

 In order to better understand the wake aerodynamics of the full-scale wind 
turbines, the flow field measured by the instrumented UAV is mapped on 
measurement planes from x/D=1 up to x/D=3. Mapping is done in the post 
processing of the raw data by applying interpolation. 3D volumetric data are 
analyzed thoroughly to understand the evolution of the wake along stream wise 
direction and variation of the flow quantities across the wake. Strong non-
uniformities in the near wake are observed close to the rotor. The non-uniformities 
are due to the existence of tower and nacelle shadowing effect close to the wind 
turbine. The recovery of the velocity deficit further downstream of the wind turbine 
is clearly seen. Further more, a strong upward motion of the flow is observed. It has 
been shown that the mass flow rate passing through the lower part of the rotor is 
higher than in the upper part due to non-uniform work extraction. This mismatch in 
mass flow rates leads to the upward motion of the flow from the lower volume of 
the wake towards the upper volume of the wake, which results in the high pitch 
angles. Additionally, it is shown that there is generally good agreement in the 
measured evolutions of the wakes at the two sites. Thus, it may also be surmised 
that the detailed wake structure is representative of the wake of a full-scale turbine. 
This confirms the utility of this novel measurement approach using an instrumented 
UAV.  

Finally the wake measurements taken with the instrumented UAV are used to 
assess the wake model recently developed in Laboratory for Energy Conversion, 
ETH Zurich. A good agreement between the ETH Wake Model and UAV 



9 CONCLUSIONS AND OUTLOOK 

   

 170 

measurements are observed with some discrepancies due to tower wake, thermal 
stratification and ground effect. The wake model validated with UAV 
measurements can be useful in various wind application for wind turbine control to 
energy yield calculations of the wind farms. 

As a conclusion, an innovative approach that is comprised of a UAV 
instrumented with a fast response aerodynamic probe has been developed to 
provide high-resolution measurements of the flow field around full-scale wind 
turbines. The innovative approach is superior to the existing measurement methods 
in terms of horizontal spatial coverage and resolution. The first-ever measurements 
of the wake of a full-scale wind turbine using an instrumented UAV are conducted. 
These high-resolution measurements detail the wake of a full-scale wind turbine 
that is located in complex terrain. The measurements are being used to validate the 
advanced wind simulation tool, which is under development in Laboratory for 
Energy Conversion, at ETH Zurich. The measurements are also used to assess the 
wake model recently developed in Laboratory for Energy Conversion, ETH Zurich. 
The wake model validated with UAV measurements can be useful in various wind 
applications ranging from wind turbine control to energy yield predictions in the 
wind farms. 
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9.2 Future Work 
The results of the uncertainty assessment of the first generation UAV indicate 

that there are four major contributors to the overall uncertainty on wind 
measurements. These are 

 
• probe installation error in pitch & yaw (Δγm,T ,ΔΦm,T) 
• climb speed (Vc) : derived from GPS 
• Free jet pressure transducer: PSI9016, range 340mbar 
• aircraft pitch angle (θ) : derived from IR sensors 

 
Probe installation error can be minimized by developing a probe installation 

procedure that will enable the quantification of the installation angles. The first 
generation UAV is made of EPP a type of foam that warps in time. This process 
also contributes to the uncertainty of the probe installation angle with respect to the 
airframe. The second generation UAVs will be made of fiber glass as a result of this 
lesson learned. Moreover a high precision technique should be developed to install 
the probe at the tip of the UAV. The uncertainty of the climb speed of the UAV can 
be reduced by using a DGPS (Differential GPS). Working principle of DGPS is 
based on correcting the GPS signal using a second set of information from a ground 
based station. This approach should be investigated and the accuracy improvement 
that will be introduced should be quantified. Based on this assessment DGPS can be 
implemented into the measurement system. Another major contributor based on the 
uncertainty assessment is accuracy of the pressure transducer that was used in the 
Freejet calibration facility during the aero calibration of the probe. Recently the 
pressure transducer in the calibration facility has been replaced and the accuracy of 
the transducer is improved from 17Pa to 1.24Pa. The aero-calibration of the probes 
should be repeated and the GUM uncertainty model of the system should be 
modified accordingly. The final major contributor is aircraft pitch angle that is 
measured with infrared sensors. For the second generation UAVs, IMUs will be 
installed to measure the attitude of the UAV. The accuracy improvement that will 
be introduced by IMUs should be quantified by performing flight test both with 
IMU and infrared sensors onboard. Based on this quantification, the GUM 
uncertainty model of the measurement system should be modified. 

An uncertainty assessment of the second generation UAV should be done by 
considering the new data acquisition system and the new sensors and by applying 
the modifications as indicated above. The existing GUM uncertainty model that was 
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generated for the first generation system should be tailored to the second generation 
system. 

 
The flight duration of the UAV can be increased in order to take continuous 

measurements in the wake that will enable to have higher volume coverage in 
relatively shorter amount of time. This can reduce the impact of variations in the 
reference conditions by decreasing the total measurement time required to cover a 
complete volume of rotor extent in the wake. The results of the wind tunnel tests 
indicate that the first generation UAV has a lower lift-to-drag ratio compared to 
conventional aircrafts. Lift-to-drag ratio for aircrafts represents the aerodynamic 
efficiency. Therefore by increasing lift-to-drag ratio more payload can be carried 
during the flights and the endurance is increased. Considering these lessons-learned, 
a second-generation airframe is designed with a high aspect ratio that will 
ultimately lead to a higher lift-to-drag ratio airframe compared to the first 
generation one. The second generation UAV should be tested in flight to quantify 
the maximum endurance and trajectory optimization tool inputs should be modified 
accordingly. 

The prototype of the second generation UAV has been built. This new system 
should be assessed in the wind tunnel in term of upwash effect of the new airframe 
on the measurements. The aerodynamic forces and the moments generated on the 
2nd generation UAV should also be measured in the wind tunnel to develop the 
flight dynamics model of the new UAV. This model then can be integrated to the 
trajectory optimization tool to generate optimized flight trajectories. 

The ETH Wake Model is improved using the measurements in the near wake 
region. Far wake measurement should be conducted using the UAV and the wake 
model should also be validated with the far wake measurements. The wake 
measurements with UAV can be combined with the sub-scale measurements to 
improve the wake model. This will make the model more generic and robust to be 
used in various wind energy applications. 

 
It has been shown that turbulence measurements can be done with the UAV as 

explained in chapters 7 and 8 and in a previous publication (Subramanian et al. 
2012).  A better understanding of the capability of the UAV to measure turbulence 
can be achieved by performing comparison measurements with another stationary 
measurement system such as mast or kite anemometry. Additionally further 
turbulence measurements during different times of the day are needed support the 
varying turbulence intensity measured with the UAV as presented in chapter 8. 

The measurements at site 2 indicate a yaw misalignment of the wind turbine. 
These measurement results are validated with the power output measured during the 
measurements from the SCADA data. Additionally a second set of measurements 



9 CONCLUSIONS AND OUTLOOK 

   

 173 

could be useful to support the first measurements. For the second measurement the 
FRAP probe that is developed to be installed on the nacelle of wind turbines and 3D 
scanning LIDAR can be employed. 

In order to proceed with generating phase-locked measurement results, there are 
several steps to be followed. First step is to develop new modules in windFlyer-post 
processor that will phase the flow measurements with blade position. During the 
time period of this thesis, an optical trigger system is developed, which is the basis 
for phasing the wake data with blade passing frequency. This system can be used to 
measure the blade passing frequency simultaneously with wake measurements. The 
necessary system modification is also made to store time label of each blade 
passing referenced to GPS time on ground control laptop. The post-processor 
enables that probe data are also labeled with respect to GPS time. As a second step, 
synchronization of the start of the trigger and probe measurements should be 
established either with a hardware solution that enables simultaneous start of data 
acquisition for both systems or a software solution that would eliminate time offset 
for the probe and trigger measurements. The third step is to develop new 
trajectories to acquire measurement data with higher density in one flight period. 
After achieving the improvements above, phase-locking should be applied to the 
flow measurements and results should be reviewed. 

The innovative approach developed under this thesis can be used to generate 
substantial database that will be used in the validation of the advanced simulation 
tool and improvement of the wake model. New measurements can be done over 
different types of terrains in terms of topography and roughness length to diversify 
the database. 
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APPENDIX 
A1 Technical Specifications of Onboard Sensors 

 

GPS - ublox LEA-5H  

 

Receiver type  50 Channels  
GPS L1 frequency, C/A Code 
GALILEO Open Service L1 
frequency 

Horizontal position 
accuracy 

< 2.5m 

Max Navigation 
Update Rate 

4Hz 

Velocity Accuracy 0.1m/s 
Dynamics ≤ 4g 

 

Absolute Pressure Sensor - VTI TECHNOLOGIES SCP1000 

 

PARAMETER CONDITION MIN MAX 
Operating pressure range (kPa) Nominal 30  120  
Operating temperature range (°C)  -20  70 
Resolution (Pa) High resolution mode 

High speed mode 
1.5 
3 

3 
6 

Absolute pressure accuracy (Pa) 600 hPa...1200 hPa  
+10 °C ... +40 °C  

-150 150 
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Magnetometer – Micromag3 PNI Sensor Cooperation 

 

PARAMETER MIN TYPICAL MAX 
Operating range (°C) -40   123.8 
Resolution (C°) 0.04 0.01 0.01 

SHT71  ±0.4  Accuracy 
(°C) SHT75  ±0.3  

 

Temperature/Relative Humidity Sensor – SENSIRION SHT7  

 

Power consumption draws < 500 mA at 3 VDC 
Dimensions 25.4 x 25.4 x 19 mm 

Measurement range ±1100 mT (±11 Gauss) 
Resolution 0.015mT(0.00015 Gauss) 

Sampling rate up to 2000 samples/second 
Digital interface SPI protocol at 3 V 
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A2 Technical Specifications of Laser Distance Meter 
Used in Optical Trigger System 

 

LDM 301 

 

Measuring range (m) 0.5 – 300 for natural surfaces 
0.5 – 3000 with target board 

Measuring accuracy (mm) ± 20 at 2kHz measuring rate and 100Hz output 
rate 
± 60 at 2kHz measuring and output rate 

Resolution (mm) 1 
Measuring time (ms) 0.5 (standard models) (option 0.1) 
Measuring range for speed 
(m/s) 

0 – 100 (time to measure 0.1s – 0.5s) 

Measuring laser 905nm infrared, Laser Class 1, EN 60825-
1:2003-10 

Pilot laser 650nm, visible red, Laser Class 2, ≤1mW on, 
off, blinking 

Serial Interface RS232 or RS422 
Supply voltage (V) 10 – 30 direct voltage 
Operating temperature (°C) -40 – 60 
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