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Abstract
In the present thesis we have developed and used two modern vision
technologies to study wind turbines: stereo vision to study dynamics
of a Vertical Axis Wind Turbine (VAWT) via Operational Modal
Analysis (OMA) and Background-oriented schlieren method (BOS)
to study tip vortices of a Horizontal Axis Wind Turbine (HAWT)
blade.
The thesis starts with an introduction to stereo vision and OMA and
it is followed by two practical implementations of those two
techniques. In the first experiment which is conducted on a VAWT
blade, we developed the image processing tools for obtaining the
displacement time series from the images. Afterwards we devised an
averaged approach of the covariance SSI (COV-SSI) method which
enables us to involve short measurement sets in OMA. The first four
natural frequencies are identified in this experiment which fairly
agreed with classical modal analysis (EMA) and finite element
simulation (FEM). In the second experiment the displacement time
series of a three bladed VAWT rotor in a wind tunnel is obtained
with an improved image processing algorithm while one of the
blades was missing in the images due to the hardware limitations. In
OMA part, we have developed the DD-SSI and FDD codes for
studying the dynamic behaviour of the turbine. The structural modes
of the VAWT which are obtained with OMA are validated with the
simulation and the classical modal analysis and then the differences
are explained with aerodynamic effect and boundary conditions. The
other frequencies obtained by OMA, are interpreted via vortex
shedding phenomena and guy wire effects. The uncertainty of the
obtained displacement time series via stereo vision in the two abovementioned experiments is evaluated by the law of error propagation
and several solutions are presented to decrease the uncertainty in the
stereo vision experiments.
In the last part of the thesis, the BOS method has been used to study
the tip vortices behind a Nordtank HAWT based on the density
gradient in the vortex core. BOS does not need complicated
equipment such as special cameras or seeded flow which makes it a
convenient method to study big scale flows. But the challenging part
in the current case is the small refractive index change due to the
small Mach number in the flow behind the HAWT. This issue has
been addressed in the last chapter by designing a proper experiment
setup according to the preliminary estimation of the vortex. The
changes due to the vortex are modelled and the tip vortex properties
such as vortex size, density distribution and the maximum pressure
drop in the vortex core are estimated successfully by comparison
between the model and the experiment observations.
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Summary
In the present thesis, two modern vision technologies are developed and used to study wind turbines:
1- Stereo vision to study vibrations and dynamics of the Vertical Axes Wind Turbine (VAWT) via
operational modal analysis (OMA)
2- Background-oriented Schlieren (BOS) method to study the tip vortices that are shed from a
Horizontal Axis Wind Turbine (HAWT) blades
The thesis starts with an introduction to the stereo vision and OMA and is followed by two practical
implementations of the basics derived in the introduction. In the first experiment, we developed the image
processing tools to extract the displacement time series from stereo images taken from a VAWT blade
subjected to the random vibrations. For analysing the time series, we devised an averaged approach of the
covariance-driven stochastic subspace identification (COV-SSI) method. The method enables us to
involve short measurement sets in OMA. Therefore, the first four natural frequencies are identified and
agreed fairly with classical modal analysis (EMA) and finite element simulation (FEM).
The second experiment is conducted on a VAWT rotor in the wind tunnel in a more controlled and
designed condition, and the displacement time series are obtained using a more elaborated image
processing algorithm. In OMA part, we developed the data-driven stochastic subspace identification (DDSSI) and frequency domain decomposition (FDD) codes for studying the dynamic behaviour of the
turbine. The structural modes of the VAWT obtained with OMA are validated with the simulation and
EMA, and then, the differences are explained with the aerodynamic effect and boundary conditions. The
other frequencies obtained by OMA are interpreted via vortex shedding phenomena and guy wire effects.
In the fifth chapter, the uncertainty of the displacements obtained in the two experiments mentioned
above, is evaluated using the law of error propagation and several solutions are presented to decrease the
uncertainty in the stereo vision experiments.
In the last chapter of the thesis, the BOS method has been used to study the tip vortices behind a Nordtank
horizontal axis wind turbine based on the density gradient in the vortex. The BOS method does not need
complicated equipment such as special cameras or seeded flow, which makes it a convenient method to
study large scale flows. However, the challenging part in the current case is the small refractive index
change due to the small Mach number in the flow behind the HAWT. This issue has been addressed in the
last chapter by designing a proper experimental setup according to the preliminary estimation of the tip
vortex. The changes due to the vortex are modelled, and the tip vortex properties such as vortex size,
density distribution and the maximum pressure drop in the vortex core are successfully estimated by
comparison between the model and the experimental observations.
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Resumé
I nærværende afhandling udvikler vi to moderne kamerateknologier til at studere vindmøller med, dels
med stereovision til at måle deformationer med og ved hjælp af Operational Modal Analysis (OMA) at
studere dynamikken på en lodret-akslet vindmølle (VAWT) dels med en Background-oriented schlieren
metode (BOS) for at studere tiphvirvler fra en 500 kW horisontal-akslet vindmølle under drift.
Afhandlingen introducerer stereovision og OMA, og efterfølges af to praktiske implementeringer. I det
første forsøg, der er udført på en VAWT vinge, har vi udviklet billedbehandlingsværktøjer til at analysere
tidsserier af markører, som forskydes i tid og rum i billedplanen. Efterfølgende gør en udtænkt kovariant
Sub Space Identification (COV-SSI) metode os i stand til at fortolke korte måleserier. Vi identificer de
fire første egenfrekvenser og sammenligner resultaterne med klassisk modal analyse (EMA) og med finite
element method (FEM) beregning. I et andet forsøg studerer vi deformationer på en stillestående, 3bladet, 1-kW VAWT rotor med vindpåvirkning opnået i Polytecnico di Milano’s vindtunnel. Vi anvender
en forbedret billedbehandlingsalgoritme, dog med den begrænsning at et af bladene med den anvendte 2kamera opstilling ikke kan ses i billederne. I OMA afsnittet har vi udviklet data driven SSI (DD-SSI) og
Frequency Domain Decomposition (FDD) koder for at studere dynamikken. De modale VAWT former er
identificeret med OMA og valideres med simuleringer og med klassisk modalanalyse. Resultatforskelle
forklares ud fra aero -og strukturdynamiske randbetingelseseffekter, hvirvelafløsning og bardun effekter.
Usikkerheder for målte deformationer evalueres i de to nævnte eksperimenter ved fejlophobningsloven,
og flere løsninger præsenteres for at mindske usikkerheden. I den sidste del af afhandlingen er BOS
metoden blevet brugt til at studere tiphvirvler fra en Nordtank vindmølle i drift i naturlig vind. BOS
baseres på synlig detektering af hvirvelkernens luftmassefyldegradient, og metoden behøver ikke
kompliceret udstyr eller seedet flow, hvilket gør det til en bekvem metode for at studere flow i større
skala. Udfordringen ligger i at kunne måle den lille brydningsindeksændring som følge af det lille Machtal. Spørgsmålet behandles i sidste kapitel, og ved at designe eksperimentet ud fra en foreløbig vurdering
af tiphvirvlens egenskab, såsom størrelsen, tæthed og det maksimale trykfald henover kernen, kan
tiphvirlen estimeres ved at tilpasse model og observationer.
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1. Stereo vision technique
1.1 Motivation
Real world objects appear to us in 3 dimensions, whereas information captured are
placed on paper, film, eye retina or similar 2D planes. However, there exist methods for
reconstructing a 3D scene from 2D images. From experience, objects close to the
observing eyes are larger on paper than objects in the background appearing smaller,
with additional effects on whether to focus on the foreground or background as the main
theme. Visual space, or the third dimension, has been developed by evolution and needs
good guess and cognitive skills of a simultaneous look from two eyes. Charles
Wheatstone was a modern founder who understood this basis mechanism at the end of
the last century1 in his contribution to understanding the physiology of vision: ‘When an
object is viewed at so great a distance that the optic axes of both eyes are sensibly
parallel when directed towards it, the perspective projections of it, seen by each eye
separately, are similar, and the appearance to the two eyes is precisely the same as when
the object is seen by only one eye. There is, in such case, no difference between the
visual appearance of an object in relief and its perspective projection on a plane surface;
and hence, pictorial representations of distant objects, when those circumstances that
would prevent or disturb the illusion are carefully excluded, may render perfect
resemblances of the objects that they are intended to represent such that they may be
mistaken for them; the Diorama is an instance of this. But this similarity no longer
exists when the object is placed so near the eyes that the optic axes must converge to
view it; under these conditions a different perspective projection of it is seen by each
eye, and these perspectives become more dissimilar as the convergence of the optic axes
becomes greater.’ To translate in effect these principles into a contemporary technical
stereo vision application, triangulation and effective use of non-costly blocks to hold
memory images (charged coupled device; CCD) needs the relentless computing power
from computers.
Since stereo vision is a technique based on the processing of images, it has technical
potentials for the wind turbine industry over existing techniques; the technology
addresses particular topics for the wind power industry within vibration testing and
measurement techniques, vibration data analysis techniques, modelling and simulation
of vibration testing results, structural monitoring, experimental characterization of
1

Contributions to the Physiology of Vision.—Part the First. On some remarkable, and hitherto unobserved, Phenomena of

Binocular Vision. By CHARLES WHEATSTONE, F.R.S., Professor of Experimental Philosophy in King's College, London., 1838
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dynamic actions, system identification and model updating, vibration based structural
assessment and damage detection techniques, vibration isolation and mitigation, effects
of shock and vibration on humans and structures and methodologies and standards.
Hence, many facets, the stereo vision technique in this thesis has to be narrowed and
focused on specific issues.

1.2 Introduction to stereo vision
Stereo vision is the technique of 3D reconstruction of a target from two or more images.
It has been developed with powerful computer vision tools on non-costly CCDs.
Stereo vision stems from stereoscopy based on binocular vision perception known from
individuals and animals in nature. The capability of humans to capture 3D dimensional
fixed and moving objects, e.g. with optical sensors (eyes) and image reconstruction
procedures (brain) to reconstruct the images into 3D information is made visible in
Figure 1.1. Here, the perception of the third dimension (stereopsis) [1] is made tangible
via stereo vision by the projection of the object into the left and right image, and then,
by comparing the horizontal positions of these images using the difference between the
two images (disparity) as a measure for the depth. As the computer is good at handling
even large quantities of information, the task for the engineer is to translate the
information back to an identical representation of the object by performing algorithms
developed into a vision tool. A computer vision system can comprise multiple cameras
ensuring redundant images over an angular sphere surrounding the object.

Figure 1.1: The brain merges the views of each eye to form a 3D view

The stereo vision method has been widely used for different technical applications such
as surveillance, 3D scanning/cognition/recognition of objects or patterns in civilian and
military applications, technology for measuring length (see Figure 1.2), structural
dynamics & mechanics, inspection and robotics.
Robotics as an example uses stereo vision to provide information of the real target and
process these into actions, such as in positioning different parts of the robots like robot
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arrms [2], conntrolling osccillations [33] and robott navigationn [4]. Depthh informatio
on is one
off the mostt importannt information that stereo
s
visioon provides [5]. Witth good
peerformance stereo vission can bee applied to
t far distaance evaluuation and obstacle
deetection [6]. Stereo vission could also accuraately measuures 3D dispplacement or
o strain
fieelds that aree applicablee in defininng 3D strain
n fields in shheet metal fforming [7]] and 3D
ellastic surfacce deformatiions [8].
M
Measuring
3D
D displacem
ment of the structures is an imporrtant issue ffor monitoriing their
dyynamic behaviour. Straain gauges and
a accelero
ometers havve been tradditionally em
mployed
foor displacem
ment measurrements [9]. These meaasurements usually neeed a lot of wiring
w
to
otther devicess like data logger and power supply, which is costly annd time con
nsuming
[110]. Strain gauges
g
havve to be insstalled betw
ween the meeasurement points and
d a fixed
pooint is requuired as a reference,
r
w
which
is diifficult for big structuures. Acceleerometer
signals also need two levels of integration
n to get diisplacementt informatiion; this
inntroduces errors
e
due to initial conditions
c
and other computatioon issues [11]. In
m
measuring
3D displacement by sttereo vision
n, very sim
mple sensinng markers such as
reeflecting or non-refleccting paper are used as
a 3D sensors. The innstallation of
o many
seensory markkers needs no
n long preeparation tim
me. By moounting twoo identical equipped
e
caameras thatt are lookinng onto thee markers applied on the structuure with a mutual,
hoorizontal diistance in between,
b
thee displacem
ments can be found usiing a propeer image
prrocessing allgorithm (triangulationn).

Figuree 1.2: Camerra setup for stereo
s
vision in the case of
o large objeccts [22]

Sttereo visionn displacem
ment measureements can be used in both classiical and opeerational
m
modal
analysis. In classsical modaal analysis, stereo vision results have show
wn good
aggreement with
w the acccelerometer results in addition too having moore conven
nience in
im
mplementatiion and highher capabiliity for preseenting very small moddal frequenccies [12].
Inn OMA the input will not
n be meassured and stereo
s
visionn will be thhe proper method
m
to
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simultaneously measure the output displacement of many points of the structure as the
output [13, 14].
Stereo vision has been used in strain and full displacement field analyses with either
digital images correlation (DIC), which gives a continuous displacement distribution,
[15, 16] or measuring discrete points on the surface or structure (point tracking
approach). However, stereo vision is new in measuring vibration; it shows good
correlation with conventional methods like accelerations in this filed [17]. For operating
structures, the use of conventional methods introduces several limitations and
drawbacks; they might load the structure with a weight accounted by the sensors and
can measure in only a few number of points [18]. Even using roving methods with
accelerometers is very time consuming. In addition, in rotating structures like wind
turbines, the measured signal from conventional methods like accelerometers will be
quite noisy and the centrifugal acceleration should be removed from the final response.
The robustness and simplicity of the stereo vision make it a proper approach for outdoor
and large scale experiments in difficult conditions. Regarding all these issues, stereo
vision shows good potentials for studying the structural and modal properties of wind
turbines.
Structural response and modal properties of wind turbines have been studied by stereo
vision in recent years [19-22]. Stereo vision with both DIC and point tracking
techniques shows very high correlation with conventional methods and the structural
modes are successfully captured in operation beside all the convince of the method with
an enormous number of sensors, low noise and high accuracy.

Figure 1.3: Point tracking markers on wind turbine rotor for investigating the effects of
seismic activity. UCSD, California [thanks to Tim Schmidt Trillion, USA]
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1.3 Introoduction to thee concep
pt of steereo vission
Inn stereo visiion, a 3D model
m
of a scene is reco
onstructed by
b taking tw
wo or more pictures
from differennt viewpoinnts [23]. Thee model of a stereo vission system
m is shown in
n Figure
1.4, comprisiing two identical cameeras separatted with disstance b . Onne of the im
mportant
paarameters in
i 3D recoonstruction is disparitty defined as the disstance betw
ween the
poositions of correspondi
c
ing points or
o features (e.g.
(
an inteeresting parrt of an imaage, such
ass a corner, blob,
b
edge or
o line) in thhe image plaanes of the cameras
c
[244].
Thhe plane paassing throuugh the sceene point and the cam
mera centress is called epipolar
pllane, and thhe intersections of this plane with the image planes
p
are ccalled epipo
olar lines
[224]. They arre shown in Figure 1.4.

Figu
ure 1.4: A sim
mple stereo vision
v
system
m [24]

Inn stereo visiion, two maain challengges have to be consideered to recoonstruct a 3D
D object
from the infoormation of the 2D imaages: The firrst challengge is determ
mining which
h item in
thhe left imagge corresponnds to whicch item in the
t right im
mage; this is referred to
t as the
coorrespondennce problem
m [25]. Thee second ch
hallenge is the 3D reconstruction
n of the
sccene from thhe 2D imagges. A dispaarity map, which
w
definees the dispaarity distribution all
ovver the imaage, is key for
f solving this probleem by lookiing into thee differencees of left
annd right imaages on the pixel
p
level.

1.3.1 Corrrespond
dence prooblem
Correspondennce or steereo matchhing is described as
a follows: looking for the
coorrespondinng feature or
o point in the
t right im
mage for eaach feature or point in
n the left
im
mage. For matching
m
thoose elements, similarity
y between thhem should be measureed [24].
Thhe correspoondence prooblem is soolved easily using thee followingg two assum
mptions:
m of the points
most
p
can bee seen in booth viewpoints and the correspondding image areas
a
are
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similar. These requirements will be mostly met when the distance between the cameras
and the scene is much larger than the baseline.
The similarity between image elements is measured with two different approaches,
correlation- and feature-based methods, which imply different conditions [25].

Correlation based methods
In correlation based methods, images are divided into windows or search boxes that are
the elements to be matched. In fact the similarity criterion is the correlation
measurements between two windows of image pairs [25]. The correlation function
between the left ( I l ) and right ( I r ) image windows will be maximized instead of the
disparity values between two windows ( d  [d1 , d2 ] ).
If the window width is 2W  1 in pixels and  (u , v ) is a function of two pixel values, u
and v , the correlation function is as follows [25]:
c(d ) 

W

W

   ( I (i  k , j  l ),I (i  k  d , j  l  d ))

k W l W

l

r

1

2

(1.1)

There are two more common descriptions of the function (u , v ) . The first description is
the cross correlation between the windows of the left and right images [25]:
 (u , v )  uv

(1.2)

The second one is called sum of squared differences (SSD):
 ( u , v )   (u  v ) 2

(1.3)

Both equations (1.2) and (1.3) give the same correspondence if the energy of the right
image in each window is constant all over the search region (energy of an image is the
sum of the intensity values of the squares of the image); however, in real application,
this rarely happens [25]. When cross correlation, equation (1.2), is biased, the intensity
values are very small or very large; hence, SSD is preferable in most cases.

Feature-based methods
Feature-based methods search for a sparse set of features in the images and use
numerical and analytical properties of the features to solve the correspondence problem
[25]. Epipolar constraint is defined to facilitate easy finding of corresponding features in
image pairs. Epipolar constraint indicates that the corresponding points must lie along
corresponding epipolar lines [26]. This constraint confines the correspondence problem
into a 1D search of the match along the epipolar line.
The properties that need to be matched are different for different features and change
with the overall condition of the images, such as illumination or average contrast of the
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image. As an example, length, orientation and average contrast along the edges describe
the line features. Hence, these features should be matched for corresponding lines in the
image pairs [25].
In real applications, choosing the method to solve the correspondence problem depends
on the application and hardware and software facilities; however, there are a few
general remarks about the fields that each of the methods are more qualified for [25].
The two next paragraphs will state some of these remarks for clarification.
Correlation-based methods are easier to implement and because of making windows all
over the images provide a dense disparity map. However, they are sensitive to
illumination changes and do not work well for images taken from very different
viewpoints. In addition, as they give only one value for disparity for each window, the
resolution reduces to the window size and interpolation to increase the precision from
pixels to sub pixels is also expensive.
When there is prior knowledge about the scene and the image features, feature-based
methods are implemented that are faster and provide sparse disparity maps. In fact,
when the motion of a few particular features or elements is studied through the images,
feature-based methods are the faster and more accurate choice. Furthermore, these
methods are not sensitive to illumination changes and different viewpoints.

1.3.2 3D reconstruction
After finding the corresponding points in the stereo images, the 3D coordinates of the
scene can be constructed. The 3D reconstruction method depends on the knowledge of
the intrinsic and extrinsic parameters of the cameras. If they are already known by the
camera calibration, then the 3D reconstruction problem will be solved via triangulation;
otherwise, there are methods to estimate those parameters up to a few unknowns in
parallel with the reconstruction process. However, the most common way is calibrating
the cameras before doing the stereo vision 3D reconstruction. Therefore, the stereo
vision steps to go from the pixel coordinates to 3D world coordinates can be
summarized in the following figure:
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Figure 1..5: Stereovission process in time instaance T = t0

T
Triangula
ation
Leet the projecction of thee point P bee pl in the left image and pr in tthe right imaage. The

pl will interseect ray r
raay l , passing from Ol (left
(
cameraa centre of projection)
p
t
through
, passing
p
from
m Or throuugh pr , in point
p
H
whhile the cam
mera parameeters are
P . However,
esstimated witth an uncerttainty, the ray
r will not actually inttersect in sppace. Therefore, the
inntersection will
w be estim
mated as thee midpoint of
o their minnimum distaance.

Figure 1.66 : Triangulaation with no
onintersectingg rays [16]
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If the point Ol is the reference point, ray l = apl passing through Ol ( a  0 ) and pl (

a  1 ) and ray r will be T  bRT pr passing through Or ( b  0 ) and pr ( b  1 ). Let
w  pl  RT pl be the vector orthogonal to both l and r , then   apl  cw is the line
through apl and parallel to w .
The midpoint of the segment s , between the intersections of  with l and r , will be
the triangulated point P ´ .
If Tl , Rl and Tr , Rr are extrinsic parameters of two cameras in the world coordinate
system, the extrinsic parameters of the stereo system are as follows [16]:
R  Rr RlT
T  Tl  R T Tr
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2. Introduction to Operational Modal Analysis
2.1 Motivation
Modal analysis has been used for studying the structural and modal properties of
structures for many years. In classical (experimental) modal analysis (EMA), the
structure is excited by an external force, and both output response and input excitation
are measured. The theoretical basis of this measurement technique is establishing a
mathematical relationship between the input and output of a linear time invariant (LTI)
system called the frequency response function (FRF), as a function of excitation
frequency [1]. The FRF matrix represents the modal properties of the structure, such as
natural frequencies, damping ratios and the mode shapes. EMA has some limitations
[2]:
- In EMA, input excitation of the structure needs to be measured, which is
difficult to achieve on large structures like bridges and wind turbines that are
always under ambient and uncontrollable loadings from traffic, wind, etc.
- Modal properties depend on operating conditions that often cannot be measured,
such as aerodynamic forces on different parts of an operating wind turbine. For
that reason, EMA is mostly conducted in the laboratory environment, controlling
all the conditions and measuring both input and output. For this reason, EMA is
difficult or practically impossible to conduct on industrial applications under
operation.
Operational modal analysis estimates the modal properties of an LTI system, which is
excited by an unknown, uncorrelated and distributed input, only from the output
response [3]. Since early 1990’s OMA has become widely used in civil engineering
applications for modal identification of buildings, towers, bridges, etc. The development
also stimulated areas in aerospace and mechanical engineering because of the
advantages such as [2]
- Being cheaper and faster than EMA
- No need to have much knowledge about the input
- No boundary condition simulation
- Modelling of the system under real loading
- Ability to perform vibration-based health monitoring and damage detection
OMA is used in both time and frequency domains. In both domains, the input is
assumed to be approximately white noise [7]. OMA is based on the following
principles:
1- Correlation function is interpreted as free decays in the time domain.
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2- Spectral density is interpreted as the corresponding functions in the frequency
domain.
In this chapter, operational modal identification methods in time and frequency domain
are explained and the procedure and difficulties associated with each of them are
described.

2.2 Time Domain Identification
2.2.1 NExT-type Procedures
In the 1990’s some time domain methods in combination with correlation functions,
called natural excitation techniques (NEXT), were developed [4,5,6]. The crosscorrelation function, Rxy , of the two random vector responses x(t ) and y(t ) is the
expected value of their products at the time separation of k [4]. In other words, Rxy is
the long term average value of the products of x(t ) and y(t ) , in time:
Rxy ( k )  E[ x(t  k )  y (t )]

(2.1)

where E is the expectation operator. The auto correlation function of y(t ) is
Ryy (k )  E[ y (t  k )  y (t )]

(2.2)

It is shown in [4] that the correlation function is the summation of decaying sinusoids.
NExT uses a correlation function of the response as the sum of decaying sinusoids that
contains natural frequencies, damping ratios and mode shape coefficients.
Main NExT-type methods are:
- Least squares complex exponential (LSCE)
- Ibrahim time domain (ITD)
- Eigensystem realization algorithm (ERA)
In the LSCE method, a curve fitting problem is solved for finding modal parameters
from correlation functions [3]. The correlation function in terms of decaying sinusoids
in discrete time will be written as:
Nm

Rij (k t )   (Cij ,r er k t  Cij*,r er k t )
*

r 1

(2.3)

As the poles are complex conjugate pairs, the correlation function is written as:
n

Rij (k t )   C ij , r e r k t
r 1
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where Cij ,r is the constant associated to the r-th pole r and n  2 Nm . As the poles are
 t
conjugate pairs, a polynomial with roots of zr  e r (r  1,..., n) (known as Prony’s

equation) can be established:

0 zr0  1z1r  ...  n1zrn1  zrn  0

(2.5)

Having the correlation function between all the data channels for all the time
separations gives us a set of equations that can be solved for the polynomial coefficients
 0 
 


k in a least square sense and  1  is related to modal parameters.
  
  n 1 
ITD is another NExT method for extracting modal parameters. In this method, a
correlation function is formulated as a linear summation of complex exponentials. By
arranging the measured correlation functions in a Block Hankel matrix, the modal
identification will be conducted through a set of decompositions. A Hankel matrix is a
square matrix with equal anti-diagonal elements. The elements of a Hankel matrix are
related by the following equation:

Ai, j  Ai1, j 1

(2.6)

For more information about the ITD method, refer to [3] and [7]. Moreover, in ERA,
modal parameters are identified by eigenvalue decomposition of Hankel matrices of the
correlation function [8,9,10].

2.2.2 ARMA-Type Methods
This method fits an auto regressive (AR) moving average (MA) model to the measured
time series:
y (t )  A1 y (t  1)  A2 y (t  2)  ...  An y (t  n)  B0u (t )  B1u (t  1)  B2u (t  2)  ...  Bm u (t  m )

(2.7)

where y(t ) is the measurement output at time t and u(t ) is the input. n is the AR and

u(t ) will be modelled as white
Gaussian noise. In ARMA, equation (2.7) is written for each data channel and the
{A1 , A2 ,..., An } coefficients make up the AR matrix. Regarding the discrete state space
m is the MA order. For OMA with no measured input,

equations (equation (2.13)), the AR matrix is the system matrix and modal parameters
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can be extracted by its eigenvalue decomposition. More detailed information can be
found at [7,11].
For finding AR and MA matrices, a nonlinear minimization problem needs to be solved.
This can require considerable computation effort, especially with a large number of data
channels convergence problems may be encountered [12,13]. By eliminating the MA
part in equation (2.7), modal parameters can be found by solving a least square problem
in an AR model [14]. To get the right modal values in the AR model, the model order
should approach infinity. This generates a number of spurious poles that need to be
separated from real poles via a stability diagram, which is described in the ‘Stability
Diagram’ section.

2.2.3 Stochastic Subspace Identification
In the 1990’s, subspace identification methods were developed in engineering for
complex dynamic identification [15]. SSI is robust and computationally less demanding
compared with other methods [13]; it also has easy parameterization and fast and
noniterative convergence [17]. In these methods, unmeasured forces and ambient
excitations are modelled as stochastic values with unknown parameters and known
behaviour, such as white noise with known zero mean value and unknown covariance.
Before going to the model details, the stochastic space state system is explained in
discrete time domain.

Stochastic space state system in discrete time
The motion of a discrete system with multi degrees of freedom and several masses,
springs and dampers will be described by following equation:

MU(t )  C2U (t )  KU (t )  f (t )

(2.8)

where M , K and C 2 are the mass, stiffness and damping matrices, respectively; f (t )
and U (t ) are the excitation force and displacement vector in time t , respectively 1. By
defining the state vector, equation (2.8) goes to state space:
x (t )  Ac x(t )  Bc f (t )
 U (t ) 
 0
x (t )  
, Ac  

1

 M K
 U (t ) 

1

0 

 , Bc   1 
 M C2 
M 
I

1

(2.9)

One dot denotes the first time derivative and two dots denotes the second time derivative

Experimental Vision Studies of Flow and Structural Effects on Wind Turbines

25

where Ac is the state matrix, Bc is the input matrix and x(t ) is state vector. Equation
(2.9) is called the state equation.
By measuring the acceleration, velocity or displacement, the observation will be a linear
combination of them:

y(t )  CaU(t )  CvU (t )  CdU (t )

(2.10)

Ca , Cv and Cd are the output matrices that form the following definitions:
C  Cd  Ca M 1 K

Cv  Ca M 1C2  ,

D  Ca M 1

(2.11)

Using equation (2.10) and (2.11), the observation equation is:

y(t )  Cx(t )  Df (t )

(2.12)

State and observation equations are in continuous time but real data is measured in
discrete time instances k t , k   . In discrete time, the state-space model will be:

xk 1  Axk  Bf k

(2.13)

yk  Cxk  Df k

where xk  x(k t ) is the discrete time state vector, A  exp( Ac t ) is the discrete state
1
matrix and B  ( A  I ) Ac Bc is the discrete input matrix. By adding stochastic

components (noise), the discrete state-space model will be [14]:

xk 1  Axk  Bf k  wk

(2.14)

yk  Cxk  Df k  vk

where wk is the process noise due to the inaccuracies of linear and time invariant state
space assumptions in the modelling and vk is the measurement noise caused by
measurement devices, measurement methods, experiment conditions like assumption of
distributed and uncorrelated inputs, etc. wk and vk are immeasurable but assumed to be
zero mean, white noise and with covariance matrices of [14]:

 w p 
E    w p T
 v p 
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 Q
v pT     T
  S

S
  pq
R

(2.15)
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where E is the expected operator and  pq is the Kronecker delta.

Properties of stochastic state space models
In OMA, the input fk cannot be measured and it is removed from equation (2.14).
Then, the input is modelled with the noise terms wk and vk with the same assumptions
as in the stochastic state space model [14]:

xk 1  Axk  wk
yk  Cxk  vk

(2.16)

The stochastic process is assumed to be a stationary and zero mean process with the
constant state covariance matrix of  (independent of time, wk and vk ):

E  xk   0
T
E  xk  xk    



E  xk wk T   0

(2.17)

E  xk vk T   0
The output and output-state covariance matrices are defined as follows:

i  E  yk i
G  E  xk 1

yk T 
yk T 

(2.18)

where i is the time lag. From the mentioned properties and definitions the following
relations are obtained for a stationary stochastic process:
  AAT  Q
 0  C C T  R

(2.19)

G  AC T  S

Then, the output covariance is

i  CAi 1G

(2.20)

Equation (2.20) is one of the important properties in stochastic identification, which
implies that the output covariance matrix can be decomposed to state space matrices.
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Kalman filter
One of the most important parts in stochastic subspace identification (SSI) is the
optimal prediction of the future measurement based on the past measurement. The
optimal predictor can estimate a model for a stochastic system that reveals the space
state matrices and other system properties.
A Kalman filter is trying to predict the state vector xk 1 using the measurements up to
time k , and the system matrices are determined by solving a regression problem. The
non-steady state Kalman estimates, xˆk 1 , are defined by the following recursive
equations:

xˆk 1  Axˆk  K k ek
ek  yk  Cxˆk
(2.21)

K k  (G  APk C T )( 0  CPk C T ) 1
Pk 1  APk AT  (G  APk C T )( 0  CPk C T ) 1 (G  APk C T )T

The matrix Kk is called Kalman gain and ek is called innovation, which is the zero
mean Gaussian white noise. The Kalman state estimates form the Kalman filter state
sequence, which will be used in the stochastic subspace algorithm:
Xˆ i   xˆi

xˆi 1  xˆi  j 1 

(2.22)

Stochastic subspace algorithm
In SSI the measurement data are gathered in a block Hankel matrix, which is divided
into past and future parts:

Y0|2i
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y1

y2




yi 1


yi




yi
yi 1
yi  2

yi 1 
yi  2 
yi  3 





y2 i

y2i 1 





 
yi  j  2 

yi  j 1   Y0|i

yi  j   Yi 1|2i
 
yi  j 1 
 

y2i  j 1 
yj

  Yp
  
  Yf

 " past "
 
 " future "

(2.23)
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where j  N  2i  1 is the number of block columns, 2i is the number of block rows
that indicate the total data shift and i is called model order. yi , i  1, 2,..., N , is called
the block of data; it contains the measurements taken from all the channels in a
particular time step ( N is the number of time steps). Each block is a column vector with
nc element for nc measurement channels. Therefore, the dimension of the block Hankel
matrix is 2nci  j . Another block Hankel matrix division that will be used in subspace
identification is:

Y0|2i

Y
  0|i 1
Y
 i  2|2i

  Yp  " past "
     
  Y f  " future "

(2.24)

The extended stochastic observability matrix is an important matrix that comes into play
in the identification process:
 C 


 CA 
 i   CA2 
(2.25)


  
 CAi 1 


The matrix pair of { A, C} is assumed to be observable, which means that all the
dynamic modes are observed in the output [17].
If the extended stochastic controllability matrix is defined as:
 i   Ai 1G

Ai  2G  AG G 

(2.26)

equation (2.20) converts to:

  i  i

(2.27)

Data-driven SSI
Data-driven SSI (SSI-Data) is based on the decomposition of the projection matrix. The
projection matrix is another important matrix that is described as the projection of the
future outputs on the past outputs [15]:
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Oi  Y f / Yp
(2.28)

Oi  Y f / Yp

These projections can be calculated using LQ decomposition of the block Hankel
matrix. In the first step, the block Hankel matrix should be partitioned [15]:
nc (i  1)

nci nc
 Y0|i 1 


nc  Yi|i 
nc (i  1)  Yi 1|2i 


nc i

 L11

 L21
L
 31

0
L22
L23

j

0   Q1T 
 
0   Q2T 
L33   Q3T 

(2.29)

The projection matrices are obtained using the following equations:
L 
Oi   21  Q1T
 L31 

(2.30)

 QT 
L32   1T 
 Q2 

Oi 1   L31

It can be proven that the projection matrix will be decomposed to the observability
matrix and Kalman state matrix [15]:

Oi   i Xˆ i

(2.31)

Oi 1   i 1 Xˆ i 1

By singular value decomposition (SVD) of the projection matrix, the observability
matrix and the Kalman state matrix can be estimated:

Oi  U1

 S1 0   V1T 
U2  
 T 
 0 0   V2 

(2.32)

where U1   ncin , S1   nn , V1   ncin and n (model order) is the rank of the Oi
matrix. i and Xˆ i can be chosen as follows:

 i  U1S11/2
Xˆ i  S11/2V1T

(2.33)

The shifted Kalman state sequence is obtained using equation (2.31):
Xˆ  ( ) O
i 1

30

i 1

i 1

(2.34)
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where i1 is obtained by removing nc rows of the i matrix and



denotes the Pseudo

1

inverse .
Finally, the system and observability matrices are estimated:

 Aˆ   Xˆ i 1  
 
 Xˆ
 Cˆ   Yi|i  i

  

(2.35)

Covariance-driven SSI
Covariance-driven SSI relies on this fundamental property of the stochastic state-space
system that the output covariances can be decomposed as equation (2.20) [17]. A block
Toeplitz matrix comprising output covariances could be decomposed to extended the
observability matrix, i , and extended the stochastic contorability matrix, i :

i 1
 i


i
T1|i   i 1
 


  2i 1  2i 2

 1   C 

  2   CA  i 1

 A G  AG
    
 

 i   CAi 1 

A   i  i

(2.36)

By having nc measurement channels, each of the covariance matrices will have
dimensions nc  nc [3]:
i 

1
y(1:N i ) . y(1 i:N )
N i

(2.37)

Thus, the dimension of the block Teoplitz matrix is nci  nci . i and i can be
estimated by SVD of T1|i :

T1|i  U1S1V1T
i  U1S11/2

(2.38)

i  S V

1/ 2 T
1
1

1

a pseudoinverse A+ of a matrix A is a generalization of the inverse matrix. [Ben-Israel, Adi; Thomas N.E.

Greville (2003). Generalized Inverses.Springer-Verlag. ISBN 0-387-00293-6.]
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The system matrix (or state matrix) can be obtained using two methods. The first
method uses the decomposition property of one lag shifted Toeplitz matrix as follows
[3]:

 i 1


T2|i 1   i  2
 

  2i

i
i 1

 2i 1

2 

 3 
 i Ai
 

 i 1 
.


(2.39)

The combining of equations (2.36) and (2.39) results in an equation for calculating the
state matrix:

A  iT2|i 1i

(2.40)

In the other method, matrix A is given by
 i (2:n ) Aˆ   i (1:n 1)

(2.41)

where  i (2:n ) and  i (1:n 1) are found by removing the first and last block of i . In both
approaches, the observability matrix is obtained using the i matrix:
Cˆ   i (1:1)

(2.42)

 i (1:1) is the first row block of the extended observability matrix

2.2.4 Modal parameters identification
As mentioned in section ‘Stochastic space state system in discrete time’, A  exp( Ac t )
. Ac can be decomposed to eigenvalues and eigenvectors; therefore, the discrete system
matrix will be [11]

A   AA1  exp(1t )   exp(t )1

(2.43)

Equation (2.43) shows that the complex modal matrix  A is equivalent to  , except
for an arbitrary scaling. As the observation matrix is the same for both continuous and
discrete system, the mode shapes will be [11]:
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[1 2  m ]  C.

(2.44)

From (2.43) the eigenvalues of a discrete system are:

j  e

 j t

, j  1, 2, , m

(2.45)

Then, the natural eigenfrequencies and damping ratios are as follows:

i 

ln( i )
t

fi 

i
2

i  

, j  1,3,, 2n 1

Re(i )

(2.46)

i

  C.

2.3 Frequency Domain Identification
The frequency domain methods are based on the auto and cross spectrum calculation. In
the basic frequency domain (BFD) method, modal properties are identified by picking
the peaks of power spectral density (PSD) plots [3]. In this method, if only one mode is
dominant around a resonance, the structural response can be estimated as the modal
response. This method has problems with closely spaced modes and noisy
measurements. In closely spaced modes, the stronger mode is dominant, and in noisy
measurements, peaks are not clear in PSD plots. In this simple peak picking method
damping ratio estimation is not accurate according to [19] and the estimated
eigenfrequency depends on the frequency resolution. Apart from the disadvantages,
BFD is a simple, user friendly and undemanding method in terms of computational
effort [3].

2.3.1 Frequency Domain Decomposition
Frequency domain decomposition (FDD) has been introduced as an extension to BFD
for removing disadvantages [20]. This method is based on the SVD of the PSD matrix
of the measured output. The mathematical background of this method is based on the
modal decomposition of a dynamic response [21]:

y(t )  1q1 (t )  2 q2 (t )  
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Here, q(t ) is the modal coordinate and  is the mode shape. By gathering all the modal
coordinates in the column vector p(t ) and all mode shapes in matrix  , the equation
(2.47) becomes:

y(t )    p(t )

(2.48)

Regarding equation (2.48), the correlation matrix is obtained by the following equation:
Ryy ( )  E  y (t   ) y (t )T     R pp ( )  T

(2.49)

where Rpp ( ) is the correlation matrix of the modal coordinates that are uncorrelated
for the stochastic dynamics. Hence, Rpp ( ) is a diagonal matrix with the autocorrelations of modal coordinates as the diagonal elements [21]. By taking the Fourier
transform of equation (2.49), the response PSD matrix can be formulated as:

Gyy ( )  G pp ( )T

(2.50)

where Gpp () is the PSD matrix of the modal coordinates and it is diagonal for
uncorrelated modal coordinates.
The response PSD matrix at frequency  can be decomposed by SVD:

Gyy ( )  USV T

(2.51)

Since the PSD matrix is a Hermitian positive definite matrix, U  V [3], and equation
(2.51) becomes:

Gyy ( )  USU T

(2.52)

By comparing equation (2.51) with equation (2.52), it is realized that singular vectors
can be equivalent to the mode shapes. The singular values are also the auto PSD
functions of the corresponding single degree of freedom (SDOF) system associated with
the same mode [3]. Since singular values are stored in a descending order, near the
resonance frequency, first singular value contains information about the dominant mode
at that frequency.
The number of nonzero elements in S matrix at a particular frequency indicates the rank
of the PSD matrix at that frequency which can identify the closely spaced or coincident
modes [3]. In other words, the number of dominant singular values shows the number of
modes contributing on that frequency.
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Frequency domain decomposition starts with the calculation of the PSD matrix. This
matrix contains the cross spectrum between all the measurement channels in every
particular frequency. Consequently, the PSD matrix in each frequency is decomposed
by the SVD method. Therefore, for each frequency, a set of singular values and vectors
are obtained, and singular values are all plotted in a singular value plot.
More detailed modal identification in FDD is conducted using the modal assurance
criterion (MAC) number. The estimated mode shapes (singular vectors) around a peak
frequency in the singular value plot are compared using the MAC number [22]:

MAC 

 iT  j
{ iT i }{ j T  j }

(2.53)

where MAC is the modal assurance criterion between two singular vectors of  i and

 j . The MAC number is a measure of the correlation between two singular vectors;
therefore, as long as the MAC number between the singular vector at the peak and the
singular vectors around the peak are larger than the MAC rejection level, the singular
values belong to the same SDOF power spectrum density function. For calculating the
damping ratio and natural frequency, this range around each peak of resonance in the
singular value plot is taken to the time domain by inverse fast Fourier transform (FFT).
In the time domain, the spectral density function is transformed to free decay of the
auto-correlation function of the SDOF system; then, the natural frequency and the
damping ratio are obtained by cross times and logarithmic decrement of the free decay
[22]. In this way, the natural frequency is estimated by counting the number of times
that the auto-correlation function crosses the time axis, and the damping ratio is
obtained by fitting a logarithmic curve to the auto-correlation function free decay [23],
as shown in Figure 2.1.
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Figure 2.1: Top: Singullar value speectral function identificatiion using MA
AC rejection
n
B
correspondinng auto-correelation functtion of the SD
DOF. Bottom
mlevel. Bottom-Left:
Right: fitting
f
the loggarithmic cuurve to the freee decay for finding dam
mping ratio [2
23]

After numberring all the extrema (peaks and deeeps) in the auto-correllation functtion plot,
A
thhe logarithm
mic decrem
ment  is calculated
c
using
u
the initial
i
value ( r0 ) and the k th
exxtremum vaalue ( rk ) of the
t correlatiion function
n [22]:

r
rk

2
k

  ln( 0 )

(2.54)

mping ratio is given byy:
Thhen, the dam




(2.55)

  4 2
2

f is obtainned using daamped natuural frequenncy from
Thhe undampeed natural frequency
f
fd annd the damping ratio:
thhe crossing zeros
z
f 
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3. Turbine blade experiment in the field
3.1 Motivation
The following chapter describes the application of the stereo vision technique on a 1kW vertical-axis wind turbine rotor blade subjected to random vibrations. The
operational modal analysis (OMA) study has also been implemented on the derived data
to obtain mode shapes and numerical simulation has been conducted. Finally, the
numerical results were compared with the classical modal analysis (EMA) and OMA
results. The displacement time series used in the analysis are very short because of the
limitations in the image acquisition system. Short time series are not fully qualified for
OMA, and the analysis of the data needs a proper method. The covariance-driven
stochastic subspace identification method (SSI-COV) has been performed for short time
series like earthquakes. In the SSI-COV method, a block Toeplitz matrix that contains
output correlation functions is formed. Ten displacement time series have been recorded
with a 187-Hz sampling rate, and the time series from three measurements were chosen
to be analysed and the block Toeplitz matrix of the time series are averaged out. For
OMA validation, an EMA is conducted with signals from accelerometers mounted on
the blade. The blade is exited with a hammer and the natural frequencies are estimated
by picking the peaks from the frequency response functions (FRFs) obtained at different
points. Finally, the natural frequencies and mode shapes obtained from the EMA and
OMA results are compared with those of the numerical simulations of the blade with
COMSOL (a multiphysics simulation tool).

3.2 Blade Description
The blade used in this experiment is a modified Troposkein blade fitted on a small 1kW vertical-axis wind turbine with a 2 m diameter. The Troposkien blade shape is
slightly modified at the top and at the bottom and the blades are supported by two
spokes, as shown in the Figure 3.1.
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Figgure 3.1: Ro
otor

Thhe blade iss made withh a rapid prototyping
p
material with
w the folllowing meechanical
prroperties:
• Material
M
density = 1150 kg/m3;
• Young’s
Y
moodulus, E = 1.285 GPaa;
• Weight
W
= 166 kg
Thhe blade is designed with
w varyingg airfoil cho
ord and thickkness, as reepresented in Figure
3.2, where thhe hinges coonnected to the blades are
a shown with
w red squuares:

F
Figure
3.2 : Blade
B
profilee (LE: leadin
ng edge, TE: trailing edgee)

An internal steel
A
s
frame was
w designeed to streng
gthen the enntire structuure. One recctangular
vooid and twoo circular hooles were made on the blade
b
profille. Two steeel plates witth 30 × 1
2
mm sectionss and four 1-mm-diameeter steel wirres were insserted into tthe rectangu
ular void
annd the circuular holes, reespectively. The blade profile can be seen in F
Figure 3.3.
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Figuree 3.3: Blade profile details

3.3 Classical modal exxperimeent
3.3.1 Exp
perimentt setup
Inn EMA, singgle-axis acccelerometers are used to
t detect thee mode shappes of the structure.
Inn this experriment, the acceleromeeters were installed
i
onn the blade external su
urface at
seeveral pointts. These points
p
weree obtained by
b projectinng the struucture centrroid line
(ccentre of mass
m
line) on the blade
b
exterrnal surfacee. Indeed, by mountting the
acccelerometeers on the projected centroid line
l
of thee blade onn the surfa
face, the
acccelerometeers are placeed on a row
w with a disttance from the
t centroidd line and can sense
thhe torsional motion; thherefore, torrsional natu
ural frequenncies can bbe detected.. On the
otther hand, while
w
there is
i just one row
r of senso
ors, the torssional modees around th
he elastic
axxis are obseerved like a rigid body motion, and the torsioonal natural frequenciess will be
piicked up annd seen in the
t spectra. The instrum
mented blaade was placced horizon
ntally on
tw
wo symmetrrically spaceed supports (red pointss in Figure 3.4).
3
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YZ Planee

Y

Y

XY Plan
ne

X

Z

Figure 3.4: 244 Accelerom
meter positionns (blue poin
nts) and two support
s
poinnts (red points);
verticcal axes represents the Y direction an
nd horizontal axes represeents X and Z
direction
ns.

Thhe blade is resting withh its weight on the supp
ports that caan rotate aroound the X axis and
arround the Y direction. Actually, these
t
pointss represent the hinge pposition on the real
w
wind
turbine (Figure 3.5).
Z
Y
X

Fiigure 3.5: Coonfiguration of the suppoorts

Measurements were set up in the PU
M
ULSE LabS
Shop softwaare (product of Brüel and
a Kjær
Company). Thirty-six
T
sets of measurements are organizzed in Pulsee, and 3 po
oints are
m
measured
in each set while
w
the blaade is hamm
mered. In thhe first 18 sets, the bllade was
haammered inn point 14, and
a the acceelerometers moved arouund and meeasured acceeleration
inn the Y and Z directionns with a sam
mpling freq
quency of 256
2 Hz. In thhe next 18 sets, the
bllade was hammered
h
w
with
the exxcitation fo
orce of aboout 7 N inn point 24 and the
acccelerometeers were mooved along the
t blade (F
Figure 3.6).
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Z
Y
X

Figure 3.6: Meassurement setu
up in the YZ plane

3.3.2 Results
Thhe FRFs obbtained in thhe 24 points were invesstigated to iddentify the nnatural freq
quencies.
FR
RFs obtaineed in four points are seeen in Figurre 3.7 accordding to the sense orientation of
thhe particularr accelerom
meter.

a:

b:
F
Figure
3.7: FRF in pointt No.6, 12, 15 and 21. Th
he sensing diirection (Z, Y
Y) is indicated
d

Byy inspectingg the FRFs,, several obbvious peakss in the plotts indicate nnatural freq
quencies.
Inn Figure 3.77-b the zooomed peakks in the FR
RF plots show two cclose modes in the
frequency rannge of 4.5––6.5 Hz andd two closee modes bettween 18 annd 22 Hz. The
T first
foour natural frequencies
f
obtained byy peak pick
king are estim
mated as foollows:
Table 3.1: Naatural frequencies by EM
T
MA
3
Mode No.
1
2
4.75
6.50
18.25
Natural Frreq. (Hz)

4
222.00

3.4 Num
merical Simulat
S
tion
Thhe blade modal
m
behavviour was simulated using Solidd Mechaniccs: Eigenfrrequency
m
module
of thhe commerccial finite element package COM
MSOL®. Thee model’s geometry
g
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coomprises ann isotropic material
m
boddy with a core includinng a steel pplate and tw
wo wires.
Density, Yooung moduulus and Poisson
P
ratio of the blade are provided by the
t constructt the FEM m
model. Supp
ports are
exxperiments. A free tetrahedral mesh is used to
m
modelled
as fixed rigidd connectorss with consstrained rotaation arounnd the vertical axis,
annd they cann freely rottate around the other axes so as to resemblle the expeerimental
coonditions.
Thhe natural frequenciess and modde shapes are
a shown in Table 33.2 and Fig
gure 3.8,
reespectively.
Tablee 3.2: Natural frequenciess by numericcal simulationn
4
Mode No.
1
2
3
4.78
6.45
2
20.41
222.33
Natural Frreq. (Hz)

1- 1st bendingg mode – Anti--symmetric

3- 3rd bendinng mode – Antii-symmetric

2- 2nd bending mode - Symm
metric

4- 1st torsionaal mode

Figure 3.8:
3 Mode sh
hapes from FE
EM

3.5 Operrationaal Modaal Analy
ysis
Inn the OMA
A test, the blade
b
was placed
p
outside in the field with tthe same boundary
b
coonditions annd supports as in the EMA
E
test. Vision
V
sensoors were sim
mple paper markers
w small bllack dots inn the centree. They werre placed att different ppositions on
with
n half of
thhe turbine blade
b
centrooid projectiion line, an
nd their 3D displacements were recorded
r
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with a stereoo vision systtem that waas looking onto
w
o
half off the blade w
while it wass excited
byy the wind (6–8 m/s). We also tryy to excite the blade by
b random figure beatts on the
suurface. The stereo systeem containss two Baslerr acA2040-180km cam
meras equipp
ped with
600 mm (focal length) Nikon
N
lensess. The cameeras take pictures at thhe frequency
y of 187
frames per seecond and thhe images are
a recorded
d on a compputer hard ddrive. By pro
ocessing
thhe images taaken from thhe exited blade in a parrticular timee period, thee displacem
ment time
seeries of the paper markkers are extrracted and used
u
for OM
MA. The exxperimental setup is
shhown in Figgure 3.9 andd Figure 3.100.

Computer

Camerass

H
Hinges
X
Y

F
Figure
3.9: Experimental
E
setup for OM
MA (Y axis is
i the same as
a EMA but X axis is Z ax
xis
of EMA
A)
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Figure 3.10: Blade and hinges configuration

3.5.1 Camera calibration
The 3D reconstruction of a scene or the computation of the positions of objects in space
need to link the 3D coordinate of the points in the world to their corresponding 2D
coordinate in the image plane. Therefore, camera calibration solves the projection
equations between known coordinates of a set of world points and their corresponding
image points for the camera parameters.
Camera parameters are divided into extrinsic and intrinsic parameters. Extrinsic
parameters define the location and orientation of the image reference frame with respect
to a known world reference frame that contains the translation vector and rotation
matrix. Intrinsic parameters characterize the optical, geometrical and digital
characteristics of the camera. Intrinsic parameters are focal length, f , image centre in
pixel coordinates (ox , oy ) , the effective pixel size in the horizontal and vertical
directions, (sx, sy) and, if required, radial distortion coefficient.

Figure 3.11 shows the world coordinate system ( xW , yW , zW ) , camera reference frame

( xC , y C , z C ) and image plane ( x I , y I , z I ) .

46

Experimental Vision Studies of Flow and Structural Effects on Wind Turbines

Figure 3..11: Differennt coordinatee systems (C:: Camera refe
ference framee, i: Image
coorddinate, W: World
W
coordin
nate) in imagge formation

Thhe origin of the camerra referencee frame is the
t centre of
o projectionn, and z ax
xis is the
opptical axis. The coorddinates of a point P in
n world cooordinate andd camera reference
frame are relaated with exxtrinsic paraameters:

 xW 
 xC 
 W
 C
y   R y  T
 zW 
 zC 
 
 
where R is thhe rotationall matrix andd T is the traanslation matrix:
w
m
 Tx 
 r11 r12 r13 
 


R   r21 r22 r23  , T   Ty 

r r
T 
 31 32 r33 
 z

(3.1)

(3.2)

Nikon modeern lenses do not haave distortion, then by
N
b neglectinng the len
ns radial
diistortions, and
a
referrinng to a piinhole cam
mera modell, the imagge reference frame
cooordinates and
a the imaage plane coordinates
c
are conneccted by intrrinsic param
meters as
foollows:
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f xC
x 
 ox
sx z C
I

(3.3)

f yC
yI  
 oy
sy zC
Thhe equationns (3.1), (3.22) and (3.3) give [1]:

f r11 xW  r122 yW  r13 zW  Tx
x  ox   ( W
)
sx r31 x  r322 yW  r33 zW  Tz
I

f r xW  r yW  r zW  Tx
)
y I  oy   ( 21 W 22 W 23 W
s y r31 x  r32 y  r33 z  Tz

(3.4)

Thhus, by havving a set of
o points with
w known coordinatees in the w
world frame and the
im
mage plane, it is possible to derivee a set of equ
uations, whhich will be solved for extrinsic
e
annd intrinsic parameters.
Thhe first steep before measuring is the callibration off the cameera. In the current
exxperiment, a calibrationn board (900 cm × 120 cm)
c was useed, which ccontains 130
0 crosses
w known coordinates
with
c
. The calibrration board
d is placed in
i front of tthe blade, ass seen in
Fiigure 3.12.

Figure 3.12: Calibrattion board

3.5.2 Imaage Processing
After calibratting the cam
A
meras, the images
i
takeen during thhe experimeent are proccessed to
geet the corresponding displacemennt time seriees. As just a few pointss should bee tracked
inn the imagess, the featurre-based meethod was used
u
to proccess the images and ob
btain the
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diisplacementt time seriess. The imagge processin
ng algorithm
m starts witth the identtification
off the approxximate posittion of eachh marker in the
t images.

11
1 10 9 8
76

5

4

3

2 1

Figure 3.13: First estimation
e
off the circular markers

As the entirre structuree is not expected
A
e
to
o have large displaceements durring the
m
measurement
t period, wiindows 1–111 are defin
ned around the points in each imaage, and
thhe markers are
a supposed to move within
w
that window
w
durring the expperiment tim
me.
1
2
3
4
5
6
7
8
9
10
11

Figurre 3.14: Imagge windows around
a
the markers
m

Eaach of the image winddows is binnarized with
h a particular thresholdd depending
g on the
m
mean
intensiity of the window,
w
andd then, the colours aree made neggative to geet proper
inntensity conncentration in
i the markker position. In the nexxt step, the iimage wind
dows are
filltered for thhe expected marker feaatures like size in pixel, marker loccation and marker’s
m
shhape. Finallyy, the only remaining feature
f
in th
he image window
w
is thhe marker ex
xpressed
inn white coloour and the background
b
d in black; th
he intensityy centroid off the image window
noow gives thhe position of the markker centre without
w
perrspective coorrection (th
his topic
w be discuussed in secttion 4.4.1). The brief scheme
will
s
of thhe image prrocessing allgorithm
is shown in thhe followinng figure, more
m
detailed
d explanatioon of the im
mage processsing will
bee found in thhe chapter 4.
4
Binarrize the image
windoow and turn it
too negative

Taking the imag
ge
features with a
particular size

Removingg the adjacent
features and take the
most circcular feature

mage processiing algorithm
m
Figure 3.15: The summaary of the im
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The processing of the image sets illustrated a few hints to decrease the difficulties and
errors:
1- Proper illumination of the setup is one of the important factors that will affect
the image processing procedure. For easier and more robust image processing, it
is better to have constant light intensity over time. Consequently, particular
restrictions are not made in the code for each time step.
2- Having sufficient contrast between the marker and the background provides less
error in finding the marker position. This can be achieved by precisely adjusting
the light. Having a very strong or a weak light intensity will likely make errors
on the marker boundaries in the pictures (the uncertainty will be discussed in the
chapter 5).
3- If the entire structure and camera pods are sufficiently fixed, the same image
windows can be used all over by the image processing algorithm; if they are not
sufficiently fixed, a reference point has to be considered. Consequently, all the
windows have to move with respect to the reference point displacements.
4- In the current experiment, the markers contained a small black dot in the centre
of a larger white circle that was surrounded by a black ring and the central black
dot was tracked in image processing. The black dot was not completely circular
and its dimension was not well defined, and consequently, perspective
correction was not done (section 4.4.1). In addition, the size of the dot was
relatively small at some locations, which caused difficulties in image processing
algorithm to distinguish the dot from the noise. Therefore, a better design of the
marker can be a black circle with enough contrast with the background and a
larger diameter in pixels compared with that in the current case. The new marker
will make the image processing algorithm easier and more accurate.
5- Either very small or very big markers generate errors in the marker localization.
As a rule of thumb in the experimental stereo vision society, the markers should
represent between 10 and 20 pixels in an image.

3.5.3 SSI-COV analysis
After processing the image sets from several experiments, it was observed that the
camera frequency had dropped after a particular time step. It is likely that the memory
allocation problems obstructed the image acquisition with the maximum frame rate. To
illustrate the problem, the deflection of the blade tip point is shown in Figure 3.16. The
deflection of a point in the time step is:
d (i )  position (i  1)  position (i )
(3.5)
Figure 3.16 shows that the amplitude of the deflections has jumped suddenly after 1700
time steps (about 9.1 s) because of the image acquisition frequency drop. The rule-of-
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1000
s (where n is the lowest natural frequency of the
n
structure) [2], which in this case is much longer than 1700 time steps.

thumb is to record at least

x-deflection mm
15
10
5

500

1000

1500

2000

2500

3000

time

-5
-10
-15

Figure 3.16: Tip point deflection time series (each of the intervals on the time axis is
1
equal to 1 time step =
s)
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Therefore, because of this limitation, only the first half of the time series can be used for
the modal analysis. The experiment was conducted several times, and the time series
from different experiments are involved in the modal analysis for extracting the
maximum modal information of the blade.
SSI-COV provides the covariance matrix for the time series, which are normally noisy,
and in each of them, a set of natural frequencies has been excited. By averaging the
covariance matrices from different experiments, the derived covariance matrix with less
noisy information will be prepared for the SSI-COV analysis.
By inspecting the peaks in the spectra of 10 sets of the displacement time series, three of
them were chosen to cover all the first four frequencies, according to the simulation and
EMA test.
Test
No.

Y mm
4

X mm
4

1
500

1000

1500

time

-2

1000

1500

time

-2

-4

-3

500

1000

1500

time

500

1000

1500

1000

1500

time

Z mm
1.5
1.0
0.5

2

1

-1

-2

4

2

-2

500

Y mm

X mm
3

-1

1

2

2

2

Z mm
2

500

1000

1500

-2
-4
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time
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- 1.0
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X mm

Y mm

2

2

1

1

3
500
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1500
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-1

-1

-2

-2

-3

Z mm
0.5

500

1000

1500

time
500

1000

1500

time

- 0.5

Figure 3.17: Displacement time series of the blade tip (each of the intervals on the time
1
axis is equal to one time step =
s)
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The block Toeplitz matrices, T1|i and T2|i 1 , are calculated for each of the measurement
sets using equations (2.36), (2.37) and (2.39) in chapter 2. Then, T1|i and T2|i 1 are both
averaged over three measurement sets to reduce the noise and include more information
in the modal analysis. Averaged T1|i is decomposed according to equation (2.38), and the
state matrix A is estimated by using averaged T2|i 1 in equation (2.39). Finally, the
modal properties are identified as explained in section 2.2.4.

Stability Diagram
After the modal properties’ identification, a number of eigenfrequencies are obtained for
each model order, although not all of them are physical modes or real modes. Indeed,
for the ideal case, the model order ( n ) is simply the rank of the projection or Toeplitz
matrix, where the diagonal elements of the singular matrix from SVD drops to a very
small value. However, in the real experiment, there is no clear gap or drop between the
singular values due to the measurement noise and modelling inaccuracies [3].
Therefore, the model order is usually over specified to include all the physical modes;
however, it also introduces the spurious modes to the identified eigenmodes. These
spurious modes can be noise modes or mathematical modes that are created due to the
measurement noise, computational noise and modelling inaccuracies. For separating the
physical modes form the spurious modes, all the identified modes are filtered for the
physical modes properties [4]:
1- Structural modes are underdamped and their damping ratios are not more than a
few percent.
2- Physical modes are in complex conjugate pair of eigenvalues.
3- Physical modes are repeated in all the model orders.
As has just been mentioned, the physical modes are present in all the model orders.
However, if all the estimated eigenfrequencies for each of the model orders are plotted
in a diagram, physical modes are aligned in the diagram and spurious modes are
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sccattered. Thhis plot is called
c
the ‘S
Stability diaagram’. To check the repeatabilitty of the
phhysical moddes, the moodal assurannce criterion
n (MAC) iss a useful ttool. As it has
h been
deescribed in chapter 2,, the MAC
C number iss a measurre of agreeement betw
ween two
m
modes.
The MAC numbber is calcuulated betw
ween each of
o the eigennmodes in a certain
m
model
order m , and alll the eigenm
modes belon
nging to the last proceeeding mod
del order

m  1 . If the maximum MAC
M
numbber is less th
han the valuue given byy the rejectio
on level,
thhe mode willl not be phyysical and iss removed from
f
the staability diagrram.

3.5.4 Results
Loooking clossely into thee spectrum,, Syy (power spectral density: thee Fourier trransform
off the auto-correlation)) of the tim
me series signal
s
provvides basic knowledgee of the
deetected natuural frequenncies:

Figure 3.18: Y-Specctrum for thrree measurem
ment sets

hod. In thiss method, tthe signal has
h been
Sppectrums arre calculateed with Barrtlett’s meth
diivided into several
s
segm
ments, and the power spectrum
s
is averaged oover the segm
ments to
reeduce the nooise [5]. Ass shown in Figure
F
3.17
7, the Y  diisplacementt signals in the first
annd third measurementts decay affter a whilee, but therre is no deecay in thee second
m
measurement
t. This is why the spectrum
s
of
o the secoond measurrement hass higher
am
mplitude compared witth that of thee first and third
t
measurrements.
A is obviouus from Fiigure 3.18, the first measuremen
As
m
nt indicatess two peak
ks in the
sppectrum, wiith the loweest one of abbout 5.2 Hzz and the seecond one oof about 19.5 Hz. In
thhe second measurement
m
t, there are three peakss in the specctrum, situatted at aboutt 5.8 Hz,
199 Hz and 211 Hz. Howeever, the last two peakss are quite close.
c
In thee third meassurement
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spectrum, two close peaks are observed about 5.5 Hz. Thus, in each of the
measurements, a set of the natural frequencies have been excited.
SSI-COV has been previously used for short time series like earthquakes and showed
good results in the identification of modal properties [6,7]. Gathering covariance
matrices in the block Toeplitz matrix helps cancel out the uncorrelated noise [8].
Furthermore, using covariance matrices in SSI-COV provides the possibility of
involving different measurement sets in the modal identification, by an averaging
approach. The averaged Toeplitz matrix is less noisy due to the averaging of the
covariance matrices from different measurement sets and has information from all of
them.
The averaged SSI-COV code was implemented in Mathematica and applied to the three
mentioned time series. By having 11 markers on the centreline, where each of them are
measuring displacement in the X , Y and Z directions, the number of measurement
channels for analysis will be nc  3 11  33 .
After modal identification, stability diagram (it is described in ‘Stability Diagram’
section) is plotted as follows.
Model Order
20

15

Unstable
10

Stable

5

0

0

10

20

30

40

50

f Hz 

Figure 3.19: Stability diagram

The stable poles in the stability diagram have damping ratios less than 0.065 and MAC
number more than 0.9. Considering the stable eigenfrequencies in the stability diagram,
the natural frequencies and damping ratios are listed in the following table.

Mode No.
1
2
3
4
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Table 3.3: natural frequencies and damping ratios
Damping
f
f
Frequency
ratio
5.37
0.11
0.003
0.017
5.72
0.10
0.004
0.013
19.14
0.093
0.001
0.056
21.16
0.12
0.001
0.019





0.012
0.008
0.004
0.007

0.120
0.142
0.019
0.073
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where  is the standard deviation and  is a measure of uncertainty:

f 

1 f
N f

(3.6)

where f is the mean value of f and N is the number of stable modes. As shown in
Table 3.3, the uncertainty of estimated damping ratios and natural frequencies are
higher for the two first modes than for the two last modes. On the other hand, there is
the rigid body motion of the structure at very low frequencies of between 0 and 1 Hz,
presumably induced by the blade rotation around X and Y axes, and it will lead to an
increase in the uncertainties of lower modes.
As estimated in the numerical simulation, the 4th mode is a torsional mode. As
described, this mode shape cannot be presented by only markers that are placed on the
centreline. However, the frequency can be seen in the stability plot. The corresponding
mode shapes (except the torsional mode) are shown in the following figure:
1- 1st bending mode – Anti-symmetric
f1 = 5.37 Hz

2- 2nd bending mode – Symmetric
f2 = 5.72 Hz

Y

Y

X

X

3- 3rd bending mode – Anti-symmetric
f3 = 19.14 Hz

Y

X

Figure 3.20: Mode shapes from OMA
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3.6 Conclusions
In this chapter, the displacement measurement was conducted on a Troposkien blade by
means of stereo vision technique and the modal properties were studied by OMA. The
OMA results were compared with classical modal analysis (EMA and finite element
simulation (FEM). The first four natural frequencies from the simulation agreed fairly
with the EMA results. The minor difference between the last two natural frequencies
obtained from EMA and FEM might stem from considering the blade as an isotropic
structure and simplifying the boundary conditions and supports, e.g. not including
friction in the model.
In OMA, displacement time series were acquired using the stereo vision technique. The
use of displacement rather than acceleration as the output has demonstrated easier,
cheaper and direct procedures. It needs less preparation time, it does not suffer from
noise due to the electronics and it does not add mass to the structure. The present stereo
vision study was conducted in the open field and with existing markers. However, a few
hints were obtained to provide more accurate displacement measurement via stereo
vision, such as the proper illumination with constant light intensity over the time to
avoid reflection and shadows on the surface. Some conclusive remarks on the marker
shape and size were made, leading to a more convenient and simpler design.
In the current experiment, because of the hardware limitation, we were able to obtain
only short displacement time series, which are not convenient for analysis with OMA.
Within the short term measurement, all the blade natural frequencies might not be exited
and all the modal properties will not show up. However involving different
measurement sets in modal analysis, that in each of them a set of natural frequencies are
excited, identifies the modal information of the blade. SSI-COV has been chosen to
analyse the data. This method provides the possibility of averaging the covariance
matrices belonging to the different measurement sets and cancelling out the
uncorrelated noise in the covariance matrices. SSI-COV has been implemented to three
of the 10 short displacement time series to cover the first four frequencies, according to
the simulation and EMA test. By averaging the covariance matrices, the problems
associated with the short time series are solved and the results almost agree with the
numerical and other experimental results. In addition, the rigid body motion of the blade
increased the uncertainty of the first natural frequencies and damping ratios.
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4. VAWT experiment in the wind tunnel
4.1 Motivation
This chapter is the practical implementation of the basics derived in the chapters 1 and 2
about stereovision and operational modal analysis (OMA). The different methodologies
for analysing vibrations limited to a parked vertical axis wind turbine are shown here.
The experiment is designed to study the displacements in different parts of a 1-kW 3bladed vertical axis wind turbine rotor during standstill in the wind tunnel of
Politechnico Di Milano University1. A number of paper markers, which are black
circles, were stuck on several places of the blades’ centreline and the rotor shaft surface.
Two Basler cameras (acA2040-180km) were installed at positions with almost no wind
speed close to the open chamber of the high speed wind tunnel and with viewpoints
towards the markers. The rotor is excited by high speed wind from the wind tunnel (25
m/s). By setting up appropriate light conditions and correct for perspective errors, the
displacement time series have been obtained using a relatively robust image processing
algorithm. The displacement time series are analysed with the data-driven stochastic
subspace identification (DD-SSI) method, which uses the measurement data directly
and has good convergence and less error compared with other methods. The SSI results
are compared with the results derived from the frequency domain decomposition (FDD)
method. Finally, a classical modal test is conducted to investigate the structural modes
of the structure.

4.2 Experiment setup
The rotor diameter is 2 m, and it was placed in the open chamber of the wind tunnel
with section dimensions of 4 × 3.84 m2, as represented in Figure 4.1.

1

http://www.windtunnel.polimi.it/english/impianto/impianto.htm
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Figgure 4.1: Turrbine position in wind tunnnel

Figure 4.2: Experimenttal setup of thhe open cham
mber configuuration of thee Milan wind
d
tunnel
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Before placing the turbine in the wind tunnel, the markers had been attached to the
suction and pressure side of the airfoil and on the rotor shaft surface centrelines (they
are passing through the centre of masses of all the sections) with a distance of 10 cm
between the markers. The marker diameter is 15 mm, which is chosen to occupy 10–20
pixels in the image according to the distance between camera and the VAWT. There are
also a number of markers that are horizontally spaced to investigate the torsional
behaviour of the blade. The markers on a blade together with the small calibration board
are shown in Figure 4.3.

Figure 4.3: Attaching markers to the turbine1. The small calibration plate is also shown2

The cameras were mounted on two pods with a height of about 1.30 m, and they were
put on a platform 3.3 m above the floor. In fact, the cameras will be viewing the same
around the turbine centre point. The cameras were placed about 1.5–2 m apart and
equipped with 40 mm (focal length) Nikon lenses. The distance between the cameras
and rotor was about 7.5 m, which ensured that the rotor could be seen in the image
plane, and makers would be representing between 10 and 18 pixels in different places
on the rotor shaft and blades according to their positions.

1

The black circles were printed on the long tapes with white background at defined distances, which makes the attaching process

fast and easy.
2

The small and large calibration board were tried to see which of them estimates the camera parameters more precisely, and the

larger calibration board was chosen.
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Cam
meras
Cameras
2m

2m

3.33 m

Figure 4.4:
4 Camera locations

Because of thhe particulaar rotor geom
metry of thee three bladeed VAWT, all blades and
a rotor
shhaft cannot be simultanneously seeen by two cameras.
c
In the best caase, two blaades and
thhe rotor shafft are visiblle in the steereo image planes. Thee cameras w
were installeed in the
strructures atttached to the pods withh the flexibiility of rotattion to captture markerss on two
bllades and thhe rotor shafft (Figure 4.5).

Figure 4.5: Cameraa housing

With regard to
W
t light problems encoountered in the blade exxperiment, the light co
onditions
w
were
adjusted to be of constant inntensity oveer time andd to be evennly spread over the
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volume of interest. In addition, the frame rate was relatively high and the exposure time
was set to the possible smallest value for catching the small movements. Therefore, the
time for capturing light was pretty short. Hence, a strong light with no reflections on the
marker places is needed. To improve for light imperfections and prevent shadows,
several spotlights were installed at different positions (Figure 4.6) to constantly light up
different parts of the rotor.

Figure 4.6: Spotlights at different positions

4.2.1 Data acquisition
The cameras were connected to a PC via 5-m-long cables. The cameras were
programmed in LabView to simultaneously take pictures and store them on a high speed
hard disk. All the variables such as exposure time, frame rate, image depth and area of
interest (AOI) are controlled by the NI MAX software that is connected to NI frame
grabbers (NI PCIe-1433). These frame grabbers are connected to the cameras to transfer
the pictures in a digital format to the hard disk.
The computer had a 1 TB SSD RAID drive (speed of about 1 GB/s) to write the images
taken during the experiment and two 3.63 TB drive (speed of about 200 MB/s) for data
storage. The installed memory on the computer was 32 GB. These properties limit the
time length of the acquired image series. For example, to represent a view of half the
turbine, which contains two blades and rotor shaft, each picture will represent 2 MB in
pixel size, and the longest image acquisition duration is about 32 s (6000 picture each
camera).

4.3 Camera Calibration
As explained in the chapter 3, the cameras have to be calibrated before starting the
actual measurement. For this purpose, the calibration board contains a 2 m × 2 m grid of
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2000 crosses printed
p
and stuck on a wooden plaate, as seenn in Figure 44.7. Then, it will be
fixxed on the turbine
t
rotoor shaft.

Figurre 4.7: Calib
bration boardd

Thhe calibration grid hass been printted with thee precision of better thhan 1/1200 dpi and
fillls the entirre image area. The distance betweeen the crosses is smaall in compaarison to
thhe image areea to decreaase the calibbration unceertainties (thhe calibratioon uncertain
nties will
bee discussed in chapter 5).
5

y
x

F
Figure
4.8: Left
L and Righht calibrationn board imag
ge. Green poiints are the ggrid points an
nd
red point
p
is the origin of the world
w
coordiinate system
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Inn the calibraation processs, as has beeen mention
ned in the chhapter 4, thee coordinates of the
grrid points are
a determinned in bothh image coo
ordinate andd world coordinate. Then,
T
the
caalibration matrix
m
is found to takee all the im
mage pointss to the reaal world co
oordinate
syystem.

4 Imagge Proccessing
4.4
As mentioneed before, due
A
d to the limited num
mber of vieewpoints offfered by only
o
two
caameras and hardware limitations,
l
only a fracction of thee wind turbiine (rotor shaft and
thhe two bladees) is capturred in the im
mages for 32
2 s, as seen in Figure 44.9:

1

17

Figurre 4.9: Left and
a right imaages at time t  0 .

Too derive dissplacement time
t
series from the steereo vision camera system, the folllowing
im
mage processsing algoritthm was im
mplemented in several steps:
s
1- Dividding each im
mage into sub
s window
ws where each
e
window
w contains a paper
markeer. The winndow size on
o each of the turbinee componennts (rotor sh
haft and
blades) depends on the wayy that the markers
m
are arranged oon different parts of
the rootor (rotor componentts), the com
mponent geeometry in the image and the
expeccted movem
ment of that componen
nt. Figure 4..10 shows tthe window
ws on the
rotor shaft.
1

117
Figure 4.10: Imaage windowss on the rotorr shaft

2- Binarrizing the windows
w
witth a certain
n threshold. This threshhold is equal to the
mean intensity of the im
mage wind
dow multipplied by a coefficien
nt. This
coeffiicient, whicch is less thhan 1, depends on thee image wiindow conttrast and
obtainns higher values
v
for less contraast. On the other hannd, each pix
xel in a
grayscale image has an intensity value between 0 (black coolour) and 1 (black
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colour) and binarizing the image with a particular threshold means replacing all
the intensity values above the threshold with 1 and others with 0.

Figure 4.11: Binarizing the image window

3- Making the image negative (interchange the pixel intensities from black to white
and vice versa) to get more intensity concentration at the marker’s position and
edge constraint.

Figure 4.12: Negative image window

4- Pick up the features in the image window with a particular size: a1  N  a2 ( N
= number of pixels, a1 = minimum size of the considered feature in pixels, a2 =
maximum size of the considered feature in pixels)

Figure 4.13: Sizing boundaries

5- Removing features that are adjacent to the border and take the most circular
feature.

Figure 4.14: Removing features attached to the boundary and take the final
circular feature

6- The centre of the circular feature from the last step of the image processing will
be estimated as the intensity centroid of the image window. Due to the
perspective projection, the image of the circular marker is distorted in the image
plane and the centre of the circular feature is not the same as the image of the
centre of the circular marker [1]. The image of a circle is usually deviated to an
ellipse in the image plane depending on the angle and distance between the
object and the image plane; thus, the centre of the circular feature as the centre
of the marker is biased and should be corrected.
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4.4.1 Persspective correctiion
When the obbjects in thee real worldd are projected on thee image plaane, the perrspective
W
prrojection dooes not presserve the orriginal shap
pe of the obbject if it iss not in the parallel
pllane with thhe image plaane [1]. Forr instance, a circle in thhe real worlld will chan
nge to an
elllipse after projection into the im
mage plane. The centree of the elllipse, which
h can be
esstimated as the ellipse centroid, iss not coincident with the
t image oof the circlee centre,
annd this errorr should be corrected. This probleem has beenn addressedd in detail in
n [1] and
w be discussed brieflyy in this secttion.
will
Thhe rays com
ming from the
t circular object 1 on the planne 1 and ggoing to thee camera
ceentre of proojection O make a skeewed cone that interseects the imaage plane  2 in an
elllipse 2 .

Figure 4.115: Projectionn of a circle on the imagee plane. 1 (X
X , Y , Z ) is thee coordinate
system of the circle plane centreed in the cam
mera projectioon centre, annd 2 ( x, y, z ) is
the coorrdinate system
m of the cam
mera referencce frame suchh that x andd y are paralllel
too the image coordinate
c
syystem and

z is orthogonal to image pplane 2 .

Thhe equationn of cone C is:

(X
X   Z )2  (Y   Z )2   2 Z 2

(4.1)

w
where
 andd  are thee cone skew
wness in X and Y directions, and if d is the distance
beetween the object
o
and O , the circlle equation will be:

(X
X   d )2  (Y   d )2   2 d 2

(4.2)

A the centree of both cooordinate syystems are the
As
t same, thhe transform
mation betw
ween 1
annd 2 is onnly a rotationn:
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 X   b11 b12 b13  x 
  
 
 Y    b21 b22 b23  y 
 Z  b b
b33 
z
31
32
  

 

(4.3)

BB

Now, if the equation (4.1) is written in 2 coordinates using equation (4.3), the
intersection of the cone equation in 2 and 2 is:
( n 2  k 2  r 2 ) x 2  2( kl  np  rs ) xy  (l 2  p 2  s 2 ) y 2
 2( km  nq  rt ) x  2(lm  pq  st )  m 2  q 2  t 2  0

where
r   b13
s   b32
t   b33 f

k  b11  tb31
l  b12  tb32
m  (b13  tb33 ) f

(4.4)

n  b21  tb31
p  b22  tb32
q  (b23  tb33 ) f

Equation (4.4) is a quadratic curve like circle, ellipse and parabola. In the current case,
it is an ellipse with a centre of (uc , c ) :
(kp  nl )(lq  pm)  ( ks  lr )(tl  ms )  (ns  pr )(tp  qs )
(kp  nl ) 2  (ks  lr ) 2  (ns  pr ) 2
(kp  nl )( mn  kq)  ( ks  lr )( mr  kt )  ( ns  pr )( qr  nt )
c 
(kp  nl ) 2  ( ks  lr ) 2  ( ns  pr ) 2
uc 

(4.5)

To find the image of the circle centre, the radial of the circle is assumed to be zero,
  0 . Then, r , s and t become zero and the projection of the circle centre will be:
(lq  pm)
(kp  nl )
(mn  kq )
c 
(kp  nl )
uc 

(4.6)

The last step of the image processing algorithm has estimated the ellipse centre. To find
the location of the circle centre, the ellipse centre should be corrected by adding the
following values to the coordinates [2]:
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ex  uc  u0
ey   c  0

(4.7)

For calculating the centre of the circular markers in the current case, the plane of each
of the markers should be estimated. The markers on the rotor shaft are on the same
plane as the calibration plane; thus, the rotation matrix BB is the same as the rotation
matrix R obtained from the calibration. The rotation matrix BB for the markers on the
blade should be estimated using the relative positions of the blades reletive to the
calibration plane. Each of the blades has rotated around the x and y axes in respect to
the calibration plane with a particular angle. The angle around the x axis is defined as
the angle between the normal vector to the calibration plane and the surface passing
through all the markers on the blade. In addition, the plane of each marker is rotated
around the y axis with respect to the blade curvature and estimated using the blade
slope at that point. Finally, the rotation matrix BB is obtained for each of the markers
by subtracting the resultant angles from the calibration angles.
After having the position of the marker centre in the entire image frame of the left and
right camera, the line passing through each of the camera centres and the real marker
centre is obtained. Using stereo triangulation (chapter 1), the 3D coordinate of the
marker centre in time is calculated.
Finally, for each point, three time series in three coordinates are obtained, as shown in
Figure 4.16.
y Displacement (mm)

x Displacement (mm)
2

2

1

1
1000

2000

3000

4000

5000

time

1000

6000

2000

3000

4000

5000

time

6000

1

1

2

2

z Displacement (mm)
6
4
2
1000

2000

3000

4000

5000

time

6000

2
4

Figure 4.16: Displacement time series for one of the rotor shaft points in x, y and z
1
s, the
directions: each of the intervals on the time axis is equal to 1 time step =
187
displacement is presented in mm.
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4 DD-S
4.5
SSI anaalysis
DD-SSI cann efficientlyy identify the modaal propertiees of the linear mulltivariate
strructures. After the pubblishing of the
t DD-SSII algorithm in the bookk by van Ov
verschee
annd De Moorr in 1996 [33], it has beeen accepted as a stronng and efficcient tool fo
or output
onnly modal analysis.
a
Inn this methood, the accu
urate state space models for mulltivariate
linnear system
ms are made directly froom the meassured data with
w easy paarameterizaation and
goood converggence, and no need too solve thee highly nonnlinear optiimizations problem
asssociated wiith the auto--regressive moving aveerage methood (ARMA)) [4].
Inn DD-SSI, the projecction matriix is calcu
ulated usingg the Hannkel matrix
x of the
m
measurement
t data. The projection
p
a covarian
and
nce matricees are closelly related, but
b in the
coovariance matrix,
m
the error
e
and nooise may bee squared upp by the covvariance esstimation
[55]. For calcuulating the projection
p
m
matrix,
efficcient methods have beeen established using
nuumerically robust squuared root algorithmss like QR
R-factorizatioon [6]. Th
herefore,
thheoretically,, the numeriical behavioour of DD-S
SSI is betterr than that oof COV-SSII [7].
Thhe DD-SSI code is wriitten according to the algorithm inttroduced byy Overscheee and De
M
Moor
in 19996. This coode will be validated in
i the folloowing sectioons using a solved
annalytical exxample of a simple beaam from Raao Book [8]] (Analyticaal validation
n) and a
reealistic beam
m with an airfoil proffile that haas random input
i
and m
more complications
(N
Numerical validation).
v

4.5.1 Anaalytical validatio
v
on of the DD-SSII code
Inn this sectioon, the displlacement reesponse of a uniform simply
s
suppported copp
per beam
suubjected to a step-funcction force F0 at x   and correesponding bboundary co
onditions
is found in 211 places on the beam as 21 time seeries.

F
Figure
4.17: Copper beam
m subjected to
t a step-funnction force [8]
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The natural frequencies and mode shapes are [8]:

i 

i 2 2
l2

Wi ( x) 

EI
A

(4.8)

2
i x
sin
 Al
l

For F0  20 N and E  120 GPa , beam section of 4cm 1.5cm , length of l  65cm and

  0.9l , the response of the beam is given by [8]:

w( x, t ) 

2F0l 3  1
i x
i
sin
sin
(1  cos i t )

4
4
l
l
 EI i 1 i

(4.9)

where i is the mode number. The transverse displacement time series are calculated in
21 points of the beam as the response to F0 acts at  . These points are placed with
l
in 10 s with time steps of 1 ms. The output signal has been generated
20
0.015
using the first 20 natural frequencies:
0.010

intervals of

0.005

Transverse
Transvrsedisplacement
displacement(m)
m 
0.015

0.005
0.010
0.015
0.020

0.010

100

200

300

400

500

0.005
2000

4000

6000

8000

time
10 000

- 0.005
- 0.010
- 0.015
- 0.020

Figure 4.18: Transverse displacement of a point on the beam at x 

17
l subtracted by its
20

mean value (each of the intervals on the time axis is equal to 1 time step =

1 s)
1000

The beam response in 21 points as 21 time series is the input for the DD-SSI code; thus,
the number of channels is nc  21 . After modal identification the stability diagram is
plotted as shown in Figure 4.19.
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Model Order
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Figure 4.19: Stability diagram of the beam response to the step function force

As shown in the following table, the natural frequencies and mode shapes from
analytical solution and the DD-SSI algorithm are identical.
Table 4.1: natural frequencies and mode shapes from analytical solution and DD-SSI
Analytical natural
frequency (Hz)

DD-SSI natural
frequency (Hz)

5.90

5.90

23.60

23.60

53.10

53.10

94.41

94.41

147.51

147.51

212.42

212.42

289.12

289.12

377.63

377.63

477.94

477.94

Mode shape form Analytical Approach and
DD-SSI
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4.5.2 Numerical validation of the DD-SSI code
In this section, a 2-m-long cantilever beam with an airfoil profile made from Aluminium
is modelled using HAWC2. HAWC2 is an aeroelastic code developed at Risø DTU
since 2003. In the structural part of this code, each structure is divided into multiple
bodies and each body is simulated using the finite element method (FEM) based on the
Timoshenko beam theory [9]. The HAWC2 code enables the calculation of the response
of the structure in the time domain using the Newmark algorithm. Newmark is an
integration procedure that uses the state vector in the previous time as well as the load
vector in the previous and current times to build up the state vector in the current time.
Detailed information about this algorithm can be found in [10].
The beam is modelled as a one body structure subjected to a random force distribution
all over the beam to satisfy the requirement for an operational modal test. The response
of the beam in the time domain is simulated with time intervals of 0.0005 s (5 ms) for
10 s, as shown in Figure 4.20.
Transverse displacement m
0.0006
0.0004
0.0002

- 0.0002

5000

10 000

15 000

time
20 000

- 0.0004
- 0.0006

Figure 4.20: Transverse displacement of the tip point of the beam subtracted by its mean
value (each of the intervals on the time axis is equal to 1 time step = 0.0005 s)

The time series of displacement of 11 points on the blade in three directions will be the
input of the DD-SSI. Thus, nc  3 11  33 .
Regarding the HAWC2 manual [9], the Newmark algorithm is used to produce the
response time series. The error of the predicted frequency from the simulated time series
is:

f
1
  (h)2
f
12

(4.10)

where  is the predicted frequency in rad / sec and h is the sampling time interval.
According to this error, the estimated frequencies from the time series are reliable until
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1
sampling frequency. Therefore, the stability diagram is plotted for a frequency range
10
of 0–200 Hz, which is shown in Figure 4.21.
Model Order
30
25
20
15

Unstable
Stable

10
5
0

0

50

100

150

200

f Hz

Figure 4.21: Stability diagram of the simulated cantilever beam response to the random
loading

In the modelling of the beam, no damping is considered. Then, the unstable poles in the
stability plots have non-negligible damping ratio or MAC number less than 0.8. After
correcting the natural frequencies from DD-SSI using equation (4.10), they are
compared with the frequencies from the FEM.
Table 4.2: Natural frequencies and mode shapes from FEM and DD-SSI
FEM natural
frequency (Hz)

DD-SSI natural
frequency (Hz)

Mode shape form DD-SSI
Y

5.00

4.99

X

Z

23.68

23.66
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Y

31.30

31.29

X

Y

87.53

87.52

X

Z

145.61

145.42

X

Y

171.33

170.91

X

As is obvious from Table 4.2, the natural frequencies from the numerical solution and
DD-SSI agree very well. The mode shapes are identical for both DD-SSI and FEM.

4.5.3 DD-SSI results
As has been mentioned before, because of the hardware and software limitations, the
rotor shaft and two blades can be monitored for 32 s (6000 time steps). Hence, the
number of channels will be nc  67  3  201 (without considering horizontally spaced
markers1). The number of columns in the Hankel matrix j  N  2i  1 should be larger
than the number of rows 2nci [3]. By having 201 measurement channels, the maximum
model order reaches to 14, which is a rather small value for modal identification. On the
other hand the large number of measurement channels decreases the performance of the
1

SSI analysis is also conducted with horizontally spaced markers to investigate the torsional behaviour; however, no torsional mode

was detected. Therefore, they are removed from the next analysis.
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DD-SSI. Therefore, the measurement points are picked every second to reduce nc to

3  35  105 .
Each block in the Hankel matrix is a vector containing the measurement of 105 channels
in a particular time step of k :
 x11 


 x21 
 


 xnc k 
y 
 11 
 y21 
yk  

 
 yn k 
 c 
 z11 


 z21 
 


z
n
k
 c 
Where where xn k , yn k and zn k are the displacements of point nc in x, y and z
c

c

c

coordinates, respectively, and yk is the block of measured data in time step of k . The
displacement is the position of the point subtracted from the mean value of the position
during the measurement period.
After gathering all the measurement data in the Hankel matrix, DD-SSI is implemented
for model order until 28 and the modal parameters are identified for all the model
orders. The stability plot is shown in Figure 4.22.
Model Order
25

20

15

Unstable
Stable
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40

50

60

f Hz

Figure 4.22: Stability plot of the parked VAWT rotor response to the wind loading
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The stable poles in the stability plot have damping ratios higher than 0.04 and MAC
number higher than 0.8. The mode shapes show that some green lines in the stability
diagram (we call them frequency lines hereafter in this text), which contain stable poles,
are not structural modes. On the other hand some of the frequencies are related to the
effect of the guy wires (which connect the structure under the rotor to the floor) and the
flow around the VAWT. The structural modes and the additional effects of the guy wire
interactions as well as the frequencies induced by the flow are discussed in the
following sections.

4.6 Structural modes
4.6.1 HAWC2 simulation
As it has been mentioned, one of the blades has not been captured with the two cameras
in the images; hence, its behaviour cannot be directly seen in the images, although the
influence with the two other blades is present. In addition, all the frequency lines in the
stability diagram are not related to the structural modes, and they need to be
characterized and separated from the structural modes. Therefore, a HAWC2 simulation
is conducted to predict the structural modes without considering aerodynamics. Vita has
modelled a two bladed offshore VAWT via HAWC2 [11]. He used a multibody
formulation in HAWC2 to simulate the VAWT as a composition of several bodies,
where each body was modelled with the Timoshenko beam formulation. For more
detailed information about the VAWT model refer to [11].
In the current study, Vita’s model [11] has been updated for the 3-bladed onshore
VAWT. Since there was no exact information available about the red box connected to
the rotor and the shaft under it1, the entire structure under the rotor is simplified as a
long shaft connecting the rotor to the floor. The structural mode shapes are predicted
using eigensolver with no damping included.
Table 4.3: VAWT rotor natural frequencies obtained by the HAWC2 simulation
Mode No.
Frequency (Hz)
1
6.86
2
6.86
3
23.09
4
23.09
5
23.11
6
31.60
7
33.33
8
50.99
1

Due to time constraints with the Milan wind tunnel, we could not provide the stiffness and damping data of the support and rotor

system via a decay test
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1- 1st rotor shaft torsioonal wise
Coounter-clockw

2- 2nd rotor shaftt torsional Clockwise

3-1st bladee
symmetric

5- 1st bladee
Sym
mmetric

6- 1st rotor tw
wist

flatwise

Anti-

Top view

Siide view

Front view

4- 2nd bladde
syymmetric

flatwise

7- 1st blade edgeewise

Anti-

flatwise

8- 2nd blade flatw
wise Symmetriic

Figuree 4.23: VAW
WT rotor modde shaped ob
btained by HAWC2
H
simuulations
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Thhe natural frequencies
f
and mode shapes
s
in th
he wind tunnnel experim
ment are exp
pected to
bee different from
f
the sim
mulation ressults becausse of the aerrodynamics and simpliffications
inn the simulaation. These differencess will be exp
plained in thhe next secttion.

4.6.2 Win
nd tunneel experiment
Thhe modal parameters
p
o the strucctural modes derived via
of
v DD-SSI are summaarized in
thhe followingg table.
Table 4.4: Natural
N
frequuencies and damping ratiios of structuural modes frrom DD-SSII
Dam
mping
f
f

M
Mode
No.
Frequency
raatio
1
6.55
0.0337
0.0
0009
0.012
0.012
2
6.93
0.0332
0.0
0007
0.010
0.003
3
24.49
0.3000
0.0
0017
0.012
0.003
4
27.16
0.1772
0.0
0017
0.018
0.008
5
32.04
0.2881
0.0
002
0.009
0.003
6
31.83
0.3004
0.0
002
0.014
0.008
7
49.72
0.2771
0.0
0007
0.015
0.009


0.158
0.049
0.040
0.128
0.082
0.142
0.083

Thhe followinng figure shoows the corrresponding mode shapes:
1-1stt out of planne rotor shafft mode

2-1st in plane rotor
r
shaft m
mode

z
y

x

x

y

78
8

z
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3-1stt blade flatw
wise mode (w
with a smalll
edgeewise motioon)

4-2
2nd blade flattwise modee (with a sm
mall
edg
gewise motiion)

5-1stt purely edggewise bladee mode rotoor twist 6-2
2nd purely eddgewise blaade mode
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7-3rdd blade flatw
wise mode (with
(
a smalll
edgeewise motioon)

F
Figure
4.24:: Structural mode
m
shapes of VAWT rotor in wind tunnel (Bluee: initial roto
or
shapee, Red: rotor mode shape))

As is obvious from Figuure 4.24, thee first naturral frequenccy is the firsst rotor shaaft mode.
A
Inn this mode, the rotor shaft is mooving in dep
pth ( z direction). As thhe turbine has
h three
bllades, the inn plane mode is whenn the rotor moves
m
in thhe calibratioon plane an
nd out of
pllane mode is
i when the rotor movees out of thee calibrationn board. In the first freequency,
thhe rotor shafft moves ouut of the calibration plaane. In the next
n rotor shhaft mode, the
t rotor
shhaft moves in the mainn wind direection ( y dirrection) andd in the callibration plaane. The
rootor shaft naatural frequeencies, obtaained from the
t experim
ment, are cloose to the sim
mulation
reesults. How
wever, the mode
m
shapees are diffeerent becauuse of the aaerodynamiic effect
innduced by thhe wind dirrection, sincce the wind
d induces foorces to the turbine stru
ucture in
paarallel and perpendicul
p
lar to the wiind directio
on; this leadds to rotor shhaft modes in those
tw
wo directionns.
Thhe third annd fourth modes
m
are the
t blade modes.
m
As the third bblade has not
n been
caaptured in thhe images, the mode shapes
s
that the two othher blades aare involved
d in look
iddentical. These modes contain a laarger flatwiise and a sm
maller edgew
wise motion
n of one
off the bladess captured in
i the imagges and the other bladee in the imaage does no
ot move.
Siince each of the three turbine
t
bladdes experien
nces differeent angles oof attack, th
he blades
m
must
experieence different wind loadings
l
an
nd, consequuently, diffferent aerod
dynamic
daamping; hennce, the bladdes exhibit different modal
m
behaviiour.
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Figure 4.25: The bladess experience different ang
gle of attackss with respecct to the wind
d
directio
on

Inn the simullated blade flatwise modes,
m
all the three blades
b
withh identical loading,
m
material
propperties andd the bounddary conditions contribbute and m
make three flatwise
m
modes;
howeever, in the wind tunneel experimen
nt, one of thhe blades dooes not mov
ve in the
m
modes
with the
t strong flatwise
f
mootion. Thereefore, there are two blaade flatwisee modes.
Too investigatte the diffeerence betw
ween the sim
mulated annd experimeental blade flatwise
m
modes,
the aerodynami
a
c loading on
o each of the bladess is studiedd according to their
anngles of attaack.
Thhe blade airrfoil is DU006-W-200, which is an
n asymmetriic improvedd version off NACA
00018 with beetter perform
mance [12].

Figure 4.226: Shape of DU06-W-20
00 and NACA
A 0018[12]
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Thhe drag annd lift coeffficient are estimated over largeer angles oof attack using the
foollowing equuations:

Cl ( )  k1 sinn 2

1

(4.11)

Cd ( )  Cd 0  k2 sin 2 

k1  1 , k2  0.755 and Cd 0  0.015 . Using
w
where
U
equattion (4.11) Cl and Cd can be
pllotted versuus the angle of attack.

F
Figure
4.27: Approximatted DU06-W
W-200 lift and
d drag coefficient over anngles of attacck
−180° to +180°
+

Thhe blades coonfigurationn in the winnd tunnel, an
ngles of attaack and lift and drag fo
orces are
prresented in Figure
F
4.288 and Table 4.5.

1

T linear part of Cl with slope dC
The
Cl/dα ≈ πα is not considered
c
here.
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D2

D3
(Wind direction)

f3

W
α3

e3
β≈10◦

L3

L1

D1

α1

Figure 4.28: A representaative section of the rotor blades
b
configguration in thhe wind tunn
nel
(llift and drag forces are juust indicating
g the direction but not maagnitude)
mic force on the blades duuring experim
ment
Table 4.55: Aerodynam
Angle of
A
Lift force [N]
[
Drag force
f
[N] f(flatwise
f
force)/e (edgeewise force)
attack

B
Blade
1#
B
Blade
2#
B
Blade
3#

1  170

L1  149.226

D1  8.64

f1

 2  50

L2  429.777

D2  104.53

f2

3  80

L1  280.552

D3  155.56

f3

e1
e2
e3

 4.23
 1.35

 1.15

According too Figure 4.28 and Tabble 4.5, flaatwise forcee over edgeewise force ratio is
A
m
much
larger for the firstt blade thann for the tw
wo other blaades, i.e. thhe flatwise force
f
for
thhe first bladde is four tim
me larger thhan the edgewise forcee. The flatw
wise force iss applied
onn the airfoiil suction suurface, whiich is assum
med to leadd to larger contribution of the
aeerodynamic damping inn the flatwiise modes of
o the first blade.
b
The rresult indicates that
thhe first bladee is highly damped
d
in flatwise
f
motions due too the aerodyynamic load
ds.

Exxperimental Vision Studies of Flow and Structu
ural Effects on Wind
W
Turbines

83

The difference between the third and the forth modes is explained by the influence of
the third blade having a similar shape with the second blade, in the sense of symmetric
or anti-symmetric behaviour.
The fifth mode is a rotor twist such that the third blade is expected to have a similar
behaviour to the others. The next mode is also the edgewise blade mode.
In the last identified structural mode, the second blade has more flatwise and less
edgewise motion, which is more likely accompanied with a symmetric or antisymmetric motion of the third blade. The first blade does not move in this mode as well
because of the aerodynamic damping involved in the flatwise modes for the first blade.
As it was discussed in this section, because there were only two cameras, one of the
blades was not captured in the pictures, and we had to guess its dynamic behaviour by
studying the aerodynamics. However, the use of more cameras would reveal the
dynamic interactions between the blades and rotor shaft with no assumption and
predictions.

4.7 Guy wire effects
There are a number of frequency lines in the stability plot (Figure 4.22) that satisfy the
requirement regarding MAC number and damping ratio of the stable modes, but there is
no identified mode shape corresponding to them. On the other hand, some of the stable
frequencies do not introduce a structural mode shape. The interesting point about these
modes is that the frequencies are harmonics of the first frequency within 3.5%.
Table 4.6: Natural frequencies and damping ratios of guy wire modes from DD-SSI
Damping
Frequency
f
f

Mode No.
ratio
(Hz)
1
f1 = 6.95
0.067
0.002
0.028
0.005
2
2×f1 ≈ 13.64
0.061
0.0008
0.018
0.007
3
3×f1 ≈ 20.47
0.133
0.001
0.018
0.006
4
4×f1 ≈ 26.85
0.287
0.003
0.028
0.009
5
5×f1 ≈ 34.13
0.269
0.001
0.016
0.005


0.047
0.072
0.054
0.110
0.060

To know what the source of these frequencies is, it is good to have a closer look on the
turbine fixtures (Figure 4.29).
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Figure 4.29: Guy wires connecting the shaaft under the rotor to the gground

It can be seenn in Figure 4.29 that foour guy wirres connect the shaft unnder the rotor to the
y wires to support
s
the structures has two
flooor to suppport the struucture. The use of guy
m
main
conseqquences. Onne of them
m consequen
nces is thee dynamic interferencee of the
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structure with the cables [13]. The natural frequencies of the guy wires, which are
excited by turbine movements, are:
fn 

n
2L

T
A

(4.12)

where n is the mode number, L is the wire length, A is the cable cross sectional area,
T is the guy wire tension and  is the density of the guy wire.
The guy wires in this experiment are from stainless steel with a length of 3400 mm and
a diameter of 5 mm. Unfortunately, a fixed time allowance in the wind tunnel restrained
us from performing the particular exercise of measuring the tension in the cable before
and after the experiment (footnote 1 page 76). Accordingly, the guy wire frequencies
and the interference with the other parts cannot be directly estimated from equation
(4.12). However, equation (4.12) indicates that the guy wire eigenfrequencies are the
multiple of the first frequencies; thus, it could be concluded that the mentioned
frequencies in Table 4.6 are induced by the guy wires to the rotor structure.
An interesting point about the current guy wire modes is the modal damping ratios. The
damping ratio of the cables is expected to be low (less than 0.002) [13], but the modal
damping ratios obtained in the current experiment are about 10 time larger than this
value. To investigate this case, the guy wire tension T , which is an important factor in
the damping of the cables, is calculated using equation (4.12) and by knowing the cable
properties and natural frequencies, T  351 N . This value is relatively low compared
with that in other references [13-15]. According to [14], a decrease in the wire tension
induces an increase in damping. Therefore, the high modal damping ratios of the cables
obtained in wind tunnel experiment can be caused by the low tension in the guy wires.

4.8 Induced vortex shedding frequency
When the flow around a body is separated due to the viscosity and high Reynolds
number, the low pressures vortices start to shed either past or through the side of the
body. This vortex shedding oscillation occurs in a particular frequency that is
introduced in the form of a dimensionless variable called Strouhal number (St), which
depends on the Reynolds number:
fD
St 
(4.13)
U
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F
Figure
4.30: Experimentaal Strouhal number
n
for a cylinder verrsus Reynoldds number [16]

w
where
t body diaameter and U  is the free
f
stream velocity. V
Vortex shedd
ding can
D is the
innduce both in
i line and cross
c
flow vibration
v
intto the body in that speccified frequeency.
Thhe stabilityy plot in Figure 4.222 shows a frequenccy line at 35.6 Hz and the
coorrespondinng mode shaape is a crosss flow motiion, as show
wn in the Fiigure 4.31:

z
y

x

x
y

z

Figure 4..31: Cross flow motion of
o the rotor att 35.68 Hz

Too investigatte the physical reason of
o this frequ
uency, the vortex
v
sheddding frequeency past
thhe rotor needds to be esttimated. To simplify th
he vortex strructure arouund the turb
bine, it is
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assumed that the vortex shed past the rotor shaft as a long cylinder. Thus, the frequency
induced by the vortex shedding can be estimated using equation (4.13) and by looking
up the Strouhal number for the flow Reynolds number. The rotor shaft diameter is 150
mm, the mean value of the wind speed in the wind tunnel is 25 m/s and the tunnel flow
temperature during the experiment is 25°C–27°C; thus, Re  2.299 105 . According to
Figure 4.30, the St number is about 0.2 for this flow and the vortex shedding frequency
using equation (4.13) is 33.33 Hz. This number is within 7% of the frequency for the
cross flow motion in the stability plot. The vortex shedding past a rotor is more complex
than the vortex shedding past a cylinder, and the vortex shedding structure and
frequency also affect the blade a lot. Therefore, assuming that the vortex shedding over
the rotor as the vortex structure past a cylinder, makes this difference between the
calculated vortex shedding frequency and what experiment shows in the stability plot.

4.9 Modal Identification using FDD
FDD starts with the estimation of the power spectral density (PSD) matrix at each
particular frequency [6]. The PSD matrix for each frequency comprises the spectral
density function between all the measurement channels:

 Gˆ y y ( ji ) Gˆ y y ( ji )
1 2
 11
 Gˆ ( j ) Gˆ ( j )
y y
i
y2 y2
i
ˆ
Gyy ( ji )   2 1




 Gˆ y y ( ji ) Gˆ y y ( ji )
nc 2
 nc 1

 Gˆ y1 yn ( ji ) 
c

ˆ
 Gy2 yn ( ji ) 
c





 Gˆ yn yn ( ji ) 
c c


(4.14)

where nc is the number of channels and yi , i  1, 2,, nc , is the measurement data. PSD
functions are calculated using Bartlett’s method. In this method, the signal has been
divided into several segments and the power spectra of the segments are averaged to
reduce the noise [7]. The power spectrum of each segment with length of N and
sampled with f Hertz is calculated using discreet Fourier transform (DFT):

Gyi y j ( j ) 

DFT (segment )
N f

(4.15)

After establishing the PSD matrix, it should be decomposed by the SVD method in each
frequency according to equation (2.51) in ‘Introduction to Operational Modal Analysis’
chapter. In the singular value plot, the entire set of singular values for all the channels
are plotted versus frequency and the frequency resolution depends on the number of
segments. For fewer segments, the frequency resolution is higher. Then, the natural
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frequencies, mode shapes and damping ratios are determined by the peeks represented
in the singular value plot (the detailed procedure has been described in section 2.3.1).
As mentioned before, the rotor shaft and the two blades are monitored. On each blade
there are 25 monitored points and 17 points are measured on the rotor shaft. The
displacement is measured in 3 axes, x, y and z, in each point. Therefore, there are 201
measurement channels in total. However, to compare the FDD results with the DD-SSI,
the measurement points are picked every second like with the DD-SSI analysis and
nc  3  35  105 .
The singular value plot with 800 segments is shown in the Figure 4.32.
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Figure 4.32: Singular value plot

As shown in Figure 4.32, the peaks of the singular value plot agree with the frequencies
obtained from DD-SSI. In the close modes, e.g. the first and second rotor shaft modes,
FDD has worked as well as DD-SSI, but in very closely spaced modes like the second
blade flatwise mode and the forth wire mode, the results of FDD are weaker than those
of DD-SSI. In addition, in the last blade mode (about 50 Hz), which has less energy
compared with the other modes, the peak in the singular value plot is not sharp and clear
enough, and it cannot be well picked, but the DD-SSI algorithm caught this mode very
well.
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4.10
Classical modal experiment on the VAWT
rotor
After finishing the wind tunnel experiment in Italy, the rotor was dissembled and
shipped to Denmark. In Risø, DTU, the VAWT was investigated further on structural
dynamics to investigate the structural modes of the turbine using the following setup
and testing constraints. The turbine base was fixed to the floor with bolts and the
acceleration responses of the rotor were measured with the classical B&K pulse
equipment at a number of points. The boundary conditions and constrains are different
in this experiment compared with those in the wind tunnel experiment; the blades are
detached from the rotor shaft and assembled again. Thus, the blades are likely not as
tight as during the wind tunnel experiment; the rotor shaft is bolted to the floor, which is
different from the rotor foundation and fixations with wires and a longer shaft under the
rotor in the tunnel. Therefore, because of the mentioned differences, some differences
are expected in the structural modes, especially in the rotor shaft modes.
Modal analysis was conducted with the PULSE LabShop software. The acceleration
signals were measured using three accelerometers in four measurement sets. In the first
measurement (blade measurement 1#, Figure 4.33-left), the accelerometers
(accelerometers 1, 2 and 3, Figure 4.33-right) are placed at three points on the middle of
the blade in flatwise and edgewise directions. These points, which are positioned from
the leading edge (LE) to the trailing edge (TE), move in the modes that have symmetric
motion with respect to the blade midpoint. Figure 4.33-right shows the direction and
position of the accelerometers on the blade. In the second measurement (blade
measurement 2#, Figure 4.33-left), the accelerometers are placed at the points that also
move with the modes with anti-symmetric motion with respect to the blade midpoint.

Figure 4.33: The setup of the accelerometers on the blade in the classical modal
experiment
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Inn the two neext measureements, acccelerometers are placedd perpendiccular and taangential
reelative to thee surface onn the rotor shaft
s
(Figuree 4.34).

F
Figure
4.34: The way of positioning the
t accelerom
meters on thee rotor shaft in the two laast
experimeents

Inn these twoo last meassurements, the hammeer hits the blade andd rotor shafft. FRFs
obbtained from
m four meassurements are
a shown in
n Figure 4.335.
(a)
(b)

Figure 4.355: FRFs from
m PULSE meeasurements on the (a): blade
b
and (b)): rotor shaft
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According to the FRFs, in this experiment, the blade response to the hammer excitation
is stronger than the rotor shaft response despite the wind tunnel experiment (by
comparison of the power spectrums in two experiments). This can be because of the
difference between the rotor base configurations in the two experiments. In the PULSE
experiment, the rotor shaft was bolted on the ground, and in the wind tunnel experiment,
the rotor shaft was connected to another shaft supported by four guy wires that made it
more flexible. This difference also leads to the observation that the first rotor shaft
modes occur in the lower frequencies in the wind tunnel experiment compared with
those in the PULSE experiment.
The first blade mode is at 25.25 Hz, the anti-symmetric mode (with respect to the blade
midpoint) with a stronger flatwise and a weaker edgewise component. This mode is
present in the wind tunnel experiment at 24.5 Hz in both flatwise and edgewise
directions, since the blades in this experiment are attached tighter and are more
dampened in the edgewise direction compared with that in the wind tunnel experiment.
The two next blade modes are symmetric modes at 28.5 and 32 Hz with stronger
edgewise motion. By looking at the rotor shaft FRFs of Figure 4.35, it is seen that the
symmetric mode at 32 Hz influences the rotor shaft as well, and then, it will be the rotor
twist, which also twists the rotor shaft. Despite the wind tunnel experiment, the rotor
twist mode is after the other edgewise mode that shows the difference of the blade joints
and rotor shaft foundation in the two experiments.
Last blade mode in 49.25 Hz shows a symmetric behaviour in the edgewise direction.
The flatwise motion of this mode is weaker because of the tight joints of the blades.

4.11

Conclusion

The displacements of the blades and the rotor shaft of a 3-bladed VAWT rotor in the
wind tunnel have been measured with a two camera stereo vision technique, and the
modal properties of the rotor were estimated by means of OMA using DD-SSI and
FDD. The physical modes in the SSI stability plot include the structural modes, wire
modes and induced vortex shedding frequency. To support the identification of the rotor
structural modes in the stability plot, the VAWT rotor in the wind tunnel was simulated
using HAWC2. This simulation has been conducted without considering aerodynamics
to predict the structural modes of the rotor, and the differences between experimental
and simulation results are explained by the aerodynamic effects in the wind tunnel. The
singular value plot is also obtained via FDD for comparison with the SSI results. The
peaks in the singular value plot confirmed the modes estimated by SSI; however, for
very closely spaced modes, the performance of DD-SSI is better than that of FDD.
Finally, the classical modal experiment was conducted to verify the structural modes
that were obtained from OMA. As it was not possible to do this experiment with the
same condition as the operational test, there are some differences between the detected
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natural frequencies due to the different rotor boundary conditions, but in total the
structural modes are compatible with OMA.
Because of only having two cameras for sensing the dynamics of the rotor, only a part
of the rotor was captured in the images, and due to the limited computer memory and
hard disk speed, the relatively short displacement time series were acquired in this
experiment. This leads to the difficulties in studying the overall modal behaviour of the
rotor. The stereo vision system including the cameras and the computer system can be
improved by increasing the number of cameras and upgrading the data acquisition
system. With this extension of the hardware setup, the VAWT rotor structure can be
studied in both parked states and during operation. In addition, some extra strain gauges
can be installed on the rotor, the foundation structure and the guy wires to validate the
stereo vision measurements.
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5. Uncertainty Analysis in Stereo reconstruction
5.1 Introduction
The measurement uncertainty characterizes the scatter of the measured value. The result
of a measurement is an estimate of the real value due to the uncertainty arising from the
random effects and corrections originating from imperfections that give rise to an error
[1]. Uncertainty analysis for a stereo vision system determines the precision of the
measured displacements in three dimensions.
The uncertainty of the 3D displacement measurement via stereo vision has been
evaluated in a few studies and a few methods have been presented [2,3,4]. For example
in [2], different sources of errors such as correlation window size, focus, maximum
disparity and stereo baseline are investigated for a specific stereo vision case, and
finally, they have been combined to estimate the total error of stereo vision. The method
used in this chapter follows a more generalized method that is presented in [5]. This
method uses the law of propagation of error to evaluate the uncertainty propagates
through the linear camera model. The uncertainty in stereo reconstruction propagates in
two cases: camera calibration and 3D reconstruction of the point from 2D projections in
image pairs [5]. In this chapter, the uncertainty propagation is analytically evaluated
through a linear camera model of a stereo vision system, and it will be implemented and
analysed for the two stereo reconstruction cases used in this study. There may be
systematic errors like camera vibrations in the stereo vision measurement that are not
discussed in this chapter.

5.2 Propagation of uncertainty
A multivariate and explicit measurement is modelled as a function of several uncertain
inputs:
y  g ( x1 ,..., x j ,..., xq )

(5.1)

The variation of y can be calculated through the first order Taylor expansion [6]:

 g
 g 
  x1  ...  
 x1 
 x j

y 


 g
  x j  ...  

 xq


  xq


(5.2)

For series of n measurements, a system of n equations is obtained:
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 g
 g 
  x11  ...  
 x1 
 x j


 g
  x1 j  ...  

 xq


  x1q


 g
 g 
  xi1  ...  
 x1 
 x j


 g
  xij  ...  

 xq


  xij


 g
 g 
  xn1  ...  
 x1 
 x j


 g
  xnj  ...  

 xq

 y1  
...

 yi  

(5.3)

...

 yn  


  xnq


 g 
where ‘i’ indicates the ith set of measurements. If c j  
is the partial derivation of
 x 
 j
the function g, the matrix representation of the equation (5.3) is:

 y1   x11
.   .

 
 yi     xi1
.   .

 
 yn   xn1

.  x1 j
.
.
.  xij
.

.

.  xnj

.  x1q  c1 
.
.  . 
 
.  xiq  ci  or { yi }  [ xij ]{c j }

.
.  . 
 
.  xnq  cn 

(5.4)

By knowing the variance of the measurement,
n

s 2 ( y) 

 ( y )
i

i 1

n 1

2



[ xij ][ xij ]T
{ yi }{ yi }T
 {c j }
{c j }T
n 1
n 1

(5.5)

The output uncertainty is [7]:

u g2  J x  x J xT

(5.6)

where  x is the input covariance matrix and J x is the input Jacobian matrix (matrix of
partial derivations).
In implicit and multivariate input–output measurements, there is no rapid and direct
function connecting inputs and outputs. The model of these systems is an equation
relating x and y [7]:

g ( x, y)  0
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The measurement result is given by solving equation (5.7). In these cases, the output
and input covariance matrices are related as follows:

J y  y J Ty  J x  x J xT

(5.8)

5.3 Uncertainty propagation in the stereo vision
reconstruction
Uncertainty propagates from two sources in stereo vision:
1- The calibration of the cameras that depends on different parameters like the
printing precision of the calibration board, the precision of picking the pixel
coordinates of the calibration board points in the images and the calibration
algorithm and formulation.
2- 3D reconstruction of the points in the real world from image projections [5].

5.3.1 Uncertainty propagation in camera calibration
In camera calibration, the camera parameters of a camera model are estimated using
equation (4) in chapter 4. In these equations, the calibration board points coordinates in
the image plane, PuiI  ( xuiI , yuiI ) , and in the real world, PwiW  ( xWwi , yWwi , zWwi ) , are known for

i  1,, N , where N is the grid points number. Therefore, the camera parameters are
obtained by solving 2N equations [5]:

f x ( , PwW , PuI )  0

(5.9)

f y ( , PwW , PuI )  0
where

  [1 ,  2 ,..., 10 ]T  [,  ,  , Tx , Ty , Tz , 

f
f
,  , ox , oy ]
sx s y

is

the

camera

parameters (calibration output).  ,  and  are the rotational angles around x, y and z ,
respectively.
In a compact form, the calibration problem is formulated as [5]:

F ( , l )  0

(5.10)

where l T  [(l1 )T ,..., (l1 )T ], (li )T  [( PiW )T , ( Pi I )T ] .
While l and  are the covariance matrices of the input l and the covariance
matrices of output  , respectively, according to equation (5.8):
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J   J T  J l  l J lT

(5.11)

where l  diag{l1 ,..., lN } ,  li  diag{u 2 ( xWwi ), u 2 ( yWwi ), u 2 ( zWwi ), u 2 ( xuiI ), u 2 ( yuiI )} , Jl is
the Jacobian matrix of derivatives of F with respect to l , J l  diag{J l1 ,..., J lN }
 f x ( , PwiW , PuiI )

xWw
J li  
 f ( , PW , P I )
wi
ui
 y
W
xw


f x ( , PwiW , PuiI )
yWw

f x ( , PwiW , PuiI )
zWw

f x ( , PwiW , PuiI )
xuI

f y ( , PwiW , PuiI )

f y ( , PwiW , PuiI )

f y ( , PwiW , PuiI )

yWw

zWw

xuI

f x ( , PwiW , PuiI ) 

yuI

W
I 
f y ( , Pwi , Pui )

yuI


(5.12
)

and J is the Jacobian matrix of derivatives of F with respect to l :
 J 1 
J 
 2 
. 
J  
,
. 
. 


 J N 

(5.13)

 f x ( , PwiW , PuiI )
f x ( , PwiW , PuiI ) 
...


1
 7


J li 
W
I 
 f ( , PW , P I )
f y ( , Pwi , Pui )
wi
ui
 y

...
1
 7



Finally, from equation (5.11):
  J  ( J l  l J lT )( J T ) 

(5.14)

5.3.2 Uncertainty Propagation in stereo reconstruction
As it has been explained in chapter 1, for reconstructing a 3D point of

PW  [ xW , yW , zW ] , the lines passing through the centre of projections to the images of
the points, P1I1  [ x1I1 , y1I1 ] and P2I 2  [ x2I 2 , y2I 2 ] , intersect. Hence, a set of equations should
be solved to intersect line of sights [5]:

G( PW , )  0
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where  T  [( P1I1 )T , ( P2I 2 )T , (1 )T , ( 2 )T ] and  i  [1( i ) ,  2( i ) ,...,  7( i ) ]T

is the vector

parameter of camera i , i  1, 2 .
In relation to equation (5.11), the covariance matrices of inputs and outputs in equation
(5.15) are related by following equation:
J J T  J  JT

(5.16)

where
 f x (1 , PW , P1I1 )

xWw

 f ( , PW , P I1 )
 y 1 W 1
xw

J 
I2
W
 f x ( 2 , P , P2 )

xWw

I
W
 f y ( 2 , P , P2 2 )

xWw

J
J    1
 0

0
J 2

J 1
0

 f x ( i , PW , Pi Ii )

xuI

J i 
 f ( , PW , P Ii )
 y i I i
xu


f x (1 , PW , P1I1 )
yWw
f y (1 , PW , P1I1 )
yWw
f x ( 2 , PW , P2I 2 )
yWw
f y ( 2 , PW , P2I 2 )
yWw

f x (1 , PW , P1I1 ) 

zWw

f y (1 , PW , P1I1 ) 

zWw

,
I2 
W
f x ( 2 , P , P2 ) 

zWw

f y ( 2 , PW , P2I 2 ) 

zWw


0 
,
J  2 

f x ( i , PW , Pi Ii ) 

yuI
,
Ii 
W
f y ( i , P , Pi )

yuI


 f x ( i , PW , Pi Ii )
f x ( i , PW , Pi Ii ) 
...


1(i )
 7(i )


J i 
Ii 
W
 f ( , PW , P Ii )
f y ( i , P , Pi )
 y i (i ) i

...
1
 7(i )



  diag{ 1 ,  2 , 1 ,  2 } and  i  diag{u 2 ( xiI ), u 2 ( yiI )} , i  1, 2 .
i

i

u ( Pi Ii ) is the uncertainty of image point coordinates. Finally, the covariance of the

output is:
  J  ( J  JT )( J T ) 
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5.4 Uncertainty analysis for the blade experiment
In this section, the uncertainty of the displacement measurements of the blade
experiment in the field (chapter 3) is estimated. Three sets of displacement
measurements are analysed in this experiment, and the uncertainty is estimated for all of
them.
In the first step, the uncertainty that propagates through the camera calibration is
calculated using the method mentioned in section 5.3.1. In this procedure, the
uncertainty of the input quantities should be known [8]:
1- Uncertainty of the calibration grid points coordinates in mm , u ( xWwi ), u ( yWwi ) and
u ( zWwi ) .

2- Uncertainty of the grid point localization in pixels, u ( xuiI ) and u ( yuiI ) .
A calibration grid has been drawn using a regular ruler with the smallest intervals of 1
mm and a fine permanent marker with tip size of 0.6mm . For the uncertainty estimation
of the grid point coordinates, it is assumed that the maximum deviation of each of the
grid line is equal to the marker tip size. Hence, the standard deviation is obtained using
the normal distribution:

Figure 5.1: Uncertainty estimation of the grid point coordinates

  0.34  0.6  0.204mm .

As each of the grid points is made by crossing two of the grid lines, the total uncertainty
of the point coordinates is equal to:

 2   2   2  0.288 mm
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There are also other sources, such as the ruler alignment, which affect the coordinates’
uncertainty. In addition, the calibration grid is plotted on a paper and is stuck on the
calibration board; hence, the air bubbles between the paper and the plate increase the
uncertainty. By considering these issues on the total grid, a bigger uncertainty is
estimated: u ( xWwi ), u ( yWwi )  0.35mm .
The points of the calibration grid are manually picked in the images. Therefore, the
procedure is picking a particular point several times (e.g. 20) and the uncertainty is
estimated as the standard deviation of all the values. Finally, u ( xuiI ), u ( yuiI )  0.1 pixel.
In the uncertainty analysis of the calibration process, the rotational angels,  ,  and  ,
are a part of the output quantities. Hence, the rotational matrix components should be
replaced in equation (3.4) according to the angles:
 r11

R   r21
r
 31

r12
r22
r32

r13   cos  cos 
 
r23     cos  sin 
r33  
sin 

cos  sin   sin  sin  cos 
cos  cos   sin  sin  sin 
 sin  cos 

sin  sin   cos  sin  cos  

sin  cos   cos  sin  sin  

cos  cos 


(5.18)

In the current calibration case, the calibration board is 2D; hence, the third dimension is
considered to be constant for all the grid points, and hence, there is no uncertainty
associated with it. In addition, the effective pixel size in the horizontal and vertical
directions ( sx , s y ) are identical in the camera; hence, the output quantities is reduced to

  [1 ,  2 ,...,  9 ]T  [ ,  ,  , Tx , Ty , Tz , 

f
, ox , o y ]
sx

After calculating the rotational angles, the calibration output covariance matrix for the
left and right cameras is obtained using the proposed method in section 5.3.1 as part of
the inputs for uncertainty propagation estimation in 3D reconstruction.
In 3D reconstruction of a point via stereo vision, the pixel coordinates of the point are
found in the image planes of the both cameras. Hence, one of the important uncertainty
sources is the pixel localization of the points in the images ( u 2 ( xiIi ) and u 2 ( yiIi ) ). This
uncertainty depends on the image acquisition system and the feature extraction
algorithm from the image. The uncertainty from the image acquisition system, which is
because of the factors like the lens distortion, sensor thermal noise and the sensor
intensity quantization, will propagate through the algorithm for extracting the pixel
coordinates from the image [8]. Thus, the uncertainty of the pixel coordinates depends
on a variety of factors, and its analytical estimation is a complicated issue. In an easier
approach, this uncertainty can be estimated by an experimental approach, i.e. by taking
a picture of the same objects several times and extracting the position of the identical
features with the identical algorithm, the standard deviations of the pixel coordinates is
considered as the uncertainty.
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Inn the blade experimentt, the experiimental app
proach was used to callculate the standard
deeviation of the pixel co
oordinate off the image points. Tw
wenty picturres were tak
ken from
thhe blade whhile it wass at standsttill. The sttandard dev
viation of tthe extracteed pixel
cooordinates of
o the mark
ker points by
b the image processiing algorithhm is u ( xiIi )  0.04
piixel and u ( yiIi )  0.055 pixel in
n the image processsing algoritthm of th
he blade
exxperiment; there is no
o perspectivve correctio
on on the ellipse
e
centrroid to get the real
im
mage of thee circle cen
ntre, due too the lack of knowleddge about tthe markerss radius.
Thherefore, 0.5 pixel is ad
dded to the pixel coord
dinate uncerrtainty to innclude the bias
b error
off the ellipticcal correctio
on:

u ( xiIi )  0.0042  0.52  0.501 pixel
u ( xiIi )  0.0052  0.52  0.502 pixell
he stereo vision setup and
a the deppth of the obbject with reespect to
Thhe baseline length in th
thhe camera positions aree two imporrtant factorss that affect the uncertaainty propag
gation in
thhe stereo vission processs. As a thum
mb rule, the uncertaintyy in a particuular depth increases
ass the baselin
ne length decreases,
d
a shown in
as
n Figure 5.22. Howeverr, by increaasing the
baaseline leng
gth, the com
mmon field of
o views red
duces for thee camera paairs. In addiition, the
coorrespondin
ng areas andd points look more diffferent in thee image plaanes of the cameras.
c
Thherefore, th
he corresponndence prooblem will be
b more diffficult whenn a longer baseline
leength is useed [9]. Thuss, choosing the length of the baseline is a ccritical issuee, which
deepends of th
he experimeental conditiions.

Figure 5.2: Mean vallue of the unncertainty forr different baaseline (BL) vvalues [9]

s have beeen used in the modal analysis
Inn the blade experimentt, three meaasurement sets
off the blade. The uncerttainty of thee markers on the blade is presenteed in Table 5.1. The
stereo vision setup is ap
pproximatelyy the same in the first and secondd measuremeents (the
baaseline leng
gth is abouut 2m and the distancce between the calibraation board and the
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cameras is about 6m ). Thus, the mean uncertainties of the first and third measurements
in time are listed in the following table.
Table 5.1: Mean uncertainties of the first and third measurements
Mean point
Coordinate
No.1

Mean
u ( xW )
( mm )

Mean

u ( yW )
( mm)

Mean
u ( zW )
( mm )

x =-523.061
y =18.918

0.508

0.238

1.507

0.575

0.260

1.794

0.703

0.309

2.345

0.833

0.368

2.974

z =260.843
x =-11.088
0.952

0.432

3.644

1.047

0.488

4.213

1.081

0.508

4.418

1.130

0.536

4.689

1.206

0.578

5.088

z =839.921

1.120

y =-93.789

0.202

0.247

0.940

y =-111.014

0.198

0.219

0.672

y =-123.852

0.217

0.230

0.540

y =-136.243

0.259

0.271

0.612

y =-142.605

0.328

0.333

0.793

y =-143.872

0.366

0.363

0.875

y =-149.043

0.430

0.408

0.992

y =-152.79

0.548

0.489

1.185

0.679

0.573

1.378

0.818

0.663

1.589

z =447.439
x =340.597

1.278

0.616

5.419

z =742.607
x =288.572
y =50.179

0.277

z =354.865
x =294.596

z =646.599
x =265.266
y =46.042

0.219

z =300.160
x =231.920

z =549.937
x =227.999
y =42.034

y =-80.201

z =262.700
x =183.820

z =491.327
x=173.545
y =35.495

(mm)

z =177.828
x =147.195

z =451.032
x =129.874
y =34.270

( mm )

z =96.880
x =33.993

z =356.229
x =96.248
y =30.520

(mm)

z =11.686
x =-115.968

x=-156.843

y =24.489

Mean

u( zW )

z =-71.596
x =-263.150

x =-300.063

y =22.870

Mean

u ( yW )

z =-118.452
x =-406.396

z =63.690
y =21.634
z =161.414

Mean

u ( xW )

x =-486.050

z =7.771
x=-440.249
y=25.256

Mean point
Coordinate
No.2

y =-158.243
z =541.259
x =373.271

1.348

0.652

5.705

y =-163.095
z =638.189

In the first measurement, the mean value of the averaged uncertainty of all the points in
the x, y and z directions is 0.969, 0.453 and 3.800 mm. The minimum and maximum
values are also 0.508, 0.238 and 1.507 mm and 1.348, 0.652 and 5.705 mm,
respectively. Furthermore, the mean, minimum and maximum values for the third
measurement are 0.387, 0.370 and 0.972 mm, 0.197, 0.219 and 0.540 mm and 0.818,
0.663 and 1.589 mm, respectively.
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In the third measurement, the distance between the cameras and the calibration board is
about 5m and the distance between the cameras was about 4m . A number of
conclusions can be made from inspecting Table 5.1:
1- The uncertainty in all directions increases with depth ( z ).
2- The uncertainty in the depth direction ( u( zW ) ) is always much higher than that
in other directions, and the ratio between u( zW ) and u( xW ) or u ( yW ) increases
with depth.
3- The uncertainties reduce in the third measurement due to the increased baseline
length and decreased distance between the cameras and the blade.

5.5 Uncertainty analysis for the VAWT experiment in
the wind tunnel
In this section, the uncertainty of the displacement measurements in chapter 4 is
evaluated using the method proposed in the beginning of this chapter. A number of
points have been considered in the experiment to decrease the output uncertainty:
1
1- The calibration grid was printed by a printer with a resolution of
dpi (dots
1200
per inch) and stuck on a wooden board to avoid air bubbles to develop under the
grid points and to decrease the input uncertainty of the calibration process.
2- Circular markers were printed in paper and stuck on the blades and rotor shaft.
3- The perspective correction was conducted to get the centre of the circular
markers out of their elliptical projection. It reduces the input uncertainty in the
triangulation uncertainty propagation.
4- The baseline length was a challenging issue in this experiment. Two main
challenges limited the increase of the baseline length:
- The vertical axis wind turbine blades are curved and are not coplanar; hence,
the baseline length can increase until all the corresponding points are seen in
both cameras.
- The dimensions of the platform where the cameras are placed limit the
camera movements.
5- The lens with the smaller focal length (40 mm) was mounted on the camera to
allow for a decreased distance between the turbine and the cameras.
For calculating the calibration uncertainty, the uncertainty of the calibration grid point
coordinates is determined by assuming a rectangular distribution for the printer
resolution. On the other hand, for digital indicating devices, the resolution uncertainty is
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haalf of the leaast significaant digit witth an assum
med rectanguular probability distribu
ution, as
illlustrated in Figure 5.3.

Figurre 5.3: Rectaangular probaability distribbution

Thhe standardd uncertaintyy for a unifoorm or rectaangular distrribution is:
a
u
(5.19)
2 3
a is the
w
where
t least siggnificant diigit of the device. Theerefore, thee uncertaintty of the
1
caalibration grrid points iss u ( xWwi ), u ( yWwi ) 
inch .
2  12200  3
Thhe calibratioon grid poinnts are picked manually
y in the imaage; thus, thhe uncertain
nty of the
piixel localizaation is estim
mated with the same procedure
p
ass the blade eexperiment,, and the
0 pixel.
reesult is u ( xuIi ), u ( yuiI )  0.5
As it has beeen mentionned in the previous seection, estim
A
mating the uncertainty
y of the
pooint’s localiization in thhe images for
f the 3D reconstructi
r
ion process is complicaated and
deepends on many
m
differrent factorss. Hence, 20
2 images were
w
taken from the standstill
s
V
VAWT
in noo wind conddition, and the
t algorith
hm was usedd to extractt the pixel positions
p
off the markeers on the rotor
r
shaft and the blaades. Then, the standaard deviatio
on of the
piixel coordinnates on eacch point is calculated.
c
For
F each paart (rotor shaaft, first and
d second
bllade), the mean
m
value of the standdard deviatiion of the pixel
p
coordiinates is considered
ass the input uncertainty
u
of the 3D reeconstructio
on.
Table 5.2:
5 Uncertainnty of imagee point coorddinates in pixxels
Left imagge
Rightt image
First blad
de
Second blaade

R
Rotor
shaft

u ( xiIi )  0.08 , u ( yiIi )  0.06

u ( xiIi )  0.06 , u ( yiIi )  0.05
0

F
First
blade

u ( xiIi )  0.06 , u ( yiIi )  0.07

u ( xiIi )  0.06 , u ( yiIi )  0.07
0

Second
blade

u ( xiIi )  0.04 , u ( yiIi )  0.06

u ( xiIi )  0.05 , u ( yiIi )  0.07
0
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There are 67 markers on the rotor shaft and the two blades in total. The uncertainty of
each of the point coordinates is averaged in the measurement time. The mean
uncertainty value for each part is presented in the following table.
Table 5.3: Displacement uncertainty in the VAWT experiment
Mean

Rotor shaft
First blade
Second blade

u ( xW ) (mm)
0.119
0.236
0.0813

Mean

u ( yW ) (mm)
0.378
0.747
0.243

Mean

u ( zW ) (mm)
1.164
2.973
0.778

Finally, the average of the mean uncertainty for all of the components is 0.145, 0.456
and 1.636 mm in x, y, and z directions, respectively.

5.6 Conclusion
In this chapter, the uncertainty propagation was analytically evaluated through a linear
camera model of a stereo vision system and it was implemented in two stereo vision
cases: the displacement measurements on a turbine blade and on a rotor VAWT via the
stereo vision technique. The uncertainty analysis on the blade experiment illustrated few
factors like precision of the calibration grid, perspective correction for the circular
markers, the baseline length and the distance between the cameras and object to be
measured, which affects the uncertainty in the displacement measurement. Therefore,
we recommend that these issues should be considered for future experiments on the
VAWT rotor to decrease uncertainty. However, in the second experiment, the
calibration grid and the circular markers are printed with much higher precision that that
in the first experiment and the distance between the cameras and the rotor was chosen to
be as small as possible. However, there were some limitations in increasing the baseline
length, such as having limited space to move the cameras and having common fields of
view of the cameras, but it was set to be as large as possible. The uncertainty in the
VAWT rotor experiment is decreased by considering the previously mentioned points.
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6. Background-oriented schlieren study of the
turbine tip vortex
6.1 Motivation
The wake propagation downstream of a wind turbine needs to be studied for the wind
farm design. The tip vortices are an important part of the wakes that play an important
role in turbine aerodynamics. In addition, they lead to the turbine noise and
aerodynamic interactions [1]. These issues make tip vortices’ study very important.
In the current study, the background-oriented schlieren (BOS) method is used to
investigate tip vortices that are shed from a horizontal axis wind turbine blade. The
BOS method uses the refractive index change due the density gradient in the medium
to study the flow field [2]. This method has been previously used for tip vortices’
investigation, but in most cases, the investigation was conducted on the high speed
flows (Ma > 0.4) with higher density gradients [2, 3, 4, 5] compared with that of the
 1
current case, where Ma = 0.19. According to
 Ma 2 , Ma  1 , the density
 2
gradient and the resulting angular light beam deflection in our experiment are smaller
than the cases mentioned. For arranging a BOS setup that can detect these small
deflections, we need to estimate the density gradient and the light beam deflection as
well as a proper experiment design to make it visible in the BOS pictures. In the
following, the density gradient and the deflection are estimated by corresponding
equations. After trying different setups for the experiment, an LED array was used as
the background in the BOS experiment and the test setup was designed to have the
largest possible refractive index change due to the tip vortices. The experiment was
conducted in a windy and stably stratified weather, and the distance between the
LEDs was measured at 187 frames per second rate using image processing
techniques. The changes in the distances between the LEDs due to the tip vortex have
been modelled, and the vortex radius was extracted by comparing the model with
experimental data.

6.2 Introduction to the Background-oriented
Schlieren method
For many years, optical flow visualization techniques have been used to measure
density variations in fluids. These methods, like Schlieren photography,
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shadowgraphy or laser speckle density photography are based on the refractive index
variations due to the density changes. In the standard Schlieren photography, the
parallel light beam from the single source passes through the Schlieren object (fluid
containing density variations). The refractive index changes distort the parallel light
beam, and a system comprising multiple lenses and a cut-off plane is required to build
the distorted image of the light source into the recording plane [6]. Another optical
density visualization technique is laser speckle density photography that uses laser
beams. In this method, an expanded parallel laser beam traverses the flow with a
density gradient and the refracted beam is scattered by a ground glass1 [7]. The
scattering makes a laser speckle pattern, which is photographed.
These optical methods need delicate, complicated and expensive optical equipments;
thus, they cannot be usually used for large fields of view and are performed mostly in
a laboratory or wind tunnel [2]. In contrast to these methods, the BOS method does
not need sophisticated optical facilities and provides good qualitative and quantitative
information about the density variations [8].
BOS was first introduced by Meier (1999) and Richard et al. (2000) [8]. Dalziel et al.
(2000) also presented it under a different title of ‘Synthetic Schlieren’ [9]. This
technique uses the refractive index changes due to the density variations to obtain the
density distribution in a flow field. BOS has a simple setup that can be applied to
different types of the flow fields [2]. In BOS, a camera is focused on a pattern in the
background and the flow field with density gradient is located between the camera
and the background. The reference image is recorded without the flow field, and the
other pictures that are taken within the experiment show a displacement with respect
to the reference image due to the refractive index changes [10]. BOS uses the relation
between the density gradient and the refractive index variation to build up the density
distribution in a compressible flow field.
BOS has successfully been used to study density distribution in supersonic flows with
high Mach numbers like shockwaves [11] and supersonic jets [8]. The density
gradient increases with Mach number value [2]; thus, BOS works very well in these
kinds of flows with high Mach number.
Temperature change is another factor that easily affects the density distribution. The
investigation of flames and plumes around burners by means of BOS proves the
ability of this technique to study the density distribution in these flows [8, 12]. See
Figure 6.1.

1

Ground glass is a glass whose surface has been ground in order to obtain a flat but rough (matte) finish.
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(a):

(b):

Figure 6.1::(a): Left: dissplacement data
d proportional to densiity gradient iin x and y
directions inn a supersonnic jet, right: Schlieren picture; (flow from left to rright) (b):
density disttribution of the
t same jet extracted
e
viaa BOS [8]

o of the most
m importaant interestss from
Sttudy of the wakes and tip vorticess has been one
thhe beginningg of BOS inn 1999. The tip vorticess shed from
m the blade ttips in helicopters
arre critical isssues because of their contribution
c
n to the blade noise annd vibration
ns, and
BOS has shoown good capabilitiess in studyin
ng helicopteer blade’s tip vorticess. The
heelicopter bllade tip vorrtex formattion and deetailed struccture has been studied
d with
prromising sppatial resoluution via BOS
B
in a hovering
h
fllight [2,3]. This provees the
feeasibility off BOS for large scale aerodynam
mics with considerablee decrease of the
exxperiment preparation
p
t
time.
(a):

(b):

Figure 6.2: (a):
F
( Displaceement vectorrs field of thee tip vortices shed from a helicopter
blade for
f Mach num
mber of Ma =0.46;
=
(b): Close-up
C
view
w of the struccture of the
vortex [3
3]
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In Figure 6.2, the displacement in the image of the background due to the density
gradient in the vortex core has been extracted by means of the BOS method. Figure
6.2 shows two vortex lines, one of them is produced only by the blade tip and the
second one belongs to the other blade that has already passed through the imaging
area.
BOS has previously showed good capabilities in qualitative and quantitative
investigation of compressible tip vortices and wakes either in wind tunnel [4] or full
scale experiments [3]. The vortex line and its evolution in time can be visualized in
the BOS results, and other quantitative information such as vortex core size and
density distribution can be calculated with good resolution [3,4].
In the next sections, in the first step, the density distribution in a tip vortex is
formulated using the 2D Rankine vortex model and an isentropic flow assumption.
The refractive index, which is connected to the density by the Gladstone–Dale
equation, is formulated as well. In the next step, the equations for the angular beam
deflection and image displacement due to the refractive index change (which is
obtained in the previous section) are introduced for axisymmetric density
distributions. Furthermore, the circulation in the tip vortex is estimated using the
actuator disk theory and a few assumptions about vortex size and wind speed; the
model for the current tip vortex is then obtained.
In the next sections, several experiments are designed according to the predicted
image displacement due to the tip vortex and the model variables are adjusted to fit
the experiment results.

6.3 Density distribution through the tip vortices
The radial equilibrium component of 2D Navier–Stokes equation in cylindrical
coordinate system is:
 r
  r 2 
p
 r r  
  
r 
r 
r
r
 t



 1   r  r 1  2r 2  
 gr   

r
 2  2
r  2 r 2  
 r r  r  r

(6.1)

where p is the pressure,  is the densisity and r and  are the radial and
tangential velocities, respectively. By assuming inviscid flow (   0 ) and stationary
2D vortex with no radial velocity ( r  0 ), equation (6.1) reduces to [5]:

2
p
 
r
r
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Considerable heat exchange is not expected through the tip vortex, then the flow is
assumed to be isentropic and the pressure is related to the density by the following
equation:

 p    



 p     



(6.3)

where  is the specific heat ratio, and p and   are free stream pressure and
density, respectively.
The tip vortices of the wind turbine blades are frequently modelled as the Rankine
vortex [13-15]. The Rankine vortex is the simplest vortex model that comprises a
forced vortex in the central core surrounded by a free vortex in the outer part [16].
The tangential component of the velocity in Rankine vortex is:
  r
 2 r 2 , 0  r  rc
 (r )   c
  ,
r  rc
 2 r

(6.4)

where   is the vortex circulation and rc is the vortex core radius. By taking the
derivative from both sides of equation (6.3) with respect to r, the density gradient is
formulated as follows:

  p 1

 

r  p r
.

(6.5)

p
in equation (6.5) is replaced according to equation (6.2), the density gradient
r
becomes:

If



2
     2
r r p

(6.6)

where is the vortex core radius.
Finally, if  in equation (6.6) is replaced according to equation (6.4), the final
equation for the density gradient is obtained as:
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(6.7)

6.4 Angular deflection and displacement due to the
density gradient
In a BOS experiment, a pattern is placed behind the medium with density gradient;
hence, the refractive index change leads to some displacements of the pattern image.
The angular deflection due to the axisymmetric refractive index gradient is obtained
by equation (6.8). The axis of symmetry is perpendicular to the light rays [17].

 ( y)  2 y 


y

d
dr
dr r 2  y 2 12



(6.8)

where
1 and n is the refractive index that is related to the density by
Gladstone–Dale equation:
n 1

 G ( )
(6.9)

where G ( ) depends on the medium property and weakly on the wavelength of light
2.3 10 . Hence, equation (6.8)
[17]. For air, G is equal to constant value of
turns into:

 ( y )  2ky 


y

d
dr
dr r 2  y 2 12



(6.10)

For small angle deflections,  can be easily related to displacement in the pattern
image (∆ ) and in the pattern itself (∆ ) by the following equations [11]:



yZ B
Z D Zi

(6.11)



y 
ZD

(6.12)
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where ZB, ZD and Zi are
w
a the disttances betw
ween the baackground and the caamera,
beetween the density graadient fieldd and backg
ground and between thhe image an
nd the
leens, respecttively. Thesse geometriical parameeters are shhown in thhe BOS settup in
Fiigure 6.3.

Figure 6.3:
6 BOS setu
up [11]

Foor large ZB values,
v
Zi caan be replacced by f and
d equation (6.11) will bbe:



yZ B
ZD f

(6..13)

y is the displaceement due to
w
where
t the density on the caamera sensoor. If the efffective
piixel size on the cameraa chip is equual in the ho
orizontal andd vertical directions ( sx  s y
), the pixel diisplacementts in the imaage will be::
y pix 

ZD f 
Z B sx

(6..14)

Thherefore, thhe final equuations for pixel displlacement arre derived. These equ
uations
w be used in
will
i the next sections to model the changes
c
in the
t pattern iimage becaause of
thhe density grradient in thhe tip vortexx.

6 Denssity and
6.5
d displaacementt estimaation in a tip
vorteex
Foor estimatinng the densiity distributtion within the tip vorttex, we neeed to estimaate the
ciirculation and
a vortex core diameeter. For a crude estim
mation of tthe circulattion, a
cllosed loop is assumed in
i one pitchh of the tip vortex
v
behinnd the turbinne (Figure 6.4).
6
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Figure 6.4: Rectangular loop in a vortex pitch [18]

The circulation is given by
 
   U  dl

(6.15)

For the current closed loop in Figure 6.4, velocity on the upper side is equal to free
stream wind speed V0, and on the lower side, it is equal to the wind velocity in the
V0
turbine wake u.

u
Figure 6.5: Velocities on the rectangular loop sides in a vortex pitch

As the velocities on the two other sides of the closed loop are perpendicular to the
sides, the circulation according to equation (6.15) is given by:
 
   U  dl  lV0  lu  l V0  u   l u

(6.16)

where  u is defined as the velocity deficit and l is the vortex pitch. Regarding the
actuator disk theory (momentum theory), the wind velocity in the turbine wake is:

u  1  a  V0

(6.17)

where a is the axial induction factor [18]. As the turbine has three blade, the vortex
moves three pitches in each cycle of rotation; thus, the pitch length is:
60

l u

T T
20u

l 
3
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where T is thhe time periood of the turbine rotatio
w
on and  iss the turbinee rotational speed
inn rpm.
Inn this chaptter, the tip vortices thaat are shed
d from the Nordtank
N
tuurbine blad
des are
gooing to be studied. Thhe rotor diaameter is 41
1 m, and thhe turbine iss ideally ro
otating
w 27 rpm. For the first
with
f
try, as it can be seen
s
in Figgure 6.6 andd Figure 6..7, the
paattern that inncludes 1000 horizontall lines with a distance of 1 cm andd 5 verticall lines,
eaach 10 cm apart,
a
was innstalled on the
t turbine tower
t
that is
i 2.9 m awaay from thee blade
tipp.

Figure 6.6:
6 First possition of the pattern
p
in BO
OS test

As the turbinne is 35 m tall
A
t and thee rotor diam
meter is 41 m, the distaance betweeen the
caamera and pattern
p
is laarge; hence,, a telephoto
o lens with the focal length of 30
00 mm
w chosen for
was
f photograaphing the pattern. Th
he camera was
w placed aabout 30 m away
from the turbbine to obtaiin a high ressolution image that onlly includes the pattern.

Figuree 6.7: Position of the patteern while thee blade is passsing in fronnt of it

1
and
3
V0  8 m / s , then accorrding to eqquations (6..17), (6.18) and (6.166), u  5.33 m / s ,

w
speed are
a assumedd to be a 
Iff the axial innduction facctor and freee stream wind
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nd   10.533 m2 / s , resspectively.W
With a roughh estimationn, the vortex
x core
l  3.95 m an
diiameter is also
a
assumeed to be 10 cm accordiing to the flow
f
visualiization donee on a
1000 KW wind turbine [119]. See Figgure 6.8.

Figuree 6.8: The sm
moke emittedd from the tip
p in wind speed 6–8 m/s [19]

Density and density graadient in thee tip vortex
x for the cuurrent experriment desig
gn are
caalculated byy equation (6.7
6 ).
kg m3

d dr
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Figure 6.9:: Density andd density graadient in the tip vortex

t vortex ccore than outside
o
Fiigure 6.9 shhows that thhe density grows fasteer through the
thhe core and it has the minimum
m
vallue in the vo
ortex centree.
Thhe angular deflection and displacement is now
n
obtainned by equaations (6.10
0) and
(6.13
6 ), as shoown in Figuure 6.10.
5. 10

6

4. 10

6

3. 10

6

2. 10

6

1. 10

6

0
0.0

2. 10

0.1

0.2

0.3

rm

0.4

ym
7

1.5 10

7

1. 10

7

5. 10

8

0
0.0

0
0.1

0.2

0.3

rm

0
0.4

Figu
ure 6.10: Anngular deflecction and disp
placement inn the tip vorteex
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y is the displacement due to the density change of the vortex on the camera sensor.
The pixel size on the current Basler camera (that was used in chapter 3 and 4) sensor
is 5.5  m ; therefore, the pixel displacements in the image is given in Figure 6.11.

y pix

0.030
0.025
0.020
0.015
0.010
0.005

0.000
0.0

0.1

0.2

0.3

rm

0.4

Figure 6.11: Displacement in the image plane for the first experiment design

As it is obvious in Figure 6.11, the pixel displacement in the image is less than 0.025
pixel that discovering this small value in the image is an experimental challenge.
Hence, in the next section, we try to design a new setup with larger possible
displacement in the image plane.

6.6 New setup
The vortex properties, such as core size and the pressure drop inside the tip vortex
core, are not yet well defined in the real experiment, and it is more likely that the tip
vortices have larger diameter or less circulation which lead to even smaller
displacement in the image plane. Equation (6.14) shows that y will increase with

Z d ; hence, we need to increase the distance between the tip vortex and the poster to
make a larger pixel displacement in the image. In the new setup, the background
pattern was horizontally placed on the nacelle while the camera was on the ground to
look at the pattern with a small angle. The poster was installed under a balcony
behind the nacelle (Figure 6.12) with Z d about the blade length (20.5 m).
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Figure 6.12: The new placement of the pattern

1
By assuming experimental conditions that is mentioned in section 6.5 ( a  ,
3
V0  8 m / s and   27 rpm ) for the current setup, the pixel displacement due to a tip

vortex with 10 cm diameter is estimated, as shown in Figure 6.13.
y pix
0.20
0.15
0.10
0.05
0.00
0.0

0.1

0.2

0.3

rm

0.4

Figure 6.13: Displacement in the image plane for the second experiment setup

As shown in Figure 6.13, the predicted pixel displacement in the current experiment
design increased by about 7 times.
The experiment was conducted with the new setup by taking the images at 187 frames
per second during a day with a predicted wind speed of 8-10 m/s. However, after
analysing the images, the BOS effect was not detected. As the density change due to
the turbine tip vortices is not as strong as the high Mach number tip vortices, the
vortices can be washed away by the relatively high turbulence. To avoid this effect,
the experiment was planned to be conducted again during the night when the
atmosphere is more stable due to the lack of heating of the ground by the sun.
Therefore. a 100  10 LED array was designed as the pattern in the BOS experiment
(Figure 6.14).

Experimental Vision Studies of Flow and Structural Effects on Wind Turbines

119

Figure 6.144: LED arrayy designed fo
or the BOS exxperiment

Thhe exact dim
mensions off the LED array
a
are sho
own in Figuure 6.15.

Figure 6.155: Dimensionns of the LED
D array in millimetres
m

Regarding thhe expected helical pathh of the tip vortex propagation, thhe largest density
d
grradient due to the vortices will more
m
likely appear
a
perppendicular too the rotor plane.
Thhus, the disttance betweeen the LED
Ds is smalleer in this dirrection to caatch the refrractive

12
20

Expe
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inndex changees.
Thhe camera should
s
takee pictures off the LED array
a
from the
t side to pprevent fallling in
thhe tower waake becausee the wake destroys thee tip vortexx. However, if the LED
Ds are
phhotographedd from the side and frrom a relatively smalll distance, tthe scatter of the
ligght around them
t
will blur their im
mages, as sho
own in Figuure 6.16.

Figure 6.166: The left piicture is takeen from below
w the array and
a the right picture is
taken froom the side with
w the sam
me exposure time
t
of 5 ms1

Thhe distancee between the cameraa and turbine was inncreased to avoid thee light
sccattering prooblem arouund the LED
Ds. In the new
n
experim
ment setup, z B  42 m , and
thhe camera toook 187 fraames per seecond of thee pattern. The
T exposurre time wass 5 ms
annd the focal length wass chosen to be
b 300 mm.

1

T
There
are 10 LED
Ds brighter than otthers that is due to
t the Electrical circuits
c
builder.
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LED array

Camera

Computer for image acquisition
Figure 6.17: Final experiment setup

1
and V0  8 m / s and   27 rpm ),
3
the expected pixel coordinates are plotted in Figure 6.18.
y pix

By taking the same assumptions as before ( a 

0.20
0.15
0.10
0.05

0.00
0.0

0.1

0.2

0.3

rm

0.4

Figure 6.18: Displacement in the image plane for the last experiment setup with LED
array

6.7 Estimation of the tip vortex parameters
According to the weather forecast, a night with a reasonably high wind speed and
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stable weathher conditioon was chhosen for conducting
c
the experiment (predicted
m
maximum
wiind speed value
v
of 8–110 m/s). In addition, thhe predictedd wind proffiles in
diifferent heiights were convincinggly apart, which
w
indiicates a staable atmosp
pheric
coondition.
Thhe turbine was lockedd during the experimeent to avoidd yawing, aand 4000 im
mages
w taken too investigatee the tip vorrtex charactteristics.
were
Fiigure 6.19 shows onne of the images tak
ken from the
t
LED aarray durin
ng the
exxperiment.

Y

X
F
Figure
6.19: One of the 4000
4
images in the BOS experiment

Thhe position of each of the
t LEDs was
w defined as follows:
1- The corners
c
of thhe LED arraay were iden
ntified
2- The approximatte position of each points
p
was found usiing interpo
olation
betweeen corner points
p
3- A winndow was made
m
aroundd the approx
ximate position of eachh LED
4- The final
f
positioon of the LE
ED was defi
fined using the
t intensityy median of each
windoow.
Thhe first set of
o images was
w taken with
w the turb
bine stoppedd as referennce images. Then,
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the turbine yawed towards the wind and started running. After reaching the stable
rotational speed, it was locked during the photography in the second set. After the
turbine yawed, the LED frame shifted in the image plane and the relative distances
between the LEDs changed due to the changes in the location of the LED array and
viewing angles. Therefore, the position of the LEDs in the two sets of the images will
not be accurately comparable for the vortex characterization. Accordingly, instead of
comparing the images with the reference images, the distance between the LEDs in
the same image set is studied. It is expected that the effect of the tip vortex travelling
through the LEDs will be observed.
Investigation of the distance between the LED rows starts with the estimation of the
expected vortex direction in the images. To estimate the vortex line direction, the
vortex path is modelled as a helix with the following parametric equation of S (t , u) :

Figure 6.20: Helix geometry




S (t , u )  r (t )  an (t ) cos u  ab (t )sin u

r (t )  (ht , R cos t , R sin t )

n (t )  (0,  cos t ,sin t )

1
( R, h sin t , h cos t )
b (t ) 
R 2  h2

(6.19)

Where h  l / 2 and R is the helix radius. According to the data from the closest met
mast, averaged yaw error during the experiment was about 10 1; thus, the tip vortex
will rotate around the propagation axis of the helix that is now deviated 10  from the
rotor axis.
The yaw error was relatively high and for such a high yaw error the tip vortex will not
be a helix anymore, but will instead have a more complicated geometry where the tip
1

The turbine was locked to yaw towards the wind direction during the measurement, and it leads to a large yaw error.
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vortices travel on ellipses instead of circular rings. However we assumed the tip
vortex path as a helix with several simplifications. The deviated helical path of the tip
vortex for the averaged wind speed of 7.5 m/s, the rotational speed of 2 rpm1 and the
induction factor of 1/3 are plotted in Figure 6.21.

Rotor center

10

x´(rotor axis)
x (helix axis)

Figure 6.21: Top view of the deviated helix (for rc = 0) because of the yaw error

The vortex line direction in the image was estimated in the following steps:
1- The camera is calibrated using the LED array as the calibration board (the
calibration process has been explained in section 3.5.1).
2- The transformation matrices (translation and rotation) between the turbine
coordinate system (x´,y´,z´) and the LED array coordinate system (x,y,z) are
found according to the geometrical setup (see Figure 6.22).
3- The helix equation that is written in the turbine coordinate is translated to the
LED array coordinate system using the transformation matrices obtained in
step 2-.
4- The helical path of the tip vortex in the LED array coordinate system is
projected on to the image using the calibration matrices calculated in step 1-.

1

The averaged wind speed and turbine rotational speed are measured during the BOS experiment. It will be explained in more detail
in the following section.
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z´

y´

z

y
x

x´
30º

1.000

Figure 6.22: Turbine coordinate system (x´,y´,z´) and the LED array coordinate system
(x,y,z)
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Fiigure 6.23 shows
s
the projected
p
voortex line on
n to the imaage plane foor rc = 5 cm,, wind
sppeed of 7.5 m/s,
m inductiion factor of
o 1/3 and th
he rotationall speed of 227 rpm.

Y (pix)

  76 
X (pix)
Fiigure 6.23: Estimated
E
voortex line direection in the image planee

F
6.24 are
a identifieed.
Thhen, the following anglles that are shown in Figure

F
Figure
6.24:: Angles betw
ween projectted vortex lin
ne (Red line)) with LED aarray edges
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8 . By
Frrom the positions of thhe LED arrray corners,   4  annd   90  (   )  18
knnowing the above anggles, the disstances betw
ween the LE
EDs are avveraged alon
ng the
esstimated proojected vorrtex line, annd this averraged valuee will be sttudied durin
ng the
tim
me of experriment.
A
After
findingg the projectted vortex line
l
in the im
mage, the positions
p
off LEDs that are in
thhe same direection with the vortex line
l were stored in a matrix.
m
Yelloow lines in Figure
F
6.25 represeent the vorrtex line direction
d
in
n the imagge. The coordinates of
o the
cooincidence points
p
of eaach of the yellow linees with the LEDs are ssaved in the new
m
matrix
rows.

F
Figure
6.25:: Yellow: thee first seven lines
l
parallell to the vorteex line, Red: vortex line
direction
n

Thhe distance between eaach LED inn each of thee matrix row
ws is calcullated with reespect
too the other LED
L
in thee same coluumn but 30 rows apart.. Finally, thhe LED disttances
arre averagedd over the columns thaat indicate the vortex direction.
d
Fiigure 6.26 shows

12
28
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thhe averagedd distance between
b
thee LEDs thatt are 30 row
ws apart miinus its aveeraged
vaalue in timee.
LED row numberr

time

Figure 6.266: the colourr of the plot indicates
i
the distance between the LE
EDs 30 rows
apart minuss its averagedd value in pixels. The verrtical axis is the LED row
w number
w
whose
distance is presentted from the other LED ro
ow 30 rows apart and thee horizontal
a is time with
axis
w intervalss of 1/187 s

Inn Figure 6.226, there iss a line aroound time of 300/1877 s which iindicates th
hat the
diistance betw
ween the LE
EDs has succcessively changed,
c
annd it seems that a tip vortex
v
haas been passsing the LE
ED plate.
LED row nu
umber

timee

Figure 6.27: Zoomed piicture of the area
a highligh
hted by a redd ellipse in Fiigure 6.26.
Red dashedd line shows the vortex paassing the LE
ED plate in ttime

Thhe changes of the averraged LED distance arround the reed dashed lline (Figuree 6.27)
arre calculatedd for each row
r
numberr. These chaanges are avveraged oveer the LED rows,
ass shown in Figure
F
6.28.
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distance pix
0.06
0.04
0.02
5

0.02

10

time

15

distance between the individual LED rows

Averaged distance over the vortex path

0.04
0.06
0.08

Figure 6.28: LED distances around the vortex path. Time step on the horizontal axis is
1/187 s.

Blue curve in Figure 6.28 shows that the distance between the LEDs started to change
when the vortex started travelling over the LEDs and returned to the previous value
when the vortex went out of the area between two LEDs. In the meantime, the vortex
travels the distance between the LEDs (which are 30 rows apart) in addition to the tip
vortex diameter. Therefore, the vortex speed can be estimated by dividing the
distance that it travels since it enters the area between two LEDs till it goes out of it
by the travelling time.
For estimating the vortex pitch and circulation, the instantaneous wind speed in the
measurement time is needed. The wind speed and the temperature in different heights
were measured by the measurement system on the closest met mast to the Nordtank
turbine:
Wind speed m s

Temperature

C

7.5

10

52 m
8

7.0

6

6.5

4
0

5

10

15

20

time s

34 m
16 m

5

10

15

20

time s

Figure 6.29: Wind speed and temperature in different heights were measured by the
measurement system on the closest met mast to the Nordtank turbine almost
during the experiment time

As the measurement system is not exactly synchronized with the current image
acquisition system, instead of using instantaneous wind speed, the averaged wind
speed around 300/187 s was used and it was found to be V0  7.5 m / s . The averaged
rotational speed of the turbine during the experiment was around 27 rpm.
By having vortex pitch, circulation and the yaw error, an iterative procedure has been
designed to estimate the vortex radius:
1- Assuming an initial value for rc ; in the current case, it is rc0  5 cm .
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2- Estim
mating the projected
p
voortex core raadius in thee image, as shown in Figure
F
6.30.

Y (pix)

dc

X (pix)
Figuree 6.30: Projeected vortex core
c
diameteer dc

xel displaceements in thhe image can
c be
3- By haaving circuulation and rc , the pix
estim
mated using the
t proceduure explained in sectionn 6.5.
4- The changes
c
of the
t distancee between two
t
LEDs is
i modelledd when the vortex
v
is passsing one off them
5- The distance
d
bettween two LEDs with
h 30 intervaals is modellled when the
t tip
vortexx starts travvelling from
m one LED and goes out
o from thhe other onee with
the esstimated speed of u thhat changess with rc , for
f examplee, for rc0  5 cm ,

u  4.81 m / s .
6- The model
m
from step 5 is coompared wiith the expeerimental chhanges (blu
ue dots
in Figgure 6.31) and
a all the steps will be
b iterated for differennt values off rc to
get a good matchh between thhe model an
nd the experrimental datta.
A it has beeen mentioneed in step 1,, the iterativ
As
ve procedurre starts witth an initial value
off rc0  5 cm
m , and finaally, in rc  10 cm , it reaches a relatively good agreement
beetween the modelled
m
annd experimeental distance.
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distance pix
0.02
0.01
10

0.01

20

30

40

Model

time

Experiment

0.02
0.03
0.04
Figure 6.31: The modelled and experimental distance between two LEDs 30 intervals
apart for rc  10 cm . Time step on the horizontal axis is 1/(2 × 187) s.

Therefore, the final vortex speed is u  4.81 m / s , the velocity deficit will be
1 T
u  V0  u  2.69 m / s and the pitch and circulation are l  V0  3.56 m and
2 3

  l u  9.58 m / s 2 , respectively.
Finally, from the model, the density distribution in the tip vortex is found and plotted
in Figure 6.32.
(Kg/m3)
1.2010
1.2005
1.2000
1.1995
1.1990
1.1985
1.1980
0.1

rc=0.1 m

0.2

0.3

0.4

rm

Figure 6.32: The estimated density distribution in the tip vortex

The minimum pressure appears at the centre of the vortex; thus, the maximum
pressure drop is calculated by replacing the estimated density in the vortex centre in
equation (6.3):


  
p  p  p 
  279 Pa
  
We expect to observe repeating vortex lines in the experimental results which change
the distance between the LEDs in a periodic manner; however, only one vortex line is
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pronounced during the measurement time. The final pressure drop drop which is
about 0.003 atm, shows that the tip vortices in the current case are relatively weak;
hence, the reason for not seeing the tip vortices regularly in the images can be that
they are washed away and distorted by the turbulence before they are captured by the
camera. However the density change due to the turbulent velocity fluctuations that are
normally about 0.2 m/s, is quite small compared with the current case with the tip
 1
speed of about 60 m/s, hence according to
 Ma 2 , Ma  1 , it does not interfere
 2
with vortex density gradient.

6.8 Conclusion
The BOS method was applied to study the turbine tip vortices behind a Nordtank
wind turbine. A preliminary estimation was used to determine the refractive index
change due to the turbine tip vortices in the BOS test and a setup was chosen so as to
have detectable displacements in the image due to the tip vortex. The BOS
experiment was conducted in windy and stratified stable weather condition. A model
was devised to estimate the changes of the distance between LEDs due to the tip
vortex passing, and the vortex parameters were estimated by comparing the results
from the experiment and the model output. The pressure drop in the vortex centre was
also calculated using the estimated density distribution in the vortex core. Therefore,
the turbine tip vortex was found to have a core diameter of 20 cm and a maximum
pressure drop of 279 Pa.
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7. Conclusions and future work
7.1 Conclusions
Vision technologies are improving and widely used in science and industry to monitor
motion of an object. In the present thesis two modern vision technologies are developed
and used to study wind turbines: stereo vision to study dynamics of a VAWT via
operational modal analysis (OMA), and background-oriented schlieren method (BOS)
to study tip vortices of a HAWT blades. After introducing the stereo vision technique
and operational modal analysis, two main experiments are designed to prove the
reliability of stereo vision in studying the dynamic behaviuor of the structures and
investigate the challenges.
In the first experiment, the modal behavior of a Troposkien blade was studied by
analyzing the displacement time series obtained by stereo vision. Two Basler cameras
(acA2040-180km) were used to take pictures of the blade and a proper image
processing algorithm was developed to obtain the displacement of 11 paper markers on
half of the blade during the experiment time. Due to the hardware limitation, the
displacements were acquired for about 9 seconds which is too short to be analyzed with
OMA and within the short term measurement all the blade natural frequencies might not
be exited. Thus an averaged approach of the covariance-driven SSI (SSI-COV) is
developed to involve several measurements in the analysis. Therefore according to the
spectra of the displacement time series, three short time series were chosen to cover the
first four frequencies and their covariance matrices were averaged to be analysed with
SSI-COV method. In addition, the blade was numerically simulated using COMSOL
and also the classical modal analysis with hammering (EMA) was conducted on the
blade to validate the stereo vision experiment. The first four natural frequencies from
stereo vision experiment fairly agreed with simulation and EMA, with minor
differences due to the assumptions in the simulation. During the processing the images
and post processing the pixel information to get the 3D displacement, a few remarks
were reached for improving the displacement measurement accuracy, such as the proper
illumination with constant light intensity over the time to avoid reflection and shadows
on the surface or changing the marker to a black circle with strong contrast with the
background and with the size of 10-20 pixels in the image.
In the second experiment, the stereo vision was carried out in the wind tunnel of
Politechnico Di Milano University to study the dynamic behavior of a1 kW 3-bladed
vertical axis wind turbine rotor during standstill. The black circles were printed on the
long tapes with a distance of 10 cm and stuck to the blades and rotor shaft, and two
Basler cameras recorded the displacement of the markers while the rotor was vibrating
due to the wind at speed of 25 m/s. We also had hardware limitations regarding the data
acquisition system in this experiment, therefore only a part of the rotor containing 2
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blades and the rotor shaft were captured in the stereo images for about 30 s and the third
blade dynamic behavior had to be predicted according to the simulations and
aerodynamic loadings during the test. The data-driven SSI code was developed for
OMA due to the good convergence and direct use of the measurement data. After
analyzing the displacement time series by SSI the physical frequencies including
structural modes, guy wire and vortex shedding frequencies were identified. To validate
the structural modes and distinguish them from the other physical frequencies, the rotor
structure was simulated with HAWC2 without considering aerodynamic interactions.
The first 7 structural natural frequencies agreed well with the simulation results but the
mode shapes were different because of the aerodynamics. For explaining the differences
between the mode shapes, the lift and drag and consequently the edgewise and flatwise
forces are estimated according to the angles of attack, and the resultant aerodynamic
damping interpreted the differences. The dynamic behavior of the third mode was also
predicted regarding to the HAWC2 simulations and estimated aerodynamic forces. The
guy wire frequencies were identified as the harmonics of the first wire frequency and
using the corresponding theoretical equation. The vortex shedding frequency behind the
rotor shaft was also calculated using the dimensions and the wind speed which was
compatible with one of the natural frequencies identified by SSI. The singular value plot
is also obtained via developed FDD code to be compared with the SSI results. The
peaks in the singular value plot confirmed the modes estimated by SSI, however for
very closely spaced modes, the performance of the DD-SSI is better than FDD. Finally
a classical modal analysis with PULSE measurement system was conducted on the rotor
bolted to the floor in the workshop to verify the structural modes estimated with OMA.
There were some differences between the identified natural frequencies due to the
different boundary condition of the rotor in EMA test but with considering these
differences the result of EMA and OMA are compatible.
After conducting the above-mentioned stereo vision experiments, the uncertainty of the
measured displacement is evaluated by a generalized method based on the law of error
propagation in a linear camera model of a stereo vision system. In this method, the
uncertainty in stereo reconstruction propagates through two stages: calibrations of the
cameras and the 3D triangulation to obtain the 3D coordinates from 2D projections in
the images. In the blade experiment, three measurement sets were involved in
operational modal analysis, the first and second had almost the same baseline length and
the third one had a shorter baseline. Then the uncertainties associated with the first and
third measured displacement time series were evaluated to investigate also the effect of
baseline length. The mean value of the averaged uncertainty of all the points in x, y and
z direction is (mean(mean(ux)) , mean(mean(uy)) , mean(mean(uz))) =
(0.969,0.453,3.800) and (mean(mean(ux)) , mean(mean(uy)) , mean(mean(uz))) =
(0.387,0.370,0.972) mm for the first and third measurements respectively. The
uncertainty for the blade experiment illustrates the importance of a number of factors to
decrease the stereo reconstruction uncertainty, such as precision of the calibration grid
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points, baseline length and the distance between the cameras and the object to be
measured. These factors were considered in the VAWT experiment in wind tunnel with
providing precise calibration grid and markers, increasing the base line length and
decreasing the distance between the cameras and the rotor according to the existing
restrictions to improve the accuracy of the displacement measurements. As the new
markers were fully circular, the perspective error due to the 2D projection of the circle
to an ellipse was corrected in the image processing algorithm to decrease the bias error.
Finally the averaged of the mean uncertainty for all of the markers is: (mean(mean(ux)) ,
mean(mean(uy)) , mean(mean(uz))) = (0.145,0.456,1.636) mm.
In the last part of the thesis, the tip vortices behind a Nordtank HAWT are studied via
the BOS method that is based on the density gradient in a transparent medium. In BOS a
medium is located between a background and a camera. The density gradient of the
medium changes the refractive index and it leads to a displacement of the background
image on the camera sensor. The BOS experimental setup is quite simple compared to
the other similar methods like Schlieren method and it does not need complicated
equipment such as special cameras or seeded flow, thus it is a proper method to study
large scale flows. However the Mach number in the current case (HAWT tip vortex) is
about 0.19 which is significantly smaller than the other flows studied by BOS (Ma>0.4).
Therefore detecting the displacement due to the density change in the current tip vortex
is a serious challenge that requires considerable effort. To address this issue, the pixel
displacement in the image due to the density change in the tip vortex is modeled using
Rankine vortex assumption and several experimental setups were designed to make the
pixel displacement visible. In the first setup the background pattern was installed on the
turbine tower but the estimated pixel displacement due to the density change was too
small for this setup. In the next setup the background was installed behind the turbine
nacelle to increase pixel displacement by increasing the distance between the
background and the tip vortex. This change made the estimated displacement about 7
times larger but still there was no displacement visible after processing the BOS images.
As the density gradient in the tip vortex it not as strong as the high Mach number flows,
we guessed that it might be washed away by the turbulence. Afterwards, we designed an
LED array to conduct the experiment during a windy night when the atmosphere was
more stable. The final experiment was carried out in a night with predicted maximum
wind speed of 8-10 m/s and stable atmosphere. Before processing the images, the
traveling path of the tip vortex behind the turbine was roughly estimated by knowing
the yaw error and assuming it as a helical path. In the next step the projection of the
helical path was found in the image using the camera calibration and the relative
position of the LED array relative to the rotor center. Afterwards the averaged distances
between the LED rows along the projected vortex line in the image were studied during
the experiment time. It was observed that in a particular time period, the distance
between the LEDs has changed successively. Therefore a model was devised to estimate
the changes of the distance between LEDs due to the tip vortex passing through them.
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The model result for different values of vortex core diameter was compared to the
experimental observations in order to reach to a vortex size for whichthe experiment
and the model agree together. Therefore the turbine tip vortex was found to have the
core diameter of 20 cm and maximum pressure drop of 279 Pa.

7.2 Future work
Using displacement compared to the acceleration as output, has demonstrated easier,
cheaper, and direct procedures. The current study shows the reliability of the stereo
vision technique to study the dynamic behaviour of the large structures via obtaining the
displacement time series. By upgrading the image acquisition system, the displacement
measurement system can be used for modal identification and health monitoring of the
large structures such as operating or parked horizontal axis wind turbines. In addition,
by adding extra cameras, the displacements of more complicated structures such as
VAWTs in operation can also be monitored.
In BOS study we have shown that this technique also works with lower Mach numbers
compared to the other studies. We obtained quantitative information of the tip vortex
behind a Nortank HAWT. This experiment can be even improved more by using larger
backgrounds and having paper reflective markers on the pattern. Another improvement
that can be made in the BOS experiment setup is providing a background with
adjustable angle to avoid scattering of the light in the LED images when the pictures are
taken from the side.
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