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ABSTRACT

VIBRATION-BASED STRUCTURAL HEALTH
MONITORING OF A WIND TURBINE INCORPORATING
ENVIRONMENTAL AND OPERATIONAL CONDITIONS

Structural health monitoring of wind turbines has become important in recent
years in order to detect any damage in such structures at its early stage and avoid
sudden collapse. Modal parameters which represent the dynamic behaviour of a struc-
ture are obtained to track any change in these parameters, which might be the sign of
a damage in the structure. However, environmental and operational conditions have
also effects on modal parameters of wind turbines besides of damage. In this study,
structural health monitoring of a 900 kW onshore wind turbine incorporating envi-
ronmental and operational conditions was performed. The band range of change in
modal parameters due to environmental and operational conditions was determined.
Firstly, modal identification of the wind turbine was done using Enhanced Frequency
Domain Decomposition method using 1-year monitoring data obtained from accelerom-
eters placed on the turbine. Then, the effects of wind speed, rotor speed, temperature
and nacelle position on the dynamic behaviour of the wind turbine were evaluated.
Lastly, a finite element model of the turbine with global springs at the base represent-
ing the behaviour of soil and piles were developed in SAP2000 software and verified
with identified modal values. In conclusion, it was shown that there were significant
variations in modal parameters due to both environmental and operational conditions.
However, when these effects were removed, there was a consistency in frequency values.
Also, the finite element model with global springs ensured that the modal parameters

obtained from the finite element model and in-situ measurements were matching well.



OZET

BIR RUZGAR TURBINININ CEVRESEL VE ISLETIM
KOSULLARINI KAPSAYAN TITRESIM BAZLI YAPI
SAGLIGI IZLEMESI

Riizgar tiirbinlerinin yapi saglig1 izlemesi yapidaki hasar1 erken agamada tespit
etmek ve ani gogmeyi onlemek i¢in son on yilda one ¢ikmaya baslamigtir. Bir yapinin
dinamik davranigini temsil eden modal parametreler, bu parametrelerdeki yapida bir
hasarin igareti olabilecek herhangi bir degisimin varligini takip etmek icin elde edilir.
Fakat, hasarin diginda cevresel kosullarin ve igletim kosullarinin da riizgar tiirbinlerinin
modal parametreleri lizerinde etkileri vardir. Bu ¢aligmada, 900 kW kara tipi bir riizgar
tirbininin gevresel ve igletim kosullarimi kapsayan titresim bazli yap1 saghgi izlemesi
gerceklestirilmigtir. Cevresel kosullar ve igletim kogullarindan dolayr modal parame-
trelerdeki degisimin araligi belirlenmistir. Ilk olarak, tiirbinin {izerine yerlestirilmis
ivmeolcerlerden alinan 1 yillik izleme verisi yardimiyla Tyilegtirilmig Frekans Uzayinda
Ayrigtirma metodu kullanilarak riizgar tiirbininin modal tanimlamasi yapilmistir. Daha
sonra riizgar hizi, rotor hizi, sicaklik ve nasel konumunun riizgar tiirbininin dinamik
davranigi tizerindeki etkileri incelenmistir. Son olarak, tiirbinin sonlu elemanlar modeli
tabana zemin ve kaziklarin davranigim1 temsil eden global yaylar eklenerek SAP2000
programinda olugturulmustur ve tanimlanmig modal degerlerle dogrulanmigtir. Sonug
olarak, cevresel kosullardan ve igletim kogullarindan dolay1 modal parametrelerde 6nemli
degisiklikler oldugu goriilmiistiir. Fakat, tiim etkiler kaldirildiginda frekans degerlerinde
bir tutarhilik vardir. Ayrica, global yaylar iceren sonlu elemanlar modeli, ol¢timler ve

modelden elde edilen modal parametrelerin iyi bir sekilde eglesmesini saglamigtir.
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1. INTRODUCTION

1.1. Aim

The aim of this thesis is to observe the dynamic behaviour of a horizontal axis
900 kW onshore wind turbine under both environmental and operational conditions
during almost one year. The wind turbine is located at Kilyos in Istanbul and it has
54 m hub height and a foundation with 26 reinforced concrete piles. 12 accelerometers
were mounted on the tower at different heights and acceleration data from accelerom-
eters have been obtained to observe modal parameters of the turbine under different
conditions. The band range of change in modal parameters of the wind turbine was
determined to show the effects of both environmental and operational conditions on
the turbine. If there is a sharp change in modal parameters exceeding the band range,

this change might be a sign or a warning of serious damage in the structure.

Enhanced frequency domain decomposition method has been performed using in-
situ measurements to obtain the modal parameters of the turbine, which are frequency,
mode shape and damping ratio. The first three bending modes have been considered,

and the changes in the modal parameters of the turbine have been tracked.

Temperature, wind speed, rotor speed and nacelle position have been obtained
from the Supervisory Control and Data Acquisition (SCADA) system on the wind
turbine. The effects of these parameters on the dynamic behaviour of the wind turbine
have been evaluated. The mode frequencies of the turbine under parked conditions have
been compared with the ones under operating conditions to distinguish the structural

modes of the turbine from the modes resulted from ambient excitation on the turbine.

A numerical model of the turbine has been developed in SAP2000 by using tech-
nical drawings and specifications of the turbine. The initial model of the turbine had a
fixed boundary condition at the base; then, it was calibrated by adding global springs

to the base. Global springs include two translational and rotational springs in two



perpendicular directions and one vertical spring. Mode frequencies and mode shapes

were compared with the experimental results to verify the model.

1.2. Literature Review

There are several structural health monitoring methods by using different devices
such as accelerometers or strain gauges. However, in this study, vibration-based struc-
tural health monitoring of a wind turbine by using acceleration sensors was performed.
Accelerometers are placed on a structure at some certain heights and help to automat-
ically obtain modal parameters which serve the dynamic behaviour of the structure in
terms of natural frequency, damping and mode shape. The number and the layouts
of accelerometers have been evaluated in a study previously and it was stated that
determining proper tower section to place sensors can facilitate to obtain admirable

results even with just one bi-axial sensor with high-quality [1].

The data obtained from accelerometers represents the dynamic behaviour of a
structure under all external factors, and it shows the exact behaviour. Therefore, real
behaviour of a structure can be obtained by using in-situ measurements whereas it is
not possible by creating a model of the structure with a lot of unreliable parameters
in a software. The data collected experimentally are analyzed in the time or frequency
domain, and modal parameters of structures are obtained. Operational modal analysis
is the most common method in this field. In a study, two experimental methods,
namely exciter method and operational modal analysis (OMA) with stochastic subspace
identification (SSI), were applied to a 2.75 MW wind turbine to estimate the modal
damping of the turbine under operational conditions. A harmonic force was applied
to the turbine in the former method. Turbine vibrations were extracted and damping
was estimated using the decaying response of the turbine after the excitation stopped.
This method consisted of pitch excitation which was about longitudinal tower mode
and generator excitation which was about lateral tower mode. In the second method,
damping and natural frequencies were obtained from the response of the turbine under
ambient vibration which is air turbulence. It was concluded that in the first method

it was not easy to obtain pure tower bending modes; because the tower also vibrated



in the longitudinal direction besides of lateral motion during generator excitation for
example. Also, in the first method the tower vibrations because of pitch excitation
had higher damping than the vibrations due to generator excitation. The results of
the second method showed that the damping of longitudinal and lateral tower bending
modes was higher in the OMA method than the exciter method [2].

A long term dynamic monitoring of an offshore 5 MW Vestas wind turbine was
evaluated using automated OMA by the help of 10 acceleration sensors with respect
to the modal parameters of the support structure under parked conditions in a work.
Measured acceleration time series and their RMS (Root Mean Square) values were
presented in pre-processing step firstly. Then, automated operational modal analysis
was performed, which includes a combination of several methods. In that step, two
types of OMA were used which are p-LSCF (Polyreference Least Squares Complex
Frequency-Domain Estimator) and SSI-COV (Covariance-Driven Stochastic Subspace
Identification) to find modal parameters. Hierarchical cluster analysis was also per-
formed. Lastly, modal parameters which are mode shape, frequency and damping were
tracked. According to the results, SSI-COV expressed higher success rate for the first
two modes of the structure than p-LSCF. Also, SSI-COV has given higher damping
than the other method for all modes. MAC values used for mode tracking were high,
which showed that the proposed method presented high-quality estimations and it was
reliable. Even small variations in the frequency and damping can be detected. [3]. In a
work, a continuous dynamic monitoring system including several accelerometers at dif-
ferent heights of a 2MW utility-scale wind turbine has been implemented and evaluated.
Ambient vibration test was performed firstly, then a numerical model was developed in
ANSYS to understand the results obtained from the vibration test. Two different op-
erational modal analysis methods were used, namely the covariance-driven stochastic
subspace identification method (SSI-COV) in the time domain and poly-reference least
squares complex (p-LSCF) in the frequency domain. It was shown that frequency and
damping values obtained from these two methods were almost the same. The modal
properties extracted from the ANSYS model of the turbine was in compliance with the
ones extracted from OMA; however, there is a small increase in the natural frequency

of the model due to the fixed boundary condition. In monitoring, supervisory control



and data acquisition (SCADA) system was also used and root-mean-squared values of
the collected acceleration data together with the SCADA data were evaluated for non-
operating and under operating conditions. It was shown that RMS values increased
with an increase in wind speed. Furthermore, three different scenarios of operation
as parked wind turbine with low wind speed, operating wind turbine with wind speed
below the rated speed and operating wind turbine at the rated speed were consid-
ered. The results showed that in the second scenario, frequency increased slightly and
damping increased considerably due to the contribution of aerodynamic damping with
respect to the first scenario. In the third scenario, the highest acceleration values were
observed and a small change in frequency was seen. Moreover, a methodology which
depends on hierarchical clustering was conducted and nine reference modal parameters
for six operating regimes were defined by using Campbell diagram. The properties
of the clusters and the reference properties of the vibration modes (identified during
one year) were in agreement, which means automated identification was suitable to
follow modal properties of wind turbines [4]. In a study, vibration-based structural
health monitoring of five offshore wind turbines was performed using accelerometers.
The effects of wind speed and turbulence on the vibration level of the turbines were
discussed. Then, OMA was applied to the turbines to obtain modal parameters of
them. Furthermore, the possibility of using OMA for scouring and blade monitoring
were discussed. Based on other studies [5, 6], it was discussed that second-order reso-
nance frequency and whirling modes’ frequencies can be used for scouring and blade

monitoring, respectively [7].

It is expected that there will be some challenges in the methods of OMA and in-
situ measurements. The challenges in testing and monitoring vibration characteristics
in terms of frequency and damping of a 2.5 MW in-operation wind turbine which has
80 m diameter were discussed in a study. Three types of operational modal analysis
methods which are analytical model, aeroelastic simulations and infield vibration mea-
surements have been used. Infield tests included three systems which are conventional
strain gauges, photogrammetry and laser interferometry. Change in operating condi-
tions like wind and rotor speed, limited length of the measurements and mathematical

uncertainty in the applied algorithms (Least Square Complex Exponential with Natu-



ral Excitation Technique and Stochastic Subspace Identification) and other limitations
in each system and method were discussed as the challenges. It was shown that in three
measurement systems dominant responses were in the low-frequency range and in the
general sense this accuracy was sufficient. Damping ratios differed based on the data
series for the parked turbine and they might also change according to the direction and

speed of wind basically [8].

In addition, the suitability of OMA techniques on a parked and operating wind
turbine was investigated in a study. After analyses, it was stated that OMA was
suitable to be applied to a parked turbine; however, there were some problems with
the application of OMA to an operational wind turbine. These problems resulted
from the presence of aerodynamic force and the time-varying nature of operating wind
turbines. With regard to the former case, aerodynamic force and response spectra
showed that OMA can be still valid for the frequency ranges which were not affected
by aerodynamics forces dominantly. Besides, in compliance with the latter case multi-
blade coordinate transformation (MBC) was applied in order to consider the time-
varying nature of such turbines. It was shown that MBC transformation was useful to
show whirling phenomenon inherently, which facilitates the dynamic characterization

of the operating wind turbine [9].

Apart from a lot of analysis methods in the frequency domain, it is also possible
to do data analysis in the time domain. In a study, Harmonic-OMA-Time Domain
(H-OMA-TD) method was evaluated for experimental identification of operating wind
turbines. According to the results, H-OMA-TD method was less efficient to show
whirling modes in comparison to MBC transformation [10]. However, H-OMA-TD
method enabled us to visualize the components of modes without any backward coor-
dinate transformation. Also, tower and blade motions can be considered together in
this method. As a conclusion, this method allowed using time-domain analysis and

visualization for interpretations of the modes [11].

Wind turbines are exposed to a lot of environmental and operational factors,

and the evaluation of these factors is important to find a band range of change in



modal parameters. In this way, any change in modal parameters can be questioned
whether it results from a damage or some operational and environmental conditions.
If a change in modal parameters exceeds the range of change due to such conditions, it
might result from a damage in the structure. Therefore, operational and environmental
conditions have been observed and resonance phenomenon has been investigated in
some studies, recently [12-14]. In a study, the resonance phenomenon of a 5 MW
wind turbine system was evaluated under operational conditions for two years. Finite
element model was developed to identify dynamic properties of the wind turbine firstly,
then a continuous dynamic monitoring system including 8 accelerometers in the main
and second wind directions was built. Moreover, resonance due to the matching natural
frequency of the structure with the harmonic frequency of the rotation of three blades
was observed according to the results obtained from the Campbell diagram. Damping
values including structural and aerodynamic damping were also estimated. In the case
of resonance, Sommerfeld effect was observed, which might result in sticking in the
resonance. It was concluded that the dynamic responses of the tower increased from
bottom to top of the tower gradually along with main and second wind directions.
The rising in wind energy increases the vibration amplitude. It was also observed
that rotation speed of the blades near to 8 rpm which reflects resonance caused an
increase in vibration amplitude and a decrease in damping [13]. In the following study,
environmental and operational effects on dynamic properties of a 5 MW wind turbine
have been evaluated to present a damage sensitive indicator for the system. The
effects of the nacelle position, the activation and speed of rotor blades, wind speed,
temperature and the variation of aerodynamic damping on frequency, damping and
mode shape estimates were considered. The damage was simulated by decreasing
stiffness in the blade and at the tower using a Principle Component Analysis (PCA)
based method, and the reduction in stiffness was applied to the finite element model.
Then, Novelty Index (NI) was used for early detection of the damage. It was seen
that the frequency estimates around 3.26 Hz were affected by the nacelle position
whereas the frequency estimates around 4.02 and 6.47 Hz depended on the activation
of rotor blades. Also, the frequency estimates around 7.5 and 8.15 Hz were affected by

temperature and resonance frequency whereas the frequency estimates around 12.16



and 21.18 Hz only depended on temperature effect. Damping estimates increased with
an increase in wind speed and rotation speed but decreased with the resonance. Mode
shapes around 4.02 and 6.47 Hz changed with the angle of the nacelle. Moreover, NI
showed that no obvious structural change appeared on the frequency estimates around

12.16 and 21.18 Hz in the case of removing temperature effects [14].

Alternative structural health monitoring methods are impedance-based struc-
tural health monitoring and wireless structural health monitoring. In impedance-based
SHM, small piezoelectric sensors are used by electromechanical coupling property of
them. In this method, measured electrical impedance is compared with a baseline
measurement and structural damage because of material or mechanical failure can be
obtained [15-17]. Wireless SHM aims to remove the cables to make the system cost-
effective, and one of its application areas is wind turbines. The performance of wireless
SHM was investigated in a study. Three operational wind turbines (two Vestas V-80
turbines and one Micon turbine) in Germany have been monitored using wireless sen-
sor networks under operational conditions. The study aims to verify vibration data
using traditional system with cables, to quantify the performance of wireless commu-
nication including strain gauges at the base of the turbine and to improve the results
of modal analysis embedding braking mechanism within the nacelle. Modal analysis
results showed that wireless sensors were effective for a reliable data collection because
the results obtained from the wireless technique and the traditional wired-based SHM
technique were in agreement. Therefore, it was concluded that wireless sensor net-
work which is considerably cost-effective is sufficient for structural health monitoring
of wind turbines [18]. There is also a second level monitoring study in literature. In
this study, multi-agent-based autonomous software was developed and integrated into
the structural health monitoring system of a 500 kW wind turbine to detect and notify
any malfunction in the system. The monitoring system includes an on-site hardware
system to save data and a decentralized remote software system to make the data acces-
sible via a web interface and direct database connection. Malfunctions were detected
by a wide range of equal measurements in the data sets. In that process, two agents
have been used to observe anomaly and notify the malfunction, namely interrogator

agent and mail agent. In the study, the multi-agent system and the structural health



monitoring system are instituted at different locations to verify the approach and it
was seen that the system worked properly. As a conclusion, the system including au-
tonomous software can reveal all malfunctions and notify people who are responsible

for the reliability and the integrity of the wind turbine [19].

There are also recent methods based on taking 3D measurements by cameras in
the scope of SHM. These methods consist of applying some reflective markers on a
wind turbine and tracking the position, motion and deformation of the structure and
its components. In a study, a 500 kW wind turbine was considered in Germany. Ini-
tial tests were conducted to see the efficiency of the method. It was concluded that
the dynamics of the turbine can be monitored and mode shapes can be estimated by
this technique [20]. In another study, the feasibility of photogrammetry technique was
examined to monitor a 2.5 MW wind turbine in the Netherlands under operational con-
ditions. The modes of the turbine were identified and deformation of the turbine was
estimated with an accuracy of £25 mm by using 10 reflective markers on each blade
and four CCDs (charge-coupled device). In this method, markers are used as displace-
ment sensors [21]. Also, in a study, a parked 1 kW VAWT was used in a wind tunnel
in Politecnico Di Milano University. A stereo vision system was developed to monitor
the displacements of blades and the rotor shaft of the turbine and to determine modal
parameters of it by using data-driven-stochastic subspace identification (DD-SSI). The
method was verified using a HAWC2 model, and a conventional test method was also
conducted using two accelerometers, two strain gauges and one torque meter. It was
shown that there was a difference between experimental results and the results of the
simulated model in the ratio of about 4%. This difference was equal to the aerodynamic
effect in the wind tunnel [22]. Similarly, another study focused on the system identi-
fication of wind turbines with continuous-scan laser Doppler vibrometry (CSLDV). In
field tests, a 20 kW wind turbine was used to obtain both conventional and CSLDV
measurements. Power spectra were drawn using these measurements and it was seen
that several peaks were seen in the conventional output-only modal analysis (OMA)
and in the harmonic power spectrum of output-only modal analysis with CSLDV. The
results were in agreement; however, CSLDV has shortened the time of the vibration

test four times with respect to traditional scanning laser doppler vibrometer [23].



The main aim of SHM is to detect damage in structures to avoid sudden collapse.
Therefore, damage detection was the notion of many studies in literature [24-26]. There
is a study on structural health monitoring of horizontal axis wind turbines under ver-
tical wind shear and turbulent wind states and under three types of damage in the
blade, low-speed shafts and yaw joints. Damages in the aforementioned locations were
represented by decreasing the bending stiffness through the modulus of elasticity by
the percentage of 10, 25 and 50. A maximum of about 4% change in frequency was
observed for the reduction of the stiffness as the ratio of 25% at the root of a blade, rep-
resenting damage sensitivity [24]. In another study, blade delamination was detected
under several types of excitation like earthquake ground motion. Multivariate singular
spectrum analysis (MSSA) and two types of subspace identification techniques which
are covariance driven stochastic subspace identification and data-driven subspace iden-
tification techniques were used. Also, both laboratory and field tests were performed.
As a conclusion, it was stated that SSI-COV was a proper technique to identify the
vibration of a blade and MSSA can also be applied to eliminate rotation frequency.
Under base excitation, SI-DATA technique should be used because it was more reliable.
Also, the proposed method was verified by the help of the data obtained from the lab-
oratory and field tests [25]. Similarly, structural health monitoring concept and data
analysis strategy for a 3.6 MW offshore wind turbine instrumented with accelerometers,
inclinometers at the top and bottom of the tower, strain gauges and grout sensors have
been evaluated in a study. Bending moments obtained from bending strains measured
at different locations on the turbine by strain gauges were used to verify the finite
element model of the turbine developed in ANSYS. Sufficient verification was seen in
the study and it can be used to determine the bending threshold limit for the structure
under various operational and environmental conditions. Then, boundary conditions
were changed through changes in depth of sea bed scouring for damage simulation and
the variation of natural frequencies was tracked using modal analysis. It was shown
that natural frequencies are decreasing with an increase in scour depth [26]. There
are also many studies in which damage was detected using strain sensors and fatigue

assessment was performed [27-29].
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1.3. Scope

The first chapter represents a literature review about structural health monitoring

of wind turbines. Also, the aim and scope of this thesis were indicated.

In the second chapter, the use of wind energy around the world has been presented
to show the importance of wind energy these days. The role of wind energy in renewable
power capacities and electricity generation from wind energy have been discussed. Also,
the history of wind power in Turkey and the current and potential wind power plants

have been indicated in this chapter.

In the third chapter, the issue of structural health monitoring and its importance
have been explained firstly. Then, the most common method which is vibration-based
structural health monitoring was discussed in detail. This method is also the one used

in this study.

The fourth chapter represents the properties of the wind turbine and its location.
Also, the method to obtain the acceleration data from the turbine and sensor layout
has been explained in detail. Furthermore, the details of the SCADA system on the

turbine to obtain operational and environmental data were indicated.

In the fifth chapter, the analysis method used in this study was expressed firstly.
The analysis results have been shown in terms of frequency, mode shape and damping
ratio based on days. Then, SCADA data which are temperature, wind speed, rotor
speed and nacelle position were plotted based on days. Also, the changes in modal
parameters have been given based on SCADA data. Lastly, multivariate regression
analysis was performed to observe the effects of each parameter on the first three mode
frequencies of the tower. The effects of all parameters have been also removed to be

able to identify the damage if a damage occurred in the structure.

The sixth chapter explains finite element model verification of the turbine. Firstly,

a full model of the structure with a fixed base was developed in SAP2000 software.
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Then, global springs were used at the base of the tower to represent the behaviour of
piles and soil under the tower. Modal parameters of the last finite element model and

the ones obtained from measurements were compared to verify the model.

In the last chapter, the changes in the modal parameters of the wind turbine have
been discussed mainly based on the environmental and operational conditions. Also,

the comments on FEM Verification can be found in this chapter.
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2. WIND ENERGY

Power generation from a clean and free energy source is precious for the world
which is under threat due to environmental pollution and global warming today. There-
fore, many clean energy sources are used including wind, solar, bio and geothermal
powers mainly. Among all renewable energy sources, wind energy is one of the com-

monly used sources in the world.

Wind turbines are used to generate power from wind in a region. The basic
principle of a wind turbine depends on converting the kinetic energy of wind into
mechanical power. Mechanical power is also converted into electricity by a generator
to power a lot of structures in a region. A diagram of a horizontal axis wind turbine

was given in Figure 2.1 [30] to show the main components of a wind turbine.

Low-speed High-speed
shaft shaft
Gearbox Generator

Hub Brake Nacelle

Blades Tower

Figure 2.1. HAWT Diagram [30].

2.1. The Use of Wind Energy around the World

Wind energy has taken an important place among several renewable energy

sources in the world. Figure 2.2 [31] shows that total energy from renewable en-
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ergy sources was 1081 GW in 2017 and over 500 GW of the total energy was met by
wind power. The same figure also shows that China is the top country having maxi-

mum installed renewable power capacity. Also, the United States obviously has a high

renewable power capacity in the world after China.
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Figure 2.2. Renewable Power Capacities in the World [31].

Likely, offshore global wind capacity by region from 2007 to 2017 is presented in

Figure 2.3 [31]. Europe had about 84% of global offshore capacity in 2017 and Asia

had almost the rest of it.

Mechanical energy obtained from the kinetic energy of wind is converted into
electrical energy. Other renewable sources are also used to generate electrical power
such as solar energy. Both wind power and solar photovoltaic are common clean and
renewable energy sources. Share of electricity generation from solar photovoltaic and

wind power can be seen in Figure 2.4 [31] for the top 10 countries in 2017, which shows

the importance of wind power to produce electricity.



14

Gigawaits
20
18.8
i Bl North America
16 — [ Asia
144
T . 8 Europe
* | 0
Z VA
H D ==
5
4 32———
1 15 2%
= a B B B BB EEN l 1 -
2007 2008 2009 2010 200 2014 2015

Figure 2.3. Wind Power Offshore Global Capacity by Region [31].
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2.2. The Use of Wind Energy in Turkey

In the history of the development of wind power plants in Turkey, there are several
wind energy projects of the government and the interests of private-sector mainly.
Apart from projects prepared by the government, due to the need for transmission
and distribution systems, large-scale investment is needed; therefore, private-sector
has gained importance. Private-sector paid attention to wind energy and applied to
the Ministry of Energy and Natural Resources of Turkey (MENR) to install wind power
plants. Then, the development of wind energy in Turkey has accelerated [32].

Although the first wind turbine with the capacity of 55 kW was established in
1986 in Cesme, the first wind power plant with the capacity of 7,2 MW was established
in 1998 [33,34]. However, wind energy has gained popularity last decades in Turkey;
especially, after 2010 hundreds of wind power plants were taken into operation. Ac-
cording to the [35], as of the end of 2017, the license plan for a wind power plant project
with an installed capacity of more than 10.121 MW was launched for a 5 billion dollars
wind investment. Wind power plants installations in Turkey can be seen in Figure

2.5 [35] cumulatively.
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Figure 2.5. Wind Power Plants Installations Cumulatively in Turkey [35].
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Installation of wind power plants is possible in almost all regions of Turkey due
to the convenient geographical position of the country. Aegean region has 2.728,95
MW wind power and it is higher than the wind power produced in the Marmara region
to some extent as can be seen in Figure 2.6 [35]. Among cities of Turkey, Izmir has
the highest amount of operational wind power plants following by Balikesir, Manisa,
Hatay and Canakkale based on [35] in present. Moreover, there are many wind power
plants under construction still. Especially, in the second half of 2018, the amount of

potential wind power has increased, given in Figure 2.7 [35].
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Figure 2.6. Operational Wind Power Plants in Turkey [35].
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Figure 2.7. Wind Power Plants under Construction in Turkey [35].
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At this juncture, structural health monitoring of wind turbines installed in wind
power plants where billion-dollar investments are in question becomes a necessity in

terms of both security and economy.
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3. STRUCTURAL HEALTH MONITORING

Structural health monitoring (SHM) mainly depends on the idea of damage de-
tection and observation of some critical structures such as high-rise buildings, bridges,
towers and civil infrastructures. In the process of structural health monitoring, a
structure is monitored over a period of time and modal parameters of the structure
are extracted using some analyses, and these parameters are used to determine the
current health of the structure. Based on the results, the strengthening, rehabilitation

or repair of a structure can be decided if it is needed [36].

3.1. The Importance of SHM

The main role of structural health monitoring is to determine the current health
of structures based on real-time data and to detect damage due to internal or ex-
ternal factors. The detection of damage is vital for several large-scale structures like
skyscrapers, towers, bridges and infrastructures in order to avoid a sudden collapse of
such structures, which may cause the loss of life and property significantly. Apart from
avoiding the sudden collapse of a structure, the strengthening or repair of the structure
is also possible thanks to the observation of the real behaviour of the structure if a

problem is received.

It should be also stated that the importance of wind turbines in terms of being
a renewable source entails long term monitoring for not only safety requirements but
also continuously energy production. Moreover, wind turbines are exposed to both
operational and environmental conditions like strong wind loads. However, all type of
critical structures can be observed by similar methods which have been developed for

structural health monitoring of structures in years.
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3.2. Vibration-based SHM

Vibration-based structural health monitoring can be performed based on wired
or wireless techniques. However, the popularity of vibration-based structural health
monitoring methods based on wired techniques is increasing although they are not
cost-effective when compared to wireless techniques [37]. In this thesis, vibration-based
structural health monitoring was performed using acceleration sensors; therefore, this

chapter will especially focus on this method.

Vibration-based structural health monitoring depends on observing changes in
structural dynamics. Modal parameters of a structure are determined under ambient
vibration like wind or traffic load or forced vibration. Damage occurred in a structure
appears itself on the modal properties due to the fact that the modal parameters such
as frequency, mode shape and damping are functions of stiffness and mass. Therefore,
tracking modal parameters of a structure gives information about structural integrity
and the rest service life of the structure. By this way, damage can be discovered at its

early stage and the increase of the extent of the damage can be avoided [38—40].

In vibration-based structural health monitoring, environmental factors play an
essential role in the vibration response of structures. These factors can be temperature,
wind or humidity. Due to change of these factors in time, vibration response shows large
variations [41,42]. Operational factors beyond environmental ones are also important
for wind turbines. Therefore, this study will evaluate the effects of both environmental
and operational conditions on the vibration response of a 900 kW Enercon E-44 wind

turbine in Kilyos, Istanbul.
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4. FIELD MEASUREMENTS

Field measurements were obtained by the help of acceleration sensors and the
SCADA system on the turbine. 12 accelerometers were used to find the real dynamic
response of the turbine and the SCADA system records data representing environmen-

tal and operational conditions.

The complete work done in this study can be seen in the work flow diagram

presented in Figure 4.1.

- .

The Turbine Connect to Connect to
with Sensors a Data a Computer
Recorder
Y
SCADA Data Obtain Modal Record Data,
Parameters +— | Apply EFDD
Method to
the Data

NS

Find Changes Determine

in Modal The Band Range
Parameters »| of Change in
Based on Modal

SCADA Data FParameters

Figure 4.1. Work Flow.
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According to the work flow, vibration data were obtained from accelerometers
firstly and collected in a data recorder. The data recorder was connected to a computer
to record the data, and EFDD method was applied to the data to find modal parameters
of the turbine. At the same time, the SCADA system on the turbine recorded data
representing environmental and operational conditions. Then, the changes in modal
parameters were explained based on operational and environmental conditions. Finally,

the band range of change in modal parameters was determined.

4.1. The Properties of the Wind Turbine and Its Location

An Enercon E-44 wind turbine located at Saritepe Campus of Bogazici University
at Kilyos in Istanbul has been monitored from 8" April 2018 to 4* April 2019. The
technical specifications and mechanical properties of the wind turbine taken from the

specification documents of manufacturing company have been indicated in Table 4.1.

Table 4.1. Technical Specifications and Mechanical Properties of the Wind Turbine.

Technical Specifications

Rated power (kW) 900
Rotor diameter (m) 44
Tower height (m) 53.95
Hub height above ground (m) 55
Total height from territory (m) 7
Remote monitoring ENERCON SCADA
Mechanical Properties
Nacelle + Rotor Mass (tons) 33.2
Steel Elasticity Modulus (M Pa) 200
Steel Density (kg/m?) 7850
Steel Yield Strength (M Pa) 355

The turbine is located at Kilyos region in Sariyer with the coordinates of 41°14/23"
N and 29°00'29” E. Soil properties of the site were obtained from foundation report of
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the wind turbine. The types of soil according to soil depth and the properties of them

were presented in Table 4.2.

Table 4.2. Soil Properties of the Site.

Soil class 73
0-10.50 m Sand
Weight per unit of volume (kg/cm?) 1.6
Cohesion (kg/cm?) 0
Angle of internal friction (°) 22
Horizontal coefficient of soil reaction (M N/m?) 80
10.50-20.00 m Silty Clay
Weight per unit of volume (kg/cm?) 1.8
Cohesion (kg/cm?) 0.679
Angle of internal friction (°) 9
Horizontal coefficient of soil reaction (M N/m?) 10
Vertical coefficient of soil reaction(t/m?) 2400

Satellite image of the site including the wind turbine can be seen in Figure 4.2.
The turbine is 700 m far away from the seaside on the Northeastern (NE) axis. NE
is the dominant wind direction for the related zone. Therefore, this direction was

considered for the instrumentation of sensors to the tower.

4.2. Acceleration Data of the Wind Turbine

Structural health of the turbine has been monitored continuously by the help
of accelerometers at different heights of the tower. There are five accelerometers at
the ground level and three of them are in vertical directions, and two, two and three
accelerometers at 22, 45 and 54 meters respectively. The sensor named K3 at 54
meters has been placed to determine the torsional behaviour of the turbine. Sensor
layout was presented in Figure 4.3. Accelerometers were placed on the NE axis and the

perpendicular direction of it since NE is the dominant wind direction for this region.
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Figure 4.3. Sensor Layout.

These two directions were indicated as Direction 1 and Direction 2, respectively.

Accelerometers transfer the vibration data into a data acquisition tool (data
recorder); then, to reach the data and data storage are possible by a computer con-
nected with the data recorder with a previously defined static IP. Accelerometers are
the model of unidirectional EpiSensor and have DC-200 Hz band range. Data recorder
has 24-bit sensitivity and the sampling rate is 200 Hz.

Even though the data obtained from field measurements can be analyzed in both
time and frequency domain, Enhanced Frequency Domain Decomposition (EFDD)
method in the frequency domain has been used in this work. This method gives more
reliable results from traditional methods such as Fourier transform or pick picking
method, and it can reach the dynamic behaviour of the structure using the response
of it. The method consists of recording the structural vibrations, finding the spectral
density of the vibrations and then determining modal frequencies, mode shapes and

damping through singular value decomposition.
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Previously, it was stated that the turbine was monitored between 8 April 2018
and 4" April 2019. However, the total time of monitoring is 310 days due to the loss
of some data. Especially, acceleration data could not be collected from 12 August

2018 to 9" September 2018.

4.3. SCADA Data of the Wind Turbine

Supervisory Control and Data Acquisition (SCADA) is a fundamental system to
monitor and control several parameters about operational and environmental condi-
tions which structures are exposed to. Main parameters for a wind turbine in relation
to operational and environmental conditions can be ordered as wind speed, rotor speed,
temperature and nacelle position. The SCADA system records these parameters contin-
uously. Thanks to this system, the effect of such parameters on the dynamic behaviour

of the turbine can be seen by the comparison of modal parameters and SCADA data.

In this work, wind speed, rotor speed, temperature and nacelle position were
obtained from the SCADA system. Temperature and wind speed data were taken at
+55 m from the ground. Wind speed was measured by an anemometer and temperature
data represents tower temperature. The related data were recorded for 10-min time
intervals. Therefore, for a 1-hour data 6 records were averaged. The SCADA system
recorded the data for 134 days only due to a malfunction of the system. SCADA data
was recorded from 8" April 2018 to 11** August 2018 and from 21** December 2018 to
11%" February 2019 with the loss of some data.
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5. ANALYSIS OF FIELD MEASUREMENTS

5.1. Enhanced Frequency Domain Decomposition

Frequency domain decomposition (FDD) method is one of the automated oper-
ational modal analysis methods to obtain frequencies and mode shapes of structures

with high reliability; however, no modal damping can be calculated.

In the FDD method, the main idea depends on the relation between input and
output power spectral density (PSD), shown in the Formula 5.1

Gy (w) = H(w)Gyg (w)H(w)" (5.1)

where G, (w) and G,,(w) are output and input PSD matrices, H(w) is the frequency

response function (FRF) matrix, and *T

is transpose.
Therefore, the power spectral density matrix of output signals at discrete fre-
quencies is calculated firstly. Then, singular value decomposition (SVD) of the PSD

matrices is performed, which is shown in the Formula 5.2 [43].

G, (w;) = U;S; V] (5.2)

where G, (w;) is output PSD matrices, U, is a unitary matrix having singular vectors
u;; and S; is a diagonal matrix having the scalar singular values s;; and V! is the

transpose of a diagonal matrix.

According to the method, each power spectral density (PSD) function is pertinent
to a single degree of freedom of the system. Peaks of the first singular value and its
singular vector show the natural frequency of the system and its approximate mode

shape vector [43,44].
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The summary of the FDD method using five steps has been presented in a study
as reading signals, taking fast Fourier transform of the signals, obtaining PSD matrices,

SVD of the PSD matrices and picking a max singular value and its singular vector [45].

Due to the lack of the FDD method, an improved method is used to estimate
damping ratios, called Enhanced Frequency Domain Decomposition (EFDD) method.
EFDD method depends on taking power spectral density functions back to the time
domain by inverse discrete Fourier transform. Then, damping ratios can be estimated
by different ways such as fitting an exponential curve to the auto-correlation functions
or applying logarithmic decrement technique to such functions [46]. It is well known
that damping estimation is done using free decays or ambient vibration tests frequently,

which can be seen in many studies [47-51].

In this study, EFDD technique is used to obtain frequencies and mode shapes
and to calculate damping ratios. In the EFDD method, exponential curves were fitted
to the auto-correlation functions after taking inverse Fourier transform of the SDOF
power spectral density functions, and damping ratios were calculated from the functions

of the exponential curves.

5.2. Results of Acceleration Data Analysis

Acceleration data obtained from accelerometers, an example was seen in Figure
5.1 for Sensor 4 and 12, have been analyzed by using the EFDD method in MAT-
LAB software. After analyses, power spectral densities for both operational and non-
operational conditions were plotted, and modal parameters of the wind turbine have

been extracted for three bending modes in both wind directions.

Based on the results, firstly, the effects of operating and non-operating conditions
on the dynamic behaviour of the wind turbine will be discussed. Then, the results of the
analyses performed to extract modal parameters of the wind turbine will be presented
based on days. The change in the modal parameters (frequency, damping ratio and

mode shape) will be explained briefly.



Acceleration (g)

Sensor 4

0.02
0.015
0.01

0.005 |

0.005

-0.01

-0.015

Acceleration (g)

-0.02 ' ' ' ' ' '
0 500 1000 1500 2000 2500 3000 3500

time (sec)
Sensor 12

0.03

)
o
—

-0.02 |

-0.03 ' ' ' ' ' ' '
0 500 1000 1500 2000 2500 3000 3500

time (sec)

Figure 5.1. Acceleration Data from Sensor 4 and 12.

28



29

Power spectrum densities under non-operating and operating conditions were
given in Figure 5.2. Comparison of PSD plots showed that the dominance of the first
mode is higher than other modes under non-operating conditions in contrast with the
operating case. Under operating conditions, the second mode is the most dominant
mode and both second and third mode frequencies are lower than the ones under non-
operating conditions. The values of the first mode frequency are the same in both
cases but the amplitude of it is higher under operating conditions. It should be also
stated that in the second mode under operating conditions there are two clear peaks
whereas under non-operating conditions there is only one clear peak. Moreover, there
are some additional peaks in the case of operating however many of them are not about
structural modes. This result can be achieved by looking at the PSD plot for the non-
operating case. The frequencies seen in the non-operating case represent structural
modes. Non-structural peaks appear at 4.29 Hz and 6.54 Hz on average in the first

wind direction, and at 4.31 Hz and 6.34 Hz on average in the second wind direction.

The first three bending mode frequencies in both directions can be seen in Figure
5.3 and Figure 5.4. According to the frequency vs. day plots, it is obvious that the
first mode is almost constant in both wind directions during monitoring of the turbine.
On the other side, the second and third bending mode frequencies show a clear change.
The maximum change in the first, second and third mode frequencies were 18.6%,
8% and 8.3% in the first wind direction and 2.6%, 8.1% and 4% in the second wind
direction. The red plus signs in the figures represent the mean value of the related
parameter. The mean values are slightly higher in the second wind direction than the
ones in the first wind direction except for the first mode, which was tabulated in Table

5.1.
Damping ratios were calculated after fitting an exponential curve to the auto-
correlation functions as presented in Figure 5.5. Then, damping values were extracted

by the help of the Formula 5.3.

y(t) = Ae ¢t (5.3)
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First mode in the 2nd direction
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Figure 5.4. The First Three Bending Mode Frequencies in the Second Wind Direction.



Table 5.1. Mean of Mode Frequencies.

Direction 1

Direction 2

1** mode (Hz) 0.47 0.46
2" mode (Hz) 3.30 3.31
3" mode (H=z) 9.31 9.37

1.5

o
o

acceleration (g)
o

=
o

Figure 5.5. Fitting A Curve to Find A Damping Ratio.
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where £ is damping ratio, f is frequency and A is constant.
Damping values for the first three bending modes in both directions and the

mean values of damping ratios can be seen in Figure 5.6, Figure 5.7 and Table 5.2,

respectively.  Based on the results, it can be concluded that the mean values of

Table 5.2. Mean of Damping Ratios.

Direction 1 | Direction 2
1*" mode (%) 4.36 3.08
2" mode (%) 4.15 4.07
3" mode (%) 2.36 2.25

damping ratios in the first wind direction is slightly higher than the ones in the second
direction. From the first mode to the third mode in the first wind direction, damping
is decreasing. In the second wind direction, the second mode has the highest damping

ratio. Damping ratios are changing in a wide range in both directions.

The last modal parameter which is mode shape will be evaluated by the help of
(Modal Assurance Criterion) MAC values. MAC values chance between 0 and 1. If a
MAC value is near to 1, it means the mode shapes are compatible. The formulation

to calculate a MAC value was given in the Formula 5.4

| ({oe} {s}) I (5.4)

MAC({¢,}, {¢:}) = e} {or D ({ps} {i0s})

where {¢.} and {ps} are two modal vectors and *7 is transpose.

Firstly mode shapes of three bending modes in both directions obtained from all
data files were presented in Figure 5.8 and 5.9 to visualize mode shapes. Also, MAC
values for the first three bending modes in both directions can be seen in Figure 5.10

and Figure 5.11.
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Figure 5.6. Damping Values for the First Three Bending Modes in the First Wind

Direction.
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Figure 5.7. Damping Values for the First Three Bending Modes in the Second Wind

Direction.
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According to the results, MAC values are really near to 1 for almost every mode
in both directions. Only the first 80 days in the first direction represent different
mode shapes by comparison with the mode shapes obtained from the rest of the data.
However, during these days the mode shapes in the second and third modes show high
MAC value. Especially in the second wind direction, even the minimum MAC value is

over 0.94 during the process of monitoring.

5.3. Results of SCADA Data Analysis

SCADA data including wind speed, rotor speed, temperature and nacelle position
were obtained directly from the SCADA system. Firstly, only the change in the SCADA
data on a daily basis was represented in Figure 5.12. This representative figure ensured
that there is an obvious change in these parameters in time. In this point of view, it is

important to evaluate the effects of them on the dynamic behaviour of the turbine.

The effects of SCADA data (wind speed, rotor speed, temperature and nacelle
position) on the modal parameters of the wind turbine can be scrutinized by the help
of comparative plots as given in Figure 5.13, Figure 5.14, Figure 5.15, Figure 5.16,
Figure 5.17, Figure 5.18, Figure 5.19 and Figure 5.20.

Based on the results, the first mode frequency is not affected by any operating
and environmental condition. Wind speed obviously affects the second mode frequency
of the turbine such as the frequency is increasing with increasing wind speed in both
wind directions. The third mode also shows the same trend with the second mode
but the range of change in frequency is much larger. Rotor speed has the same effect
on the frequencies of the turbine. Both second and third frequencies are increasing
with an increase in the rotor speed. Frequencies are not considerably affected by the
change in temperature. Lastly, there is no obvious relation between nacelle position
and frequency in the first and second wind directions. However, the nacelle positioned
in the dominant wind direction and its perpendicular direction which are Direction 1

and Direction 2.
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First Mode Frequency vs. Wind speed
0.55

Frequency (Hz)
o
=y
]

0 5 10 15
Wind speed (m/s)

Second Mode Frequency vs. Wind speed

3.8
£36 ..,
a . [ 1] [ AN ]
c 34 ® ®
[«)] [ ]
£ 3.2 ¢ o .
3 * %
0 5 10 15
Wind speed (m/s)
Third Mode Frequency vs. Wind speed
9.9
= 9.6 o 4 <
I . o; ° .o&.‘zf. g o
>93 . o e e
= '..o * ?.3.".: .‘-'. ‘ ‘
S 9 .'-.';" L
O
v
w 8.7
e ©
8.4
0 5 10 15

Wind speed (m/s)
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First Mode Frequency vs. Wind speed
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Figure 5.14. Frequency vs. Wind Speed in the Second Wind Direction.
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First Mode Frequency vs. Rotor Speed
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Figure 5.15. Frequency vs. Rotor Speed in the First Wind Direction.
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First Mode Frequency vs. Rotor Speed
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First Mode Frequency vs. Temperature
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Figure 5.17. Frequency vs. Temperature in the First Wind Direction.
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First Mode Frequency vs. Temperature
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Figure 5.18. Frequency vs. Temperature in the Second Wind Direction.
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First Mode Frequency vs. Nacelle position
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Figure 5.19. Frequency vs. Nacelle Position in the First Wind Direction.
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First Mode Frequency vs. Nacelle position
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Same plots for damping were presented in Figure 5.21, Figure 5.22, Figure 5.23,
Figure 5.24, Figure 5.25, Figure 5.26, Figure 5.27 and Figure 5.28. Damping is
increasing with an increase in wind speed for the first and third modes whereas there
is a decrease in damping with increasing wind speed for the second mode. Also, the
range of change in damping is decreasing for higher modes. The effect of rotor speed
on damping follows the same trend also. Furthermore, it can be also concluded that
damping has low values if rotor speed is near to zero. Damping is always increasing
with an increase in temperature for all modes in both wind directions. The range of
change in damping is decreasing for higher modes.  Lastly, for the first mode in the
first wind direction, damping has high values at 40° and 210° whereas, in the second
wind direction, damping has a high value at 300°. There is no clear relation between

damping and nacelle position for the other modes.

When the results are investigated all together, it is clear that operational and
environmental conditions have an important effect on the dynamic behaviour of the
wind turbine. An increase in rotor speed which represents one of the operational con-
ditions generally increases the values of frequencies and damping ratios except for the
damping ratio of the second mode. Nacelle position has no clear effects on frequencies.
The results are similar for damping. However, for the first mode nacelle position affects
damping. At 40° and 210°, the damping ratio is high in the first wind direction whereas
damping ratio is high at 300° in the second wind direction. The other parameters which
are wind speed and temperature represent environmental conditions. Wind speed has
the same effect with rotor speed on modal parameters of the turbine. Increasing wind
speed generally increases the frequencies and damping ratios except for the damping
ratio of the second mode. The temperature has no obvious effect on frequencies but
an increase in temperature decreases the damping ratios. There is no clear change in
mode shapes which is the last modal parameter considered. MAC values are really near

to 1, which means the mode shapes are compatible during monitoring of the structure.



First Mode Damping vs. Wind Speed
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First Mode Damping vs. Wind Speed
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Figure 5.22. Damping Ratio vs. Wind Speed in the Second Wind Direction.
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First Mode Damping vs. Rotor Speed
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Figure 5.23. Damping Ratio vs. Rotor Speed in the First Wind Direction.

54



Damping (%)
=
o

10

Damping (%)

Damping (%)
[y N w =~

o

Figure 5.24. Damping Ratio vs. Rotor Speed the Second Wind Direction.

First Mode Damping vs. Rotor Speed

°
°
°
s,
L] o © FYY LA ’
Pe® o0 o IS o
0 10 20 30

Rotor speed (1/min)

Second Mode Damping vs. Rotor Speed

0 10 20 30
Rotor speed (1/min)

Third Mode Damping vs. Rotor Speed

[ ]
[ ‘o, $ e

N P

o ¢ ' % 'Mo".oof °

30 * o . e [T ofe

ee © .ot ¢ ° o

[ ]

0 10 20 30

Rotor speed (1/min)

40

40

40

25



First Mode Damping vs. Temperature
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Figure 5.25. Damping Ratio vs. Temperature in the First Wind Direction.



First Mode Damping vs. Temperature
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Figure 5.26. Damping Ratio vs. Temperature in the Second Wind Direction.
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First Mode Damping vs. Nacelle Position
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Figure 5.27. Damping Ratio vs. Nacelle Position in the First Wind Direction.
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First Mode Damping vs. Nacelle Position
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5.4. Multiple Regression Analysis

In this work, there are three independent variables as wind speed, rotor speed
and temperature, and the relations between these parameters and frequency are linear.
Nacelle position was not considered in this part of the study since a linear relation
between nacelle position and frequency cannot be mentioned. In the case of having
more than one independent variable, multiple regression analysis can be performed.
By the help of this analysis, a regression equation can be created to see the effects of

each parameter on the dependent variable which is frequency.

A general regression equation including three independent variables was given in

the Formula 5.5

y = bix; + boxy + bsxz + ¢ (5.5)

where b, is the slope for x; which is the first independent variable, by is the slope for
X9 which is the second variable, bs is the slope for x3 which is the third independent

variable and c is the intercept point.

In total, 6 regression equations for three modes in two directions were created
after regression analysis in Excel. R square values for each analysis were also obtained
to see the total amount of variance. If R square is closer to 1, it means that the
regression line fits the data better. Significance F was also commented after each
analysis. If this value is less than 0.05, the analysis represents satisfactory results. But
in the other case, a variable with higher P-value than 0.05 is removed and the analysis

is re-performed until reaching a Significance F value which is less than 0.05.

Regression equations in the first (i) and in the second (ii) wind directions were

ordered below for three bending modes.

e Regression equations for the first bending mode

(i) y1=4.28 x 1074 x W + 1.2 x 107® x R + 9.52 x 106 x T + 0.46
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R? =0.013 , SignificanceF = 0.65
(i) y2=5.28 x 1075 x W -2.7x 105 x R + 5.94 x 107 x T' + 0.46
R? =0.0032 , SignificanceF = 0.94

e Regression equations for the second bending mode
(i) y3=4.56 x 1072 x W -1.3x102x R-144x 103 xT + 3.35
R? =0.32 , SignificanceF = 6.28 x 1071
(ii) y4=5.89 x 1072 x W -1.69 x 1072 x R-4.5x10"* x T + 3.33
R? =0.43 , SignificanceF = 2.58 x 1071

e Regression equations for the third bending mode
(i) y5=—5.80 x 1072 x W + 213 x 102 x R-0.8 x 1073 x T + 9.21
R? =0.15 , SignificanceF =1.09 x 10~*
(i) y6=8.7T0 x 1073 x W + 7.09 x 1073 x R + 264 x 102> x T + 9.11
R? =0.29 , SignificanceF = 2.13 x 107

where y is frequency, and W, R and T represent wind speed, rotor speed and

temperature, respectively.

Based on the result, it was shown that for the first mode a regression analysis is
not proper to perform due to very low R square and high Significance F' values whereas
the second and third modes give satisfactory results. According to the theory of the
analysis, removing an independent variable with higher P-value than 0.05 can help
to decrease Significance F' value under 0.05. However, even removing all independent
variables for the first mode did not reduce the Significance F value due to very low

relation between frequency and other parameters.

The effects of environmental and operational conditions on frequencies can be
more coherent, thereby representing comparative plots with and without them. There-
fore, frequency plots depending on days with and without effects were shown in Figures

5.29, 5.30, 5.31 and 5.32 for the second and third modes in both directions.



with effects

3.8
36 o , . s
g &
c 3.4 ®
o ® Peoeo_Wn ol
35, | LAWY, - ,":f
- 3 o o |® °

0 50 100 150
Days
without effects
3.8

w
o

’? * o . ." oo

w
()

Frequency (Hz)
w
ey

w

0 50 100 150
Days

Figure 5.29. Second Mode Frequencies in the First Direction.

62



with effects

@ oo - v'owa-
VN oo oM .,o,-

W oW oW w
w B~ U1 O

Frequency (Hz)

w W
BN

0 50 100 150
Days

without effects
3.6
E 3.5
g; 3.4 o
v o,
‘%3_3 ? ) “ M w
& 3.2
3.1
0 50 100 150

Days

Figure 5.30. Second Mode Frequencies in the Second Direction.

63



with effects

9.8
~N 96 ° o0
T S °
:94 o 0o ©® ....ﬂ.“..&' LS
(@) [ % ®
S T ‘®. o * . .‘...00.

9.2 ® ®e '9 &g ® "
qg; .} .% ® > 0... ™ : ®
s 9

8.8

0 50 100 150
Days
without effects

9.8
E 9.6
‘Z; 94

; ee ..W.MU , '.i

$9.2 o ® %% .
2 « & e
Q
& 9

8.8

0 50 100 150
Days

Figure 5.31. Third Mode Frequencies in the First Direction.

64



with effects

9.8
N 96 ® oa® %%
T (]
Soa T W P TR R

[ ]

39, 2 ML S o onp ofe o
o L) & ‘. [ ] L Y
E 9 L3 B ) ° e

8.8

0 50 100 150
Days
without effects

9.8
N 96
=0 ‘e® D Moo
> 9.4 °03:°%" s 0" S e o S
E #... ..J-Ms:ﬁ. ‘;"o
5 9.2 ¢ 'Y ] °
O
2 9

8.8

0 50 100 150

Days

Figure 5.32. Third Mode Frequencies in the Second Direction.

65



66

It is obvious that in the first wind direction the effects of all parameters on
the turbine’s modes are more important than the ones in the second wind direction.
However, it is inevitable to indicate for both wind directions that operational and
environmental conditions change the modal properties of the turbine to some extent
and removing the effects of these parameters on the turbine results in more consistent

frequency values.
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6. FINITE ELEMENT MODEL (FEM) VERIFICATION

There are many uncertainties based on materials or human factors during the
construction of a structure essentially. Also, environmental factors might affect many
parameters unexpectedly. Therefore, modelling a structure depending on its technical
drawings only in a software is not able to present the real behaviour of the structure.
On the other hand, real-time measurements show real behaviour clearly. Therefore,
the results obtained from real-time measurements are used to verify the model of the
structure. This model of the structure can be used for many engineering aims at the

rest of its service life.

In this study, after creating a finite element model of the tower in SAP2000
software based on technical drawings and specifications, the FE model of the wind
tower has been verified based on modal parameters obtained from the analysis of in-
situ measurements. FEM Verification was performed by considering the boundary
condition of the tower. Then, the comparison of frequencies and mode shapes obtained

from the model and measurements were presented.

6.1. FEM of the Wind Turbine

The wind turbine tower has been modelled in SAP2000 software with 10 finite
elements. Wall thickness of the steel tower is changing among the tower however it is
constant for each element. Also, the length of each element and the diameter of the
tower are changing. For diameter, the average of minimum and maximum diameters
has been considered for the elements. The wall thickness, length and diameter of
the elements have been obtained from specifications for Enercon E-44 turbine. All

quantities to model the tower can be seen in Table 6.1.

The total mass of the rotor and nacelle was assigned to the top of the tower
with an eccentricity. Total mass and eccentricity have been obtained from technical

specifications and drawings of Enercon E-44 turbine, which are 33.2 tons and 1.52 m
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Table 6.1. Modelling Quantities.

Elements | Length(mm) | Diameter(mm) | Wall Thickness(mm)
1 5610 3197 24
2 2700 3046 20
3 8720 2838 18
4 2920 2626 18
5 14080 2316 16
6 2820 2007 16
7 7200 1825 14
8 4870 1604 12
9 2470 1470 14
10 2560 1379 16

in horizontal and 0.85 m in vertical directions. Massless fictitious elements were used

to make the connection between the tower and the total mass.

After the design of the superstructure, the boundary condition of the tower has
been considered in the scope of FEM verification. Normally, foundation reports and
drawings show that at foundation there are 26 reinforced concrete piles. However,
the piles will not be modelled in this work. Firstly, the tower with a fixed base was
modelled in SAP2000. Then, global springs including two translational and rotational
springs in two perpendicular directions and one vertical spring were added to the base
of the tower to represent the behaviour of piles and soil together and to verify the

model. These two models were shown in Figure 6.1.

Spring parameters have been taken from the previous work done for the same
wind turbine [52]. In this study, thereby obtaining load-deformation relationships
by static nonlinear pushover analysis the springs’ constants were determined. These

relationships were given in Figure 6.2, 6.3 and 6.4.



Figure 6.1. FE Model with A Fixed Base (left) and with Global Springs (right).
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6.2. FEM Verification Results

Dynamic behaviour of the turbine has been evaluated to discuss the similarities
between the model with global springs and measurements to verify the model. Firstly,
frequencies of the first three modes obtained from the models and measurements were

given in Table 6.2.

Table 6.2. Mode Frequencies.

DIRECTION 1
MODE INITIAL | FINAL | MEASUREMENTS
MODEL | MODEL
1t Mode (Hz) |  0.54 0.47 0.47
2" Mode (Hz) | 3.82 3.08 3.30
3" Mode (Hz) | 10.33 8.35 9.31
DIRECTION 2
MODE INITIAL | FINAL | MEASUREMENTS
MODEL | MODEL
1t Mode (Hz) |  0.54 0.47 0.46
2" Mode (Hz) | 3.87 3.12 3.31
3" Mode (Hz) | 10.59 8.53 9.37

Results of the modal analysis showed that there are considerable differences be-
tween frequencies obtained from the initial model and measurements, especially for the
first mode. However, adding global springs to the base of the turbine decreases the
frequencies. New results are matching with measurements. However, there are little

differences which are changing in the range of 2-12% for different modes.

Mode shapes obtained from both models and measurements have been also com-
pared in Figures 6.5 and 6.6 for both wind directions. The related figures showed that

all mode shapes obtained from the models and measurements show similar behaviour.
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To show this similarity mathematically, MAC values were presented in Table 6.3.

Table 6.3. MAC Values.

MODE TYPE OF COMPARISON DIR. 1 | DIR. 2
1% Mode | INITIAL MODEL VS. MEASUREMENT 0.95 0.95
FINAL MODEL VS. MEASUREMENT 0.97 0.96
24 Mode | INITIAL MODEL VS. MEASUREMENT 0.64 0.89
FINAL MODEL VS. MEASUREMENT 0.77 0.80
3"4 Mode | INITIAL MODEL VS. MEASUREMENT 0.77 0.90
FINAL MODEL VS. MEASUREMENT 0.68 0.91

The turbine normally includes 26 reinforced concrete piles with known properties
at the foundation. The properties of soil were also known; however, neither piles nor
soil was modelled in this study. Only global springs were used to represent both soil
and piles’ behaviour. Therefore, the difference between the final model and the real
behaviour of the turbine was expected. In the case of modelling soil and piles under
the turbine in detail, more accurate results can be obtained. However, there is still
high accuracy between mode frequencies and mode shapes obtained from the model

and measurements.

It is expected that the presence of piles under the wind turbine brings in more
rigid behaviour. Therefore, mode frequencies of the turbine would increase in the final
model if piles are modelled instead of using global springs only. To model a soil section
under the tower would also affect the results. All possibilities might be considered to

update the finite element model; however, it is out of scope for this work.
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7. CONCLUSION

In this study, a 900 kW onshore wind turbine in Kilyos, Istanbul has been mon-
itored for almost 1 year to scrutinize the effects of environmental and operational
conditions on the dynamic behaviour of the wind turbine. A data acquisition system
was arranged connecting twelve accelerometers instrumented on the inner wall of the
turbine. Enhanced Frequency Domain Decomposition method was used for the anal-
yses in order to extract modal parameters of the turbine. The differences between
operating and non-operating conditions were shown via power spectral density plots.
Also, the SCADA system on the turbine was used to obtain wind speed, rotor speed,
temperature and nacelle position regarding both environmental and operational condi-
tions. The changes in modal parameters which are frequency, damping and mode shape

based on the changes in environmental and operational conditions were discussed.

Furthermore, a finite element model of the turbine was developed in SAP2000
software based on technical specifications and drawings of the turbine. In the model,
10 finite elements having different length, diameter and wall thickness were used. Also,
total mass including rotor and nacelle was applied to the top of the tower with an
eccentricity. All quantities have been taken from technical specifications and drawings
of the turbine and the turbine had a fixed base at the first step. Finite Element Model
(FEM) Verification was based on the boundary condition of the turbine. Instead of
the fixed base, global springs including two translational and rotational springs at two
perpendicular directions and one vertical spring were used at the base in order to

represent soil and piles at the foundation, and to verify the finite element model.

Comparison of operating and non-operating conditions showed that the first mode
was dominant in the non-operating case whereas the second mode was the most dom-
inant mode in operating case. Also, two separated peaks occurred in higher modes
under operating conditions. Furthermore, except three peaks seen in the power spec-
tral density plot for the non-operating case, in the operating case there were some

additional peaks due to the effects of operating conditions on the wind turbine. The
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frequency values seen in both plots showed the structural modes of the turbine. The
mode frequencies were 0.47, 3.30 and 9.31 Hz in the first wind direction and 0.46, 3.31

and 9.37 Hz in the second wind direction.

Based on days, frequencies had variability to some extent. The maximum change
in the first, second and third mode frequencies were 18.6%, 8% and 8.3% in the first
wind direction and 2.6%, 8.1% and 4% in the second wind direction. Analyses showed
that wind speed and rotor speed were the main parameters which affect the mode
frequencies of the tower. The frequency increased with an increase in wind speed and
rotor speed in both directions. Temperature and nacelle position had no clear effect

on mode frequencies of the turbine.

Damping ratios were calculated after fitting exponential curves to auto- correla-
tion functions. It was seen that in the first wind direction damping ratios were higher
than the ones in the second wind direction. Damping ratios were increasing with an
increase in wind speed and rotor speed for the first and third modes. Only the second
mode had a reverse relation. When rotor speed was near to zero, damping ratio had
considerably low values. Temperature also increased damping ratios for all modes.
Also, for the first mode in the first wind direction, damping ratio had high values at

40° and 210° whereas it had a high value at 300° in the second wind direction.

Mode shapes of the turbine have been evaluated based on MAC (Modal Assur-
ance Criterion) values. The results showed that MAC values were very near to 1 in
both wind directions for all modes. Only the first 80 monitoring days in the first di-
rection had different mode shapes than the rest of the data. This difference showed
itself in the first mode especially. In general, there was an obvious consistency in mode
shapes. In this study, two wind directions representing dominant wind direction and
its perpendicular direction (Direction 1 and Direction 2) were considered. Also, sensors
were instrumented on the wind turbine in these directions. Therefore, mode shapes
were obtained considering Direction 1 and Direction 2. Nacelle also significantly posi-
tioned in these directions which means fore-aft and side to side directions. However,

a change in nacelle position results in a change in fore-aft and side to side directions
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which might influence mode shapes. The effect of this change in the nacelle position

on mode shapes was not considered in this thesis.

Multiple regression analysis showed the importance of each parameter on the
dynamic behaviour of the turbine. Regression equations were created for each mode.
However, it was shown that this analysis was not appropriate for the first mode due to
too low R square and too high Significance F values. This mode was less affected by
operational and environmental conditions. When all effects were removed, frequencies

showed less variability.

Lastly, in FEM verification part, it was shown that the final model including
global springs at the base showed similar dynamic behaviour with real behaviour of
the turbine. The frequencies obtained from the final model and in-situ measurements
were matching well. The difference was just changing between 2-12%. However, the
accuracy of the results can be increased, thereby modelling soil and piles under the

turbine in detail.
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