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Abstract

Wind power is one of the most important renewable energy sources due to its vast availability. Wind turbines are the equipment
required to take advantage of the wind energy potential; therefore, a low reliability of these turbines limits the maximum power
obtained from the wind. Different techniques and methodologies have been developed to monitor and detect failures in wind turbi-
nes in order to prevent undesirable conditions due to different operating conditions. This work presents a system designed to detect
failures in wind turbines caused by mechanical vibrations, this system allows to diagnose, online, different structural failures in the
wind turbine through a statistical frequency analysis based on LabView and Matlab. The designed system is validated by online mea-
surements, obtained by 3-axis vibrations sensors in a domestic wind turbine. A graphical interface is developed in LabView in order
to facilitate the online location and isolation of the detected failures.

Keywords: Wind turbine, fault detection, vibration measurements, wind energy, online monitoring.

Resumen

La energfa edlica es una de las fuentes de energia renovable mas importantes debido a su gran disponibilidad. Los aerogeneradores
son el equipo necesario para aprovechar el potencial de la energfa edlica; por lo tanto, una baja confiabilidad de estas turbinas limi-
ta la potencia maxima obtenida del viento. Se han desarrollado diferentes técnicas y metodologias para monitorear y detectar fallas
en aerogeneradores con el fin de evitar condiciones indeseables debido a diferentes condiciones de operacién. Este trabajo presen-
ta un sistema disefiado para detectar fallas en aerogeneradores causadas por vibraciones mecanicas, este sistema permite diagnosti-
car, en linea, diferentes fallas estructurales en la turbina edlica a través de un analisis estadistico de frecuencia basado en LabView y
Matlab. El sistema disenado es validado empleando mediciones en linea, obtenidas por sensores de vibracién de 3 ejes en un aero-
generador doméstico. Una interfaz grafica se desarrolla en LabView para facilitar la ubicacién en linea y el aislamiento de las fallas
detectadas.

Descriptores: Aerogenerador, deteccion de fallas, mediciones de vibracién, energfa eélica, monitoreo en linea.
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VIBRATION ANALYSIS SYSTEM APPLIED TO FAULT DETECTION IN WIND TURBINES

INTRODUCTION

Wind energy is one of the oldest alternative energy sou-
rces used by mankind; this energy is mainly used to
generate electricity through wind turbines. Being a re-
newable and clean energy, wind helps to reduce emis-
sions of greenhouse gases by replacing energy sources
based on fossil fuels, providing green energy.

The wind turbine market has experienced signifi-
cant and steady growth in recent years with the cons-
truction of high-capacity turbines (Chen, 2009), besides
wind turbine operating costs have reduced substantia-
lly, the reliability and availability of this equipment
have been enhanced, and consequently the installed
capacity has been also improved by integrating wind
farms (Malinowski et al., 2015).

The economic use of wind resources requires wind
farms to be installed in remote sites with high average
wind speeds (Ullah, 2005; Kan et al., 2005). The profita-
bility of wind farms depends on many factors, one of
the most important is their adequate operation which
requires a proper maintenance (Yang et al., 2008a y
2008b; Doguer and Strackeljan, 2009; Hassan et al., 2012;
Wang and Jin, 2011).

Diagnosis of incipient faults in mechanical-electri-
cal machines, such as wind turbines, can reduce repair
and maintenance costs, as well as the costs associated
with unscheduled downtime of the power generation
process (Malinowski et al., 2015; Nilsson, 2007; Ye et
al., 2009; Lu et al., 2009). In addition, this diagnosis is
crucial to maintain and improve the wind turbines
efficiency and the power generation process (Baquan,
2011).

The maintenance strategy, reactive, preventive and
predictive, in wind turbines aim the continuous impro-
vement of the production system as well as prolonging
the equipment life, requiring, among other factors, the
constant measurement of mechanical vibrations (Cao et
al., 2012; Tavner and Xiang, 2007). It is well-known that
most of the problems in wind turbines are provoked by
mechanical vibrations (Srinivas, 2004; Zhiqiang et al.,
2009; Fitzgerald et al., 2010).

Considering the traditional predictive techniques,
those based on vibration analysis are the most com-
monly used, allowing to know the status of the equip-
ment and control their availability (Wang et al., 2009).
Hence, there is diverse equipment available that per-
form vibration analysis in wind turbines, such as:
Analyzer Pro 2130, SFK Preditec Analyzer CMVA 65, Pruf-
technik VIBNODE, IDEAR Vibraspec. For instance, VibraS-
PEC enables remote monitoring and diagnostics
because of their ability to enable remote communica-

tion, however, it has a high cost and requires speciali-
zed users to construe the provided information.

In literature, diverse research papers analyze failu-
res caused by different problems in wind turbines, such
as damaged blades, dirt or resonance; the axis also re-
present problems if it is unbalanced, misaligned, unsta-
ble or with curvatures or scratches (Gong and Qiao,
2010).

In Shi (1992) and Liu and Jia, (2004), authors state
that the origin of an imbalance can be derived from se-
veral causes, such as: material deformation, worn parts,
wrong assembly, impacts or detached parts. As for
gears and bearings, faults can arise due to defective
teeth, misalignment, wear and/or instability. Lubrica-
tion, pulsation, cavitation, resonance, design flaws, ex-
ternal noise, and asymmetry of the rotor and stator are
other reasons that can cause failures (Srinivas and Aru-
mugam, 2004; Zhang and Wang, 2010).

The dynamic behavior in the wind turbine, due to
vibration frequencies of the rotating blades, wind turbi-
ne structure and fixed tower, are highly important in
the design stage when the machine is under lateral
loads (Zhigiang et al., 2009; Fitzgerald ef al., 2010). This
is why many researchers have focused on developing
methods for predicting the natural frequencies of vibra-
tion in order to detect failures in the system (Wang and
Wang, 2011; Uys et al., 2007, Malinowski ef al., 2015;
Wang and Jin, 2011).

In recent years, there has been an important impro-
vement in how turbines crucial parameters are monito-
red during their operation.

However, it is still common that measurements
(usually average values) are transmitted through the
SCADA systems to the control room, where engineers
are responsible for analyzing the data to determine an
abnormal behavior. This monitoring system may be
sufficient to detect failures, however, in order to predict
failures in real time, data analysis techniques must be
used (Swiszcz et al., 2008).

This paper presents a system that analyzes mecha-
nical vibrations, online, to perform the early fault detec-
tion and localization in wind turbines. The system
performs the mathematical analysis of the vibration
signals obtained by a 3-axis vibration sensors array,
allowing specifically to determine when and where the
failure occurs, besides, the system displays the infor-
mation in a friendly graphical interface, developed in
LabView, allowing non-specialized personal to unders-
tand the obtained data.

The system is easy to implement due to the low
computational cost required to perform the failure de-
tection tasks. The early fault detection provided by this
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system can allow users to plan preventive maintenance,
extend the life of the wind turbine and improve the sys-
tem efficiency.

SYSTEM DEVELOPMENT

VIBRATION ANALYSIS SYSTEM

The ability to measure and monitor the vibrations of
different systems, such as wind turbines, is important
from a research perspective as well as from industrial
applications such as adaptive control, monitoring, opti-
mizing processes and quality control (Lita, 2005).

Every rotatory machine deteriorates with its use. This
deterioration can be measured and quantified through
the vibrations produced by the turbine. Most of the com-
mercial tools used to analyze vibration signals are based
in piezoelectric transducers and spectral analysis.

The block diagram of the system used in this re-
search work to analyze mechanical vibration signals is
shown in Figure 1. The system was designed in order to
detect failures in domestic wind turbines and it is cons-
tituted by two main components: acquisition and con-
ditioning hardware (DAQ system) and processing
software (Processing & GUI display).

ACQUISITION AND CONDITIONING HARDWARE

The system hardware, presented in Figure 2, is formed
by one retro-reflective sensor, an ADXL 345Z 3-axis vi-
bration-sensor array (3 sensors), XBee transmission and
reception modules and an ATmega microprocessor to
acquire and condition the different signals required to
analyze the wind turbine behavior. The specific wind
turbine used in this work is the Air 30 domestic type.

PROCESSING SOFTWARE
The software interface performs different tasks in the

system, such as: sampling of the signals acquired by the
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Figure 1. Vibration analysis system

hardware stage, data displaying in a graphical user in-
terface (GUI) that allows the user to select between di-
fferent configuration options through a menu, and
signal analysis based on Maltab and LabView proces-
sing software.

HARDWARE IMPLEMENTATION

The selected components of the acquisition and condi-
tioning hardware stage provide the system with the ad-
vantages of versatility, good performance in vibration
analysis and low cost.

The hardware section includes four main parts:
acquisition of rotational frequency and generated vol-
tage in the wind turbine, acquisition of the 3-axis vibra-
tion signals in three different wind turbine parts and
signal conditioning to send data to the GUIL

ROTATIONAL FREQUENCY AND GENERATED
VOLTAGE ACQUISITION STAGE

In order to determine how rotational frequency affects
the wind turbine vibration behavior, as well as to probe
if this frequency is linearly proportional to the voltage
generated by the wind turbine, a retro-reflective sensor
is used.

The retro-reflective sensor uses an infrared LED and
a phototransistor located inside the wind turbine to
avoid external light disturbances and obtain an opti-
mum reflection signal (Figure 3). The generated volta-
ge, as well as the frequency signal are acquired through
the ATmega microprocessor ADC. A 1 kHz sampling
time is selected in order to obtain enough data without
exceeding the microprocessor capabilities.

Obtained measurements demonstrate that in the Air
30 domestic wind turbine the frequency is directly pro-
portional to the generated voltage, so a linear relations-
hip is considered in this paper.

Processing &
Graphic Interface

|
X
|
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Figure 2. Hardware of the vibration analysis system
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Figure 3. Retro-reflective sensor operating principle
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3-AXIS VIBRATION SIGNAL ACQUISITION STAGE

In the signal acquisition stage an ADXL345Z 3-axis vi-
bration-sensor array was used in order to obtain vibra-
tion data to be analyzed by the signal processing stage.
The ADXL345Z sensor functional diagram is presented
in Figure 4.

Three different 3-axis sensors are located in external
and internal parts of the wind turbine in order to obtain
not only the vibration signal related to the chosen loca-
tions, but also the differential correlated signal between
Sensors.

The selected locations were: sensor 1 (VS1) at the
wind turbine CA-CD converter, sensor 2 (VS2) at the
wind turbine housing and sensor 3 (VS3) at the wind
turbine rotor, as can be seen in Figure 5 (Figure 2 zoom
in).

Figure 4. ADXL345Z 3-axis vibration
sensor functional diagram

Figure 6 shows, as an example, the vibration signal
obtained by sensor 1 in the Z axis.

SIGNAL CONDITIONING AND WIRELESS DATA TRANSMISSION

The system consists of an ATmegal68 microprocessor
which collect data from the sensors, gather information
and send it through and XBee RF transmitter module to
the XBee receiver. The microprocessor also has termi-
nals to connect with the retro-reflective sensor to obtain
the rotation frequency, the module has a switch to be
turned off in order to save energy.

SOFTWARE IMPLEMENTATION

Software is divided in two main parts developed in
MATLAB and NI LabView software: graphical user in-
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Figure 5. Vibration sensors location

Figure 6. Vibration signal obtained by
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terface, GUI (graphical display of processed data in a
Windows environment) and processing software
(acquisition and processing of vibration signals from
the wind turbine).

USER INTERFACE SOFTWARE

The user interface software performs the following
functions: Graphical user interface (Figure 7), Options
menu (Figure 8) and Fault Detection and Isolation rou-
tine (Figure 9). The main part of the developed system
corresponds to the Fault Detection and Isolation stage.

Faurt DetecTION AND IsoLaTiON (FDI) sTAGE

The Fault Detection and Isolation (FDI) stage is respon-
sible for acquiring and processing the vibration, volta-
ge and frequency signals to estimate the vibration
amplitude depending on the frequency and the loca-
tion of the fault.

The processing software was developed in Lab-
View, using C as auxiliary language. The first task of

60000 70000

sensor 1 in the Z axis

this software is to determine the failure signature in or-
der to have reference values to determine failures. This
signature determination task is divided into the fo-
llowing stages: Sensor readings and data analysis, fre-
quency ranges determination, average calculation and
failure signature determination.

Figure 10 shows the failure signature determination
block diagram. This diagram includes the acquisition of
the vibrations signals obtained by the 3-axis sensors.
The average values of the vibration measurements are
obtained to be compared to a signature reference value
in order to determine the presence of a failure.

The failure signature reference value is obtained by
analyzing data in order to obtain specific frequency
ranges and specific 3-axis vibration magnitudes corre-
lated to specific failures.

In order to guarantee the adequate processing of the
vibration data a total of 770,000 samples were acquired
during a whole day in order to observe the magnitude
changes in the vibrations signals with respect to tempe-
rature changes on the day, as well as changes in humi-
dity and thereby variations in the air density.
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Figure 8. Graphic user interface, menu
options

Battery Status | Rotation Frequency
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Figure 9. Fault detection and isolation
interface
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There was a clear variation in the air density and
humidity during the day, these changes consequently
affect the air density. Accordingly, there are changes in
the magnitude of the vibration signals corresponding
to density and humidity air changes. The adequate ope-
rating range of the developed system was determined
at 40-42% air humidity and 1.17-1.159 air density.

In order to determine the best processing signal
method for this case of study, three different methods
were analyzed: statistical, FFT (Fast Fourier Transform)
and Wavelets.

STATISTICAL METHOD

The statistical analysis was developed by considering the
following frequency ranges in RPS: 3 - 3.2, 3.3 - 3.6, 3.7 -
39,4-42,43-46,47-49,5-52,53-56,5.7-59. These
ranges were determined by analyzing the best failure dis-
crimination ranges as well as the total frequency range
where the vibrations signals are affected by failures.

Figure 10. Failure signature determination

Different failures were emulated in the wind turbi-
ne in order to obtain the corresponding vibration res-
ponse: broken blade, damaged blade, loose blade, front
cover without left bolt, front cover without upper bolt,
front cover without right bolt, front cover without left
and right bolts, front cover without left and upper bolts,
front cover without upper and right bolts, front cover
without bolt, base without bolts and different combina-
tion of these failures. These failures were selected be-
cause these are the ones that most affect the wind
turbine mechanical vibration.

Through the statistical analysis the average values
corresponding the vibration magnitude of these failu-
res were obtained. The average value, also known as
arithmetic mean, AM, is obtained by (1).

1
AM:EZszlhk (1)
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where N is the total number of samples of the vibration
magnitudes, hk, measured by the system.

As an example, Table 1 presents and extract of the
data corresponding to the vibrations magnitudes mea-
sured in the 3 - 3.2, 3.3 - 3.6 and 3.7 - 3.9 RPS frequency
ranges, by sensor 3 under the broken blade failure.

FFT (FAstT FOURIER TRANSFORM)

A physical process can be described either in the time
domain, by the values of some quantity h as a function of
time ¢, e.g., h(t), or else in the frequency domain, where
the process is specified by giving its amplitude H as a
function of frequency f, that is H(f), with — oo < f<oo.
Both representations are related by means of the Fou-
rier Transform equations, shown in (2).

H(f) = [~ ()" dt
2)

W)= [~ H(f)e dt

%0

Considering a discrete time, the Fourier transform is
calculated through a summation of the discrete function
hk and denominated discrete Fourier transform of the
N points /1,. The DFT is expressed as (3).

H(n) =20 g e ™™ ©

The DFT calculation can be optimized by considering
W as the complex number defined by (4).

w = éi27r/N (4)

Resulting in the Fast Fourier Transform defined as (5)
H(m) =2 & W™ (5)

In this method, the MATLAB FFT tool was used to
analyze the data, samples were obtained with and
without failure at three different hours of the day to de-
monstrate the magnitude variations in the vibration
signals due to the faults, as well as its dependency on
the environmental conditions.

As can be seen in Figure 11, there are magnitude di-
fferences between the vibration signals with and
without failures, however it is hard to notice a correla-
tion among the fault signals during different times of
the day, i.e., the FFT allows to see the magnitude varia-
tions in the vibration signals, but it is difficult to identi-
ty failures and obtain a failure signature.

WAVELETS

The wavelet transform is similar to the Fourier trans-
form (especially to the windowed Fourier transform),
the main difference is that Fourier transform decompo-
ses the signal into sines and cosines, located in Fourier
space, whilst the wavelet transform uses functions loca-

Table 1. Sensor 3. Average vibration magnitude corresponding the broken blade failure. Frequency ranges: 3 — 3.2, 3.3 — 3.6,

3.7 — 3.9RPS
Frequency (RPS)
3-3.2 3.3-3.6 3.7-3.9
x2 yl z1 x2 y2 z2 x3 y3 z3
93.21 196.46 -117.93 94.04 195.27 -117.71 93.94 196.58 -117.06
93.44 194.76 -117.96 93.93 195.37 -117.66 93.47 196.17 -116.83
93.36 195.02 -117.82 93.86 195.54 -117.42 93.25 196.02 -116.76
93.49 194.96 -117.48 93.87 195.55 -117.36 93.42 195.92 -117.01
93.48 194.71 -117.38 93.92 195.59 -117.33 93.31 195.58 -117.11
93.50 194.87 -117.33 93.94 195.09 -117.18 93.31 195.68 -117.11
93.50 194.97 -117.36 93.92 194.98 -117.20 93.38 195.52 -117.07
93.57 195.12 -117.20 93.81 195.09 -117.33 93.47 195.63 -117.15
93.60 195.14 -117.24 93.79 195.02 -117.20 93.53 195.68 -116.96
93.66 194.67 -117.24 93.63 195.18 -117.24 93.53 195.72 -116.96
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‘With Failure: 10am

Figure 11. Vibration signal-Fast Fourier Transform

ted in both, real and Fourier space. The wavelet trans-
form is expressed in (6).

F(a,b)= [ *, f(x)¥,,(x)dx ©)

where * is the complex conjugate and W is a function
chosen arbitrarily to fullfil certain rules.

In this method, the MATLAB wavelet tool was used,
with this tool several tests were performed, at different
hours in the day, to evaluate if the variations in the vi-
brations are present.

Figure 12 and Figurel3 show that this method ob-
tains similar results to the statistical method, i.e., not

80 100
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0 [
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only the variations in the vibration signal magnitude
due to the environmental conditions are appreciated,
but also there are significant differences due to the
failures existence.

The conclusion is that changing weather conditions
produce a significant change in the vibrations of the
wind turbine. Considering the 3 different methods used,
the statistic is the more convenient, due to its easy imple-
mentation and rapid interpretation of data to obtain the
failure signature. The FFT method is more difficult to
implement and the location of the fault is not accurate or
may not be possible. Finally, the wavelets transform
method has significant similarity to the statistic method,
however, given the complexity of the algorithms, this
process is reserved for offline testing only.
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x (801 values) analyzed at level 5 with haar. Components : 1 --> 801
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RESULTS AND DISCUSSION

In order to validate the system, the following steps
were developed: sensor readings, data analysis and
characterization, comparison stage to failure signature
and failure indication. (Figure 14).

The reference value is obtained from a bank that
contains information of the average values of the vibra-
tion magnitudes relative to different failures existing in
specific frequency ranges (Failure signature).

Online testing uses the tool developed in LabView,
considering variations in the magnitudes of the wind
turbine mechanical vibrations, delimiting the operation
under the indicated environmental conditions.

To validate the system online, when a failure is de-
tected, by comparing the measured and the reference
values, if they correspond to a specific failure signature,
this is indicated in the graphical interface, showing the
specific location of the detected failure. Also, the sys-
tem is capable to determine the magnitude of the failu-
re according the magnitude of the vibration signal, if
the failure is not critical it is indicated by a yellow LED
in the graphical interface, otherwise, the LED is red.

The failures used to validate the system were emu-
lated in the wind turbine without implying any physi-
cal damage. A total of 11 individual failures and four

Comparison

to failure

signature

Battery Status | Rotation Frequency

Port Configuration | Sensor 1 | Sensor 2 ‘ Sensor 3

Sensor 1

X - G Force Y - G Force Z - G Force
-0.9477 |0.2575 |-0.0098
Sensor 2 @
X - G Force Y - G Force Z - G Force
0.5101 |0.7523 |0.1294
Sensor 3
| 4
X - G Force Y - G Force Z - G Force
0.37 10.7657 |-0.4587

Failure Detection

Blade failure - Ckeck

failure combinations were emulated. Only these four
combinations were analyzed because they can be une-
quivocally distinguished and indicated by the develo-
ped system.

In this section the results are obtained by the analy-
sis of the measured values and displayed in the graphi-
cal interface. Several test were performed in order to
validate the system, as a performance demonstration
two tests under different failure conditions are presen-
ted in this paper.

ONE FAILURE DETECTION

In this test the failure corresponding to one damaged
blade is emulated. As explained before, the system cal-
culates, online and at the specified frequency ranges,
the average of the vibration magnitudes measured by
the sensors and compares them to the failure signature.

As can be seen in Figure 15, the system detects the
failure adequately and the interface shows that this
failure corresponds to a damaged blade.

As the system also determines the magnitude of the
failure, in this case the indicating LED is yellow, which
means that the fault is not critical but it is necessary to
check and evaluate the importance of the failure in the
blade. Thus, in order to help the user, in the GUI dis-

Failure
indication

Figure 14. System validation stages

Figure 15. One failure detection-Blade
Failure
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plays a suggestion, in this case the message “Check”,
therefore the user can evaluate and decide if it is neces-
sary to replace or repair the blade.

MULTIPLE AND SIMULTANEOUS FAILURES DETECTION

In this case, three different failures are emulated: upper
and left bolts loose and breakage in one blade. As
shown in Figure 16, the system detects adequately mul-
tiple failures, even if they exist simultaneously. The

graphical interface shows that the upper and left cover
screws are loose and that one blade is broken.

In this case the LED indicator light up according to
their severity, indicating that the fault corresponding
the red LED is critical and the user must take the ne-
cessary corrective actions. The suggestions displayed
by the system are: tightening the bolts that hold the
blade, tighten the top and left bolts holding the cover
to the dome of the wind turbine and replace the broken
blade.

Battery Status ‘ Rotation Frequency

Port Configuration ‘ Sensor 1 ’ Sensor 2 ‘ Sensor 3

m Loose blade
Tight cover left bolt

X-GForce Y-GForce Z-G Force Tight cover rigth bolt

Failure Detection

|-0.9451 10.2498 1-0.0086

Sensor 2

X - G Force Y - G Force Z - G Force
|0.4987 10.758 1013

Sensor 3

X - G Force Y - G Force Z - G Force
10.3553 10.7677 1-0.461

Figure 16. Multiple and simultaneous
failures detection

CONCLUSIONS

Based on the field research data, it is verified the in-
fluence of climatic conditions on the mechanical vibra-
tions generated in a domestic wind turbine.

In this work, a system that integrates an analysis
tool with practical applications using commercial ele-
ments of hardware and software, such as sensors, mi-
cro-controllers, PC and programming language is
developed.

The developed system fulfills the main objective of
providing an option to perform effective faults diagno-
sis and isolation through a mechanical vibration analy-
sis in wind turbines.

According to the obtained results in different tests,
the system presents a good performance to determine
failures due to mechanical vibrations on domestic wind
turbines, even at variable frequencies and significant
frequency variations, making it a useful tool for
analyzing accelerated processes. Also, it is a versatile

tool, as it features software and hardware easily modi-
fied by the user depending on the application.

The graphical interface provides enough informa-
tion to perform further analysis if necessary for trou-
bleshooting. This project integrates a statistical
algorithm for detecting faults in a wind turbine by pro-
cessing mechanical vibration signals, allowing the user
to know the functionality of this technique and suggest
specific tasks according to the detected failure.
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