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Abstract: Wind turbine blades are constantly submitted to different types of particles such as dirt, ice,
etc., as well as all the different environmental parameters that affect the behaviour and efficiency of the
energy generation system. These parameters can cause faults to the wind turbine blades, modifying
their behaviour due, for example, to the turbulence. A new method is presented in this paper based
on cross-correlations to determine the presence of delamination in the blades. The experiments were
conducted in two real wind turbine blades to analyse the fault and non-fault blades using ultrasonic
guided waves. Finally, the energy analysis of the signal based on wavelet transforms allowed to
determine energies abrupt changes in the correlation of the signals and to locate the faults.

Keywords: fault detection and diagnosis; wavelet transforms; non-destructive tests; guided waves;
wind turbine blade

1. Introduction

Wind energy is a growing renewable energy due to greater heights and powers of current wind
turbines, with new and moderns installations [1]. It is expected new installations, with more than
55 GW every year until 2023 for onshore and offshore (Figure 1) [2]. Offshore installations are increasing
its capacity with the associated technical issues in installation and maintenance. It is predicted to reach
2182 TW by 2030.

A wind turbine is composed of several subsystems, transforming wind energy into electric
energy [3]. The wind induces the movement into the wind turbine blades (WTBs), and the main shaft
transmits the mechanical energy into the gearbox. The main shaft is supported by bearings and it is
connected to the generator. Different subsystems are designed for supporting the normal behaviour of
the wind turbine, e.g., the meteorological unit, for controlling the pitch and brake systems. Wind farms
are located in remote areas under the severe weather conditions and, consequently, each wind turbine
presents problems related to ice and snow deposition on the WTBs, breakage of WTBs by impact of
objects, etc. [4,5]. The wind turbine rotor, electrical devices, plant control system, hydraulic and sensors
have more than 50% of total failures [6,7].

The maintenance operations have high costs, risks for workers, and energy production losses due
to downtimes [8]. The wind turbine operation and maintenance (O&M) costs are between 10-25%
of the total costs [9]. The efficiency and security of O&M activities are reduced due to the working
conditions, and novel failure prediction techniques are required to avoid downtimes and increasing
the reliability of the installations [10].
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Figure 1. Wind energy capacity and projection. Data from Council, G.W.E. Global wind report [2].

In recent years, there is an important evolution in designs, materials, mechanical electronic,
electrical and control of wind turbines [11]. The short-term objective of renewable energies is to
increase their participation in total energy production. It is necessary to improve productivity
and profitability [1,12]. The new advances in renewable energy technologies lead to this industry
to be more competitive in the energy market by reducing the operation and maintenance costs.
The industry requires also to improve the reliability, availability, maintainability and safety of the
systems [13]. Novel technological solutions are needed to increase the competitiveness based on the
maintenance cost reduction for ensuring the efficient positioning of this technology in the energy
market [14]. The improvement in the maintenance management operations will help to reach the
competitiveness in wind power in terms of reliability, lifetime and availability [15]. Other key factor
for the evolution of an industry is the cost reduction and the system efficiency by new strategies based
on advance analytics [16,17], for example, the optimization of maintenance resources or the correct
use of them [18,19]. Maintenance management is considered as transcendental to improve the benefit
margin [20].

The wind farm maintenance management is also complex due to the machine locations and
meteorological conditions [21]. These preventive and corrective works are done over the time [22,23],
but they are expensive and generate risk for the operators, working in high altitude. The generation
of false alarm or deceptive signals of the monitorization system is being a fundamental issue in the
management [24-26].

WTB are generally made with sandwich materials that are introduced inside its structure.
These materials are based on composite skins, with the core being composed of lightweight and
isotropic materials. The WTBs need to be designed according to their complexity with low weight and
good mechanical properties. The WTBs must have a high resistance to fatigue, wear and tear, as well
as low thermal expansion and conductivity. The WTBs are considered one of the essential components,
which are subject to heavy loads and weather conditions. The WTB failures are expensive, and they
can damage other WTBs or other parts of the wind turbine. It has been demonstrated that efficient
non-destructive tests (NDT) processes should increase the WTB life cycle and reduce the probability
of failure occurrence. The composite material is formed by long fibres that are set within a matrix,
which is responsible of binding the fabrics. The composite materials depend on the order in which the
fibres are stacked, the orientation, as well as their own physical properties. The sandwich structures
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are made up by two outer coatings covering a lightweight material called the core. They are designed
to provide high rigidity whilst being lightweight. The core function is to prevent undesired movement
of the outer coatings and has higher thickness and lower density compared to them.

The main interest in maintenance management is being able to employ a condition monitoring
system (CMS) capable to predict failures [27,28]. The wind turbine components are exposed to physical
efforts such as stress or compression, and chemical or environmental conditions such as erosion or
surface degeneration [29]. They can facilitate the appearance of mechanical, electrical and structural
failures [30]. It needs a correct maintenance plan and CMS to prevent almost the main failures [31].

CMS by ultrasonic guided waves is essential for the maintenance management of WTB. This system
needs computing systems for continuous supervision of the main parameters to determine the condition.
To achieve a correct CMS, it is required: Data acquisition: reading the physical behaviour and to
convert it in a digital format to be computerized; Data processing: conversion of digital data into useful
information about the condition of the WTB; Detection: determining whether the condition indicators
are “normal” or “abnormal” by pattern recognition or signal processing; Diagnosis: setting the location
and the severity of the fault in the WIB; Prognosis: analysing the life cycle of the fault before a failure
and maintain the WTB functionality before replacement; Maintenance Management: to set what are
the maintenance and correction actions to be taken and the way how they should be achieved.

Ultrasonic guided waves are employed in this paper as NDT for the WTB. They are considered
to guarantee the operability of WIBs. There are different methods and algorithms that have been
developed to monitor the condition of WTBs that use guided waves. Other NDT methods used in
WTBs are, for example, radiography, optics, thermography and acoustics.

The tests have been designed in this paper in order to detect delamination in a real WTB.
Delamination in WTBs is a structural issue that increase downtimes and costs. It consists in
the separation of layers of the WTB, knowing that the WTB is made from composite materials.
This separation produces points within the WTB of stress concentration, i.e., these areas are working
with more traction and compression forces under normal working conditions. It would lead to cracks,
and, therefore, partial or total failure in the WTB. The early detection of this phenomena is needed
to prevent failures/faults in the WTB. This paper proposed ultrasonic guided waves to measure the
WTB condition.

A novel approach that uses correlation analysis between a real damaged and undamaged WTB is
employed for pattern recognition. The diagnosis is performed by wavelet transforms. The approach
leads to detect and diagnosis faults, such as delamination, with a high accuracy.

2. Ultrasonic Testing Applied for CMS in WTBs

2.1. Non-Destructive Testing

NDT consists of non-invasive inspection techniques that are used to analyse the condition of
the component studied. The techniques are also utilized to detect faults, e.g., corrosion or cracks.
NDT is a safe, reliable and cost-effective inspection method of the components without damaging
the part to be examined. The NDT may be carried out during or after the manufacturing process.
In the case of manufacturing, inspections can determine if the parts tested are suitable for a desired
function. NDT inspections can also be used to assess the current condition of equipment with faults,
or to monitor any faulty parts. It allows decisions based on the information to optimize maintenance
and to evaluate the remaining useful life of the equipment.

2.2. Ultrasonic Testing

Ultrasonic Testing is a technique that uses high frequency sound energy to do experiments and
make measurements. Common uses for the ultrasonic inspection are in fault detection, dimensional
measurements, the characterization of materials, etc. Ultrasonic inspection system consists of devices
with a pulser and a receiver, which is able to produce high electrical voltage pulses to the transducers.
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The transducer generates high frequency ultrasonic energy that is induced and propagated in the form
of waves through the material. In the case of detecting a fault within the material, e.g., a crack in the
wave path, part of the signal energy will be reflected from the fault within the material. The reflected
wave signal is transformed into an electrical signal by the transducer that is sent to a computer to be
analysed. This technique has the origin with the sound waves through water, where it was observed
the reflected echoes to characterize submerged objects.

2.3. Long Range Ultrasonic Testing

Long Range Ultrasonic Testing (LRUT) is a cutting-edge NDT technique that is used for studying
large volumes of material from a single test point. It leads to reduce the time needed to carry out
multiple tests. LRUT does not require the existence of couplant gels or liquids between the transducers
and the tested surface. Therefore, this technique is widely used in pipeline and plates inspections for
corrosion and other fault types. The LRUT working procedure consists of fixing the transducer and
generating a set of low frequency guided waves. The waves are then reflected back to the transducer
whenever they reach a variation in the thickness of the wall of the plate or pipe, which would indicate
the existence of corrosion, metal loss or other faults mechanisms. The LRUT has been employed
because: it is sensitive to surface and subsurface discontinuities; it has high depth penetration for
fault detection; it presents good accuracy for finding the reflector position, size and shape in the tested
material; it requires a minimal preparation needed for testing; it gives results in real time; and the
equipment is portable.

3. Case Study and Results

Two identical real WIBs have been employed in the experiments. One WTB has induced a set of
delamination in the manufacturing process. The WTB has been inspected by placing the transmitter
transducer on the tip and placing the transducer receiver every 100 mm along the length of the WTB.
Figure 2 illustrates the WTBs on which the non-destructive tests have been conducted.

-
Damaged

Figure 2. Wind turbine blades (WTBs) with delamination and without delamination in which the
guided ultrasound wave tests were applied.

This is performed on both WTBs in order to analyse them completely. The WIBs have a length of
4000 mm and they have a honeycomb core within them.

The method employed to collect the ultrasonic signals is pitch and catch. The transducers used
were Macro Fibre Composites (MFC) [14,32], specifically, the model M2814-P1 from Smart Material,
and they were attached on the surface. A transducer serving as transmitter is located on the tip of the
WTB. The position of the transmitter does not change, while the receiver is placed at different distances
along the WTB (Figure 3). The first position of the receiver is 100 mm from the transmitter, and the
experiments were done increasing the distance 100 mm until 3800 mm (38 different locations). d in
Figure 3 is the distance between the transmitter and the sensor.
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Figure 3. Location of the transducers along the WTB.

The signal generated by the transducer was a five cycles sinusoidal shaped signal, modulated by

a Hanning window. At each position, a frequency sweep was deployed from 10 kHz to 100 kHz, with
steps of 5 kHz, but only 50 kHz frequencies were selected because they had the best signal to noise
ratio for this material. The aim of this work is to find evidence in the signal that may determine that
there is a defect in the WTB, analysing the guided waves that travel through the faults.

The 50 kHz signals of the 38 distances were pooled to analyse the correlation between them.

Figure 4 shows the location of the sandwich and faults locations that have been induced in the
damaged WTB.
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Figure 4. Defect locations in the faulty WTB. A, B and C areas are the disbonds between the honeycomb
and the skin.

The approach is based on the following steps:

Firstly, an autocorrelation is performed between each pair of adjacent signals, for example, the
first pair are those that are located to 100 and 200 mm from the tip, the next pair are 200 and
300 mm from the tip, etc. If there are no faults on the WTBs, the shape of the contiguous signals
will be almost the same and with a high correlation. However, if between two adjacent signals
there is a delamination that modifies the shape of the ultrasonic wave, then there will be a lower
correlation between the signals. It will indicate the possibility of the existence of a defect in the
WTB. This procedure has been performed for both the healthy and the faulty WTB.

Secondly, a new cross correlation was made between the signals obtained in the previous section
to study the results between both WTBs. Every WTB is analysed together with WTB free of
faults and, if the correlation between both areas of the WTB is high, it indicates that the WTB is
healthy. On the contrary, if there is a low correlation between an area and the homologous zone
of the healthy WTB, where it indicates that there is a discontinuity in that area that could be a
delamination defect.
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(3) Finally, the diagnosis of the delamination is done employing wavelet transforms. The energies of
both healthy and unhealthy WTBs are studied together.

The flowchart of the approach is shown in Figure 5.

Cross-correlation
between adjacent
signals

Undamaged
blade

Determine if
there is
delamination

Cross-correlation Energy of Wavelet
for each location Coefficients

Cross-correlation
Damaged blade between adjacent
NEGELS

Figure 5. Approach for delamination detection in WTBs.

3.1. Undamaged WTB

The distance set between the sensors was 100 mm, and 38 acquisitions were made for each WTB.
Four significant signals are shown in Figure 6.
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Figure 6. Cross-correlation between adjacent signals of undamaged WTB: (a) 200-300 mm;
(b) 700-800 mm; (c) 2,300-2,400 mm; and (d) 2,900 and 3,000 mm.

Figure 6a shows the signal obtained between 200 and 300 mm. The signals present a high similarity
due to the absence of any fault. Figure 6b also shows great similarity because of the autocorrelation
signals have been performed on the signals that were acquired at 700 and 800 mm from the tip.
They are located just before the beginning of the sandwich area. This similarity is found by high
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cross-correlation coefficients. The cross-correlation coefficients between the signals at 700 and 800 mm
are even greater than those obtained at the signals collected at 200 and 300 mm from the tip (Figure 6a).
This is due to the signals closest to the transmitter transducer (Figure 6a) are affected by phenomena
inherent in the generation of guided waves, e.g., ringing, that slightly decrease their cross-correlation
coefficients. Figure 6¢ shows that the similarity level presents some differences and loss of energy due
to the inherent imperfections of the WTIB. There are some energy losses due to the attenuation of the
elastic wave. Figure 6d shows that the similarity level is different and presents energy loss because of
the distance travelled by the signals. Nevertheless, the changes in the degree of similarity only occurs
as a consequence of the imperfections within the WTB and not by a fault.

3.2. Damaged WTB

This section presents the main results found analysing damaged WTB. The experiments were
conducted to validate the location and severity of the WTB delamination. Figure 7a shows that the
signals have similar patterns between the healthy and damage WTB because there is not any fault.
Figure 7b is similar to Figure 6b because this location is just before the start of the sandwich, and the
ultrasonic waves have not crossed any delamination zone in any WTB. Figure 7c shows the first defect
within the WTB, being the closest to the WTB tip. It has been detected due to the correlation is less
compared to the WIB without fault. The correlation shown in Figure 7d is lower due to the faults and
the waves are attenuated by the distance travelled.
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Figure 7. Cross-correlation between adjacent signals of damaged WTB: (a) 200-300 mm; (b) 700-800 mm;
(c) 2,300-2,400 mm; and (d) 2,900 and 3,000 mm.
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Figure 8 presents the relative error between the maximum of each correlation according to the
position of the sensor in the WTB. The maximum relative error is found where the first fault is located.

Relative error between fault

and undamaged WTB

16
14
12

N B O 00

0

-2 1030 50 70 90 110 130 150 170 190 210 230 250 270 290 310 330 350 370

Distance between the sensors and the WTB tip in centimeters

Figure 8. Relative error between damaged and undamaged WTB for each location of the sensor.

3.3. Cross-Correlation between Healthy and Damaged WTBs

The autocorrelation of each pair of signals is analysed together with the damage and undamaged
WTB. The attenuation effect is partially eliminated, since each pair of signals is compared between
both WTBs. Figure 9 presents the main results.
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Figure 9. Cross-correlation between undamaged and damaged WTB: (a) 200-300 mm; (b) at 700-800 mm;
(c) at 2,300-2,400 mm; and (d) 2,900-3,000 mm.
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Figure 9a shows a high similarity because the WTB areas studied are free of faults. It is found
in the experiments where there is not faults. The signals presented in Figure 9b are related to the
beginning of the sandwich in both WTBs, where they are similar because of the sandwich properties
are the same in both WTBs. Figure 9c shows the signals where the first defect is located, being the
correlation lower due to the delamination. Figure 9d is related to the second fault, being lower than
the signals showed in Figure 9c.

3.4. Energy Analysis by Wavelet Transforms

The graphic representation is not useful for a deep study of an acoustic characterization [33].
For this reason, it is necessary to support this work with a mathematical treatment. The acoustic is a
non-periodic deterministic signal, characterized with a sinusoidal pulse and defined by wavelength,
amplitude, frequency. The acoustic signal can be analysed mathematically in time-frequency [34],
therefore, the signal analysis can be studied by mathematical tools such as Fourier Transform (FT) [35,36].
The advantages of the wavelet transform prove that this technique is efficient for acoustic signals [37].

It is defined by Equation (1).
S(t,a) = fms(t)i‘f*(t_—T)dt (1)
' —co0 va \ a

The conjugate of the mother wavelet ¥* is obtained, moved and scaled point to point to detect the
levels of contrast of the signal s(t), being f(t) the digitized signal in the time domain, a = {/f (a # 0) the
magnitude factor or delay of the wavelet, with fj as central frequency and 7 the translation in time [38].
Another common expression in acoustic representation is a frequency domain spectrum to study the
frequency distribution range of the signal [39].

The wavelet transform is employed to obtain the signal energy decomposition divided in levels
with the pyramidal algorithm and the decomposition tree. This method is employed for acoustics
characterization and filtering [14,40]. There are various wavelet transforms modes, e.g., discrete or
continuous [32,41]. The choice of the wavelet family is imposed by the characteristics of the signal
and the nature of the application, being Dauchebies family one of the most used in the acoustic signal
processing [42,43].

Signals are divided, therefore, into low frequency approximations (A) and high frequency details
(D), where the sum of A and D is always equal to the original signal. The division is done using low
pass and high pass filters. In order to reduce the computational and mathematical costs due to the data
duplication, a sub-sampling is usually implemented, containing the half of the collected information
from A and D without losing information.

In the case of the multi-level filters, they repeat the filtering process with the output signals from
the previous level. This leads to the wavelet decomposition trees (Figure 10). Additional information
is obtained by filtering at each level. However, more decompositions levels do not always mean
more accurate results. References [44,45] show more details about the decomposition level using
wavelet transform.

The objective of the signal pre-processing is to extract the most important information of the
original signal before carrying out the signal de-noising. It generates new signals adjusted for the
application of filters, providing more robust results and greater similarity between signals obtained
under different conditions.

The energy of the signals has been calculated by wavelet transforms. The energies have been
employed to study the severity of the faults. Figure 11 shows that there is a high correlation between
the signals obtained from the WTBs in the first two areas analysed. However, when the ultrasonic
waves reach the location of the first fault in the damaged WTB, the correlation between the healthy
WTB and the damaged WTB decreases and, therefore, decreases its energy.
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Figure 11. Evolution of energy throughout the WTBs.

The accuracy of the results has been calculated analysing them with the real scenarios according
to ISO 5725-1. It has been estimated as 92%, because in certain cases the fault detection was not
clear enough.

It cannot be concluded that it can be applied to WTBs in operations because it has not been tested.
Nevertheless, the results have been validated in cases where they are pre-installed.

4. Conclusions

Wind turbine blades are submitted to severe mechanical and environment conditions and, therefore,
they present a high failure rate and downtimes by faults/failures. Novel and robust maintenance
procedures are required. This paper presents a condition monitoring system based on ultrasonic
guided waves to study the structure heath monitoring. A guided wave inspection has been conducted
from the tip of the blades, acquiring the signals every 100 mm. The approach is based on correlations
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analysis between a damaged and undamaged real wind turbine blades. Finally, the diagnosis is done
by wavelet transforms. The main conclusions are:

e  The approach leads to detect and diagnose faults such as delamination with a high accuracy.

e  The autocorrelation of each pair of signals is analysed together with the damage and undamaged
wind turbine blade. The attenuation effect is partially eliminated because of each pair of signals is
compared between both blades.

e  The pattern recognition presents a high correlation when a fault is not found. On the other side,
the correlation found is lower when a delamination is found.

e  The wavelet transform is employed to obtain the signal energy decomposition divided in levels
with the pyramidal algorithm and the decomposition tree.

e  The choice of the wavelet family was Dauchebies family due to they provide accuracy results in
the acoustic signal processing.

e The energies have been employed to study the severity of the faults.

e  The accuracy of the results has been calculated analysing them with the real scenarios. It has been
estimated as 92%, due to certain cases not having a clear enough fault detection.
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