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Abstract: In recent years, wind turbines have shown a maximization trend. However, most of the
wind turbine blades operate in areas with a relatively poor natural environment. The stability, safety,
and reliability of blade operation are facing many challenges. Therefore, it is of great significance to
monitor the structural health of wind turbine blades to avoid the failure of wind turbine outages and
reduce maintenance costs. This paper reviews the commonly observed types of damage and damage
detection methods of wind turbine blades. First of all, a comprehensive summary of the common
embryonic damage, leading edge erosion, micro-cracking, fiber defects, and coating defects damage.
Secondly, three fault diagnosis methods of wind turbine blades, including nondestructive testing
(NDT), supervisory control and data acquisition (SCADA), and vibration signal-based fault diagnosis,
are introduced. The working principles, advantages, disadvantages, and development status of
nondestructive testing methods are analyzed and summarized. Finally, the future development trend
of wind turbine blade detection and diagnosis technology is discussed. This paper can guide the use
of technical means in the actual detection of wind turbine blades. In addition, the research prospect
of fault diagnosis technology can be understood.

Keywords: wind turbine blades; the germination stage of damage; fault diagnosis; non-destructive in-
spection

1. Introduction

At present, as primary energy such as oil, coal, and natural gas are gradually consumed,
the energy crisis and environmental problems are becoming increasingly serious [1]. To
balance and eliminate carbon dioxide emissions, many economies have set targets for
carbon peaking and carbon neutrality, including 124 countries committing to achieving
carbon neutrality by 2050 or 2060 as of February 2021 [2]. As one of the most commonly
used renewable and clean energies, the development and utilization of wind energy play a
key role in carbon neutralization [3-5]. By 2021, the world’s newly installed capacity of
wind energy reached 88 GW, and by 2050, wind and solar power are expected to account
for about 70 percent of the global power supply [6,7]. As the installed capacity of wind
power increases, the number of wind turbine failures also shows an increasing trend. As
shown in Figure 1, by September 2021, there had been a total of 3093 accidents reported [8].
As one of the key components of the wind turbine, the wind turbine blade (WTB) has
growing requirements for a safe, stable and sustainable operation environment with its size
increasing [9,10]. Onshore wind turbine operational and maintenance costs account for
5-10% of power generation costs, even 25-30% at sea [11]. Therefore, reducing operation
and maintenance costs are very important for the healthy development of wind turbines.
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Figure 1. Statistics of wind turbine accidents recorded since 1996 [8].

The main reasons for the damage failure of wind turbines come from two aspects. On
the one hand, it is a poor natural environmental factor, and on the other hand, it is a human
factor. For example, improper operation in the manufacture, transportation, process, and
maintenance of wind turbines causes damage to them. Identically, wind turbine blades
are usually located in areas with a relatively poor natural environment, which is prone to
damage and failure. The germination stage of damage needs to be paid enough attention
to. The slow accumulation of micro-damage may cause serious damage, which directly
affects the efficiency of wind turbine power generation. More seriously, it will lead to
wind turbine shutdown or even collapse, resulting in catastrophic consequences [12]. The
detection and diagnosis of wind turbine blades conducted in time at the germination stage
of microscopic damage can lower the probability of failure and prolong the service life of
wind turbines. Therefore, in order to ensure the normal operation of wind turbine blades,
it is of great significance to realize the structural health monitoring (SHM) of the wind
turbine blade monitoring system. The most successful application of SHM technology is
condition monitoring (CM) for rotating machinery [13]. CM has become an important part
of the wind turbine system. However, SHM technology for blade health monitoring is still
in the development stage.

There are three types of diagnosis methods of wind turbine blade damage: the non-
destructive testing (NDT) technology of blades, the supervisory control and data acquisition
(SCADA)-based method, and the vibration signal-based method. In recent years, NDT has
been widely used in wind turbine blade fault diagnosis [14,15]. Li et al. [16] reviewed the
latest research progress on wind turbine blade damage detection, mainly including four
detection methods, transmittance function, wave propagation, impedance, and vibration
method. In further research, Yang et al. [17] comprehensively analyzed the advantages and
limitations of common damage types and the NDT of wind turbine blades and predicted
the development trend of WTB detection. Furthermore, Fausto et al. [18] summarized
the application of nondestructive testing methods and monitoring technology in SHM. In
order to avoid the failure of wind turbine blades, in addition to the application of NDT,
the condition monitoring system (CMS) is also installed on the wind turbine blades. The
real-time signal collected by sensors and electronic equipment can be combined with the
SCADA parameters to accurately monitor the operation state of the wind turbine blade
and realize the intelligent and digital monitoring of the wind turbine blade [19]. Igba
et al. [20] proposed a common approach to CMS for wind turbines (WTs) to meet the
requirements of lifetime engineering services (TES). While the intelligent monitoring of
CMS is realized, accurate fault identification becomes the research focus. Koitz et al. [21]
developed an efficient and accurate fault identification program for improving WTs fault
detection, location, and maintenance to solve the problems of monitoring error and false
alarms in CMS. The fault diagnosis of wind turbine blades based on vibration signals can
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not only be applied to wind turbine blades but also the entire wind turbine. Studying noise
removal is also the focus of scholars’ research. Aiming at the problem of noise interference
in vibration signal acquisition, Liu et al. [22] reviewed methods of noise removal by wind
turbine health condition monitoring (HCM). Based on the vibration signal analysis method,
the wind turbine was monitored, and the noise interference was eliminated to protect
the safe operation of the wind turbine. With the continuous development of science and
technology, new fault diagnosis technology is continuously applied to the damage detection
of wind turbine blades, which is of great significance to the development trend and prospect
of WTB fault diagnosis technology.

The content of this article is given as follows. Section 2 introduces the material struc-
ture of the wind turbine blade and the damage of leading edge erosion, micro-cracking,
fiber defects, and coating defects in the germination stage of the blade. In Section 3,
three fault diagnosis and detection methods of wind turbine blades are reviewed, among
which the nondestructive detection methods include acoustic emission, ultrasonic, strain
measurement, thermal imaging, machine vision, and other methods. The basic princi-
ples, advantages, and disadvantages of each method are summarized. Sections 4 and 5
discuss and summarize the development trend of future wind turbine blade damage
detection methods.

2. Microscopic Damage of Blades

The blade structure is constructed by the composite structure, forming six different
carbon fiber laminate regions [23], and modern wind turbine blades are usually com-
posed of fiber-reinforced composites. Most wind turbine blades are composed of glass
fiber/epoxy resin, glass fiber/polyester, wood/epoxy resin, or carbon fiber/epoxy resin
composites [24]. The material and structural performance of the blade directly affect the
stiffness and strength of the blade. With the rapid development of material technology
and the optimization of the structure, the probability of blade damage gradually decreases.
The risk of wind turbine blade damage largely depends on the surrounding environment
and climatic conditions. Lightning stroke, fatigue load, surface ice on the blades, and the
exposure of the blades to air particles, may cause the germination stage of damage such as
leading edge erosion and micro-cracking of blades [9]. In addition, offshore wind turbines
are faced with the influence of wave climate change and marine corrosion on the blade
tension distribution range and fatigue damage. The corrosion environment will reduce the
performance of the blade composite material, resulting in the fatigue failure of the blade
and accelerated damage [25,26]. Therefore, choosing the appropriate installation site and
timely detection in the germination stage of damage are the most effective measures to
reduce damage. Damage tolerance design is a modern fatigue fracture control method
developed and gradually applied in the 1970 s to ensure the safety of essential components
with cracks or possible crack damage [27]. The blade design currently considers a certain
margin and adopts the damage tolerance design. However, once installed, there will be
many uncontrollable factors that will still lead to damage initiation. In addition, there
is surface corrosion damage (due to bad weather), which is very difficult to avoid, so
regular testing is needed to detect damage in time. The specific causes and hazards of the
germination stage of damage are shown in the following sections.

2.1. Leading Edge Erosion

The leading edge erosion (as shown in Figure 2) of wind turbine blades is mainly
caused by the impacts of small particles in the air, such as dust, rain, hail, etc. Leading edge
erosion occurs mostly at the tip of the blade, and over time, erosion also occurs inside the
blade structure [28]. The leading edge erosion will lead to an increase in blade roughness,
thereby increasing the resistance of blade rotation. As a result of that, it will reduce the
efficiency of wind turbine power generation and affect economic benefits.



Energies 2022, 15, 7492

40f17

Figure 2. Photo of the leading edge erosion [29].

2.2. Micro-Cracking

Under normal working conditions, a long time of wind load will cause fatigue degrada-
tion of the wind turbine blade due to cyclic loading, and the blade material will experience
micro-damage cracks, as shown in Figure 3. The slow accumulation of micro-cracking
will easily cause blade fracture and hit the nearby wind turbine, causing serious accidents.
In addition, wind turbine blades operating in extremely cold weather may have brittle
fractures inside the materials and the icing of blades and sensors. Under worse conditions,
micro-cracking will develop rapidly, leading to blade failure and even the collapse of the
entire wind turbine [16].

Figure 3. Photo of the micro-cracking on the blade [30].

2.3. Fiber Defects

The fiber defect damage (see Figure 4) of wind turbine blades may occur in the process
of blade manufacturing or may be caused by load [31]. In addition, fiber defects exist
in the interior of the composites, which may cause cracks and other damage over time.
Some scholars have studied the mechanism of fiber defects. Elhajjar et al. [32] found that
tensile load could cause common fiber defects in carbon epoxy laminates through the test
of carbon fibers.

R R

Fiber defects

Figure 4. Photo of the blade fiber defects [33].
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2.4. Coating Defects

The wind turbine blade coating can protect the composites from environmental factors
such as ultraviolet radiation, moisture, and heat [34]. There are mainly two application
methods for blade surface coating: the in-mold application and the post-mold applica-
tion [35]. Because of the long-term and high-speed operation of wind turbine blades, as well
as the erosion of solid particles and rainwater in the air, the blade coating will inevitably
suffer from damage defects [36], as shown in Figure 5. Any type of defect damage to wind
turbine blades will affect its aerodynamic efficiency and reduce power generation.

g

Figure 5. Photo of the blade coating defects [33].

3. Wind Turbine Blade Fault Diagnosis Method

Researchers usually need to spend a lot of time and energy collecting and collating
literature in different research fields. With the development of information technology, the
application of bibliometric analysis tools dramatically facilitates the work of researchers.
The bibliometric analysis supports linking documents by keywords to form visual charts
based on specific databases (for example, Web of Science, WoS, CNKI, etc.), articles in
specific fields, or a combination of all methods [37,38]. Bibliometric analysis can help
researchers understand research hotspots and development trends. The five most com-
monly used bibliometric analysis tools include VoSviewer, Biblioshiny, Gephi, HistCite,
and CiteSpace [39]. This article mainly selects 53 articles on wind turbine blade fault diag-
nosis through the Web of Science database and uses VoSviewer software to visualize the
literature, and the cluster diagram composed of literature keywords is obtained, as shown
in Figure 6. The literature on the fault diagnosis and condition monitoring of wind turbine
blades mainly includes three aspects, namely non-destructive testing, fault diagnosis based
on operating data, and fault diagnosis based on vibration signals.
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Figure 6. Keywords cluster of wind turbine blade fault diagnosis method.

3.1. Non-Destructive Techniques

NDTs can conduct SHM on wind turbine blades to avoid serious accidents and ensure
the safe operation of wind turbines. In addition, NDTs can also determine the cause of the
damage. Some detection methods can detect the location and size of the blade damage to
use for later maintenance and repair [40]. At present, the non-destructive testing methods
of wind turbine blades mainly include strain measurement, acoustic emission, ultrasonic,
vibration, thermal imaging, machine vision, etc. Although these detection methods tend to
be perfect and mature, few combine multiple detection methods for detection [41]. Mufioz
et al. [42] believe that an NDT is applied to SHM systems to detect the internal performance
of the material structure, which can reduce maintenance costs and prolong the service
life of wind turbines. Gholizadeh et al. [43] classified NDTs into contact and non-contact.
This section focuses on the principle, working methods, advantages, and disadvantages of
damage detection methods.

3.1.1. Strain Detection Method

The detection method of strain measurement detects the micro-damage change of
wind turbine blade length or deformation by using the strain sensor [44]. The advantage
of strain measurement is that it can continuously monitor wind turbine blades for a long
time, but the accuracy and sensitivity of strain measurement are dependent on the distance
between the sensor and damage [45]. In recent years, strain measurement based on the
Fiber Bragg Grating (FBG) sensor has been widely used. The core component of FBG
is the grating structure engraved in the fiber core, and it usually changes the refractive
index, making the refractive index of the fiber core periodically distribute along the axial
direction [46]. When the surrounding stress changes, the reflection wavelength Ap will
move to realize the strain detection, as shown in Figure 7. The overall performance of FBG
can be tested by experimental comparison. Guo et al. [47] used FBG to monitor the internal
stress fatigue of composite wind turbine blades. Through experimental comparison, they
concluded that the durability of FBG is stronger than other electronic strain sensors. In
addition, FBG can effectively monitor the operational status of wind turbines in practical
applications. Bang et al. [48] applied FBG to onshore and offshore MW wind turbines for
health monitoring. Briefly, 41 FBG on the wind turbine support structure was installed,
which had a sampling rate of more than 40 Hz, and it showed good stability and accuracy
in dynamic strain monitoring. It is also feasible to apply FBG to wind turbine blade strain
monitoring. Schroeder et al. [49] installed the FBG on the wind turbine blade to monitor
the blade strain data in real time and used the accumulated data to determine the fatigue
load distribution. Compared with the FBG, the strain sensor has no obvious advantages.
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To improve it, Wu et al. [50] proposed a new strain sensor for surface strain measurement.
It was verified that the sensor could be used to generate two-dimensional strain images.
In addition, the combination with an intelligent algorithm can improve the measurement
accuracy, Lee et al. [51] proposed a new strain estimation method and objective function to
obtain the optimal arrangement of strain sensors on the wind turbine blade.

FBG  Cladding Fiber Core

Incident signal i

PR PR PR P Transmitted signal

LT
]
-—
Reflected signal A

by TAIg

Figure 7. Structure and principle of FBG [52].

The strain detection method can be applied to the monitoring of both onshore and
offshore wind turbine blades. In the future, further exploration is still needed to reduce the
development cost and improve detection accuracy.

3.1.2. Acoustic Emission Detection Method

The acoustic emission detection method focuses on the detection of electrical signals
from transient elastic wave conversion caused by damage initiation, crack propagation, or
plastic deformation release energy [53]. The working principle is shown in Figure 8; the
sensor converts the sound signal from damage into an electrical signal. Acoustic emission
detection can identify the increase in blade fatigue damage and the location of that. Tang
et al. [54] monitored the fatigue damage of 2MW wind turbine blades through acoustic
emission technology and verified that acoustic emission technology can effectively detect
the occurrence of cracks on blades through experiments. In addition, acoustic emission
detection technology can also detect damage generation and processes. Zhou et al. [55]
monitored the damage and failure process of wind turbine blades in the tensile test through
acoustic emission technology. The test results showed that the damage started from the
end of the shear plane, and acoustic emission technology could monitor the occurrence
and propagation of damage. The key to improving the accuracy of this technology is to
eliminate noise interference to acoustic emission signals. Liu et al. [56] applied acoustic
emission technology to the monitoring and fault diagnosis of wind turbine blade bearing.
They proposed a new cepstrum editing method to perform the noise reduction processing
of the acoustic emission signal source.

1
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© A Electrical Signals
Acoustic emission sensors .
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Figure 8. Principle of acoustic emission detection technology [53].

The acoustic emission detection method has a good effect on crack damage detection
and can also locate internal structural damage. However, there is often noise interference
in the process of signal acquisition; eliminating noise interference will also increase the cost
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of the detection system, and it requires a data acquisition system with a high sampling
frequency [48,49].

3.1.3. Ultrasonic Testing Method

The ultrasonic testing method is where an ultrasonic wave first propagates through
the internal material, and then the sensor detects the reflected wave [57]. As shown in
Figure 9, ultrasonic sensors are installed on the blades and tower of the wind turbine for
signal acquisition. Different reflection, attenuation, resonance, and transmission modes
can be distinguished depending on the material or structure [58]. Therefore, this method
can be used to detect microdamage and judge the size, location, and other information of
damage [59]. The ultrasonic detection method can be used to detect both the internal and
surface damages of wind turbine blades. Tiwari et al. [60] used ultrasonic technology to
detect the surface debonding damage of wind turbine blades and used discrete wavelet
change, variational modal decomposition, and Hilbert transforms to process the signal, to
estimate the size and location of blade damage. Lamarre et al. [53] used ultrasonic phased
array technology to detect the internal delamination, wrinkles, and adhesive thickness of
wind turbine blades. In addition, the ultrasonic detection method can also be applied to
the damage detection of offshore wind turbines. Brett et al. [61] used the swept frequency
ultrasonic technology below 100 kHz to detect the foundation of offshore wind turbines.
This method is also applicable to the fault diagnosis of wind turbine blades.

N

Figure 9. Sketch of the ultrasonic sensors placed on wind turbines [18].

The ultrasonic detection method can continuously monitor the internal and surface
of wind turbine blades. However, ultrasonic testing requires a long time to collect signals,
and the signal data processing is also complex, which leads to the delay of damage judg-
ment [62]. Therefore, future research on artificial intelligence algorithms can improve the
processing capacity of data.

3.1.4. Thermal Imaging Detection Method

The thermal imaging detection method is mainly applied to detect the change of
thermodynamic properties of wind turbine blades by scanning the surface of that. When
the micro-damage fault occurs, the temperature anomaly will occur, which can be utilized
to detect and judge the fault [57]. This technology requires accurate image processing. In
real applications, it is difficult to eliminate the influence of blade damage on temperature
and other factors [57], making ambient temperature interference the key to accurately
identifying damage. Doroshtnasir et al. [63] used thermal imaging technology to carry out
nondestructive testing on long-distance wind turbine blades and calculated the differential
temperature of blades to eliminate signal interference reflection, to ensure the accuracy of
thermal imaging technology in blade damage diagnosis. It concluded that the temperature
difference near the hub is large, and there is the largest possibility of damage. Thermal
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imaging detection technology can identify the fault of wind turbine blades and extract the
damage characteristics. Hwang et al. [64] proposed thermal imaging technology using
the continuous line later to visualize the damage of wind turbine blades under rotating
conditions and extract the characteristics of damage. Avdelidis et al. [65] applied infrared
thermal imaging technology to wind turbine blade damage detection and summarized the
advantages and disadvantages of this technology.

The thermal imaging detection method can detect the internal structure of the wind
turbine blade without contact. However, the temperature change caused by damage is
delayed, and it is easy for the environmental temperature to cause interference in the
detection process. In future research, the influence of environmental temperature has to be
reduced to improve the reliability and accuracy of this method.

3.1.5. Machine Vision Detection

At present, a large number of innovative sensing and monitoring systems based on
machine vision technology have been developed and applied in the field of SHM [66].
The full-scale condition monitoring of wind turbine blade surfaces can be carried out by
shooting images. Yang et al. [67] proposed a video measurement technology for monitoring
the deformation of large wind turbine blades in full-scale tests and operations. Figure 10a
shows the setup of the machine vision system on a wind turbine. This technology requires
two photos from different angles of three-dimensional samples through a parallel network
measurement method, which are prepared by applying a grid on the surface to be tested.
This method improves the measurement accuracy and reliability, but the measurement
accuracy is highly dependent on the measurement position. Poozesh et al. [68] used
a relatively new optical sensing technology for the early detection of the design and
manufacturing defects of wind turbine blades, and the images taken from a pair of stereo
cameras were used to determine the surface strain of the blade surface. This method has
high accuracy, but the calculation process is relatively complex and needs to be optimized
and improved. Compared with ordinary machine vision technology, vision performed by
unmanned aerial vehicles (UAVs) has better detection accuracy. QIU et al. [69] built an
image acquisition system; the system uses a latitude and longitude M600 UAV equipped
with a Zenmuse Z30 cloud camera. The images obtained by the system were of high
resolution, so the microscopic damage to the blade could be detected clearly. Moreover,
based on the image data collected by UAVs, Long et al. [70] automatically detect and
diagnose the surface cracking of wind turbine blades. By analyzing the image taken by the
UAV to quickly detect blade cracking, a data-driven framework is developed to process
blade images and obtain blade cracking. However, the time and effectiveness of image
processing need to be further optimized. In addition, efficient intelligent algorithms are
used to recognize images captured by UAVs. Wang et al. [71] collected a large number
of wind turbine blade data through UAVs, and they proposed an unsupervised learning
method combined with image data features to distinguish the normal and abnormal parts
of the blade, as shown in Figure 10b.The results show that this method is very useful for
detecting anomalies in the blade image. However, this method cannot effectively identify
and eliminate the fouling on the blade surface. Traditional wind farms need manual
periodic maintenance detection. In order to improve safety and detection efficiency, the
robot detection of wind turbine faults has been gradually developed. Kuang et al. [72]
proposed that the wind turbine blade could be crawled by magnetic adsorption force and
friction force. At the same time, infrared sensors and high-definition cameras were installed
on the robot to diagnose the micro-damage on the blade surface. However, it was difficult
to maintain the robot, and the equipment for blade detection needed to be further improved.
Similarly, Josef Franko et al. [73] proposed a light magnetic crawler with visual and laser
radar sensor surface contact to NDT the wind turbine, as shown in Figure 10c. In addition,
Zhang et al. [74] proposed a new method of using climbing robots with ground control
stations and high-resolution cameras to scan wind turbine blades.
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Camera 2

Camera 1

Figure 10. (a) Machine vision [67]. (b) Data collecting using the UAV [71]. (¢) Crawling robot [73].

At present, the research on the SHM of wind turbine blades based on the machine
vision detection method is still in its infancy; the machine vision technology will have
more extensive applications in the future. Although machine vision detection accuracy
highly depends on image processing and data acquisition, its advantages are still obvious.
The staff can remotely control the machine equipment to detect the wind turbine blades,
which can improve the detection efficiency and protect their safety [75,76]. In the future,
the combination of the machine vision detection method and big data can realize earlier
detection of the occurrence of damage, making it an important part of SHM.

Although the aforementioned technologies have been widely developed and utilized,
there are certain deficiencies in each of them. A better choice for NDT is to combine various
technologies into the SHM system. As shown in Table 1, the advantages and disadvantages
of each detection method are summarized. In addition, new NDT techniques have been
developed and applied. For instance, shear imaging can visualize the change of blade
surface deformation by interfering laser points and can effectively detect joint failure caused
by adhesive expansion [77,78]. X-ray technology can effectively detect the internal structure
of the blade. Evenly, X-ray tomography can present three-dimensional information inside
the blade of a wind turbine [18]. In summary, NDT is applied to the fault diagnosis of wind
turbine blades, which can examine the surface and internals of blades. However, due to the
limitation of technical means, cost, and complex signal processing, new technologies are
still needed to be developed and utilized to make up for defects in the future.
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Table 1. List of the advantages and disadvantages of different detection methods [45,59,75,76,79-81].

Test Methods Advantages Shortcomings
. - The increase in blade fatigue damage degree and Affected by the noise environment, this makes the
Acoustic emission . . . .
the determination of location were detected data processing task complex and the cost higher

The size, location, and other information on

Signal acquisition for a long time is also complex

Ultrasonic damage degree can be judged for ﬂgnal processing, and there is a delay in judging
the signal
. Continuous monitoring of wind turbine blades fora  The sensitivity depends on the distance between
Strain measurement . .
long time the sensor location and the damage
The detection of all blades is more intuitive and The influence of the environment on temperature
Thermal imaging effective leads to deviation in the results
. . Low Cost, High Safety, and Real-time Online Accuracy depends on image accuracy and cannot
Machine vision . . . . .
Detection of Personnel Wind Farm explain the physical mechanism of damage

3.2. Fault Diagnosis Method Based on Operation Data

In recent years, with the rapid development of artificial intelligence algorithms and
big data analysis, artificial intelligence can imitate the learning skills of the human brain. At
the same time, it combined with data analysis is widely used. The application of intelligent
algorithms such as a neural network in the fault diagnosis of wind turbine blades has been
well tested.

Xin et al. [82] extracted the feature vector of modal parameters by using a deep belief
network. Aiming at the problem of inaccurate modal parameters caused by environmental
noise, measurement error, and other factors during the operation of wind turbine blade
damage, the feature vector was used as the input signal of the error backpropagation
training (BP) neural network to reduce the influence of noise and improve the accuracy
of the microdamage diagnosis of wind turbine blades. However, this method only diag-
noses single microscopic damage and cannot be applied to other types of damage. Wang
et al. [83] introduced the depth automatic encoder (DAE) model. They combined the neural
network with SCADA data to monitor the damage to wind turbine blades and verified
the effectiveness of this method in the fault diagnosis of wind turbine blades in practice.
Sahir et al. [84] built a Convolutional Neural Networks (CNN) model to diagnose the
micro-damage of wind turbine blades. The model can diagnose a variety of damage types,
including radiation effects, wear, and fracture. The diagnostic accuracy could be as high as
81.25%. As shown in Figure 11, the CNN structure consists of three types: the convolution
layer, the pool layer, and the full connection layer. Different damage categories are classified
by full connection layer calculation. In addition, migration learning can also improve the
network training results. Liu et al. [85] used the transfer learning method of the Inception
v3 model to diagnose the damage to wind turbine blades. The experimental results show
that the calculation speed and accuracy of the model algorithm are better than R-CNN.
However, a more accurate diagnosis of micro-damage images of wind turbine blades has
always been the difficulty of deep learning optimization. Long Wang et al. [70] proposed
an extended Haar-like feature set classifier based on the optimization and improvement
of the original Haar cascade classifier for the crack damage of the wind turbine blade,
which was verified by being proved superior to the LogitBoost classifier. Xiao-Yi et al. [86]
proposed a deep learning framework, the Alexnet model, to solve the problem of the low
accuracy of the identification and detection of micro-damage on the surface of wind turbine
blades. The accuracy of the model for damage diagnosis reached 99.001%, which was
19.424% higher than that of the traditional BP neural network model. In order to improve
the diagnostic performance of the deep learning model for micro-damage of wind turbine
blades, Yang et al. [87] added transfer learning and ensemble learning classifiers based on
convolutional neural network, which enhanced the ability of abstract feature extraction
for the micro damage faults of wind turbine blades. Most of these studies focus on single
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blade microscopic damage diagnosis. Whether it is feasible to apply a deep learning model
to other wind turbine blades for image diagnosis accuracy still needs to be discussed.

\4x1
= damage class
= = estimation
classification
—
. A output layer

Convolutional layer Convolutional layer Convolutional layer  fully-connected layer
16 filters (3x3) 32 filters  (3x3) 64 filters (3x3)

28x28
=

Image

Figure 11. CNN structural model.

The combination of artificial intelligence algorithms and operation data can improve
the reliability and accuracy of the monitoring system. However, this method is still in
the exploratory stage for various types of damage identification and the real-time online
monitoring test of large-scale wind turbine blades, and it cannot be widely promoted at
present.

3.3. Fault Diagnosis Based on Vibration Signal

The fault diagnosis of wind turbine blades based on vibration signal is mainly through
the selection of damage index and modal parameters. In the process of signal acquisition,
it is necessary to eliminate the interference of environmental noise on the signal. The
interference of the signal will reduce the accuracy of the vibration signal and the error of
the modal parameters. Therefore, it is necessary to reduce the influence of the environment
in the study of vibration signal damage identification.

The damage can be effectively identified by comparing the modal parameters before
and after it occurs. Emilio Di Lorenzo et al. [88] installed accelerometers on wind turbine
blades to collect vibration data. By comparing the modal parameters before and after the
buckling test, the occurrence of damage can be successfully predicted. In addition, the
establishment of the finite element model can also be used to analyze the structural damage
of the blade. Moradi et al. [89] firstly installed intelligent sensors on wind turbine blades for
experiments to obtain strain and vibration data and then simulated the structural state, and
after the blade damage by finite element simulation, which can comprehensively detect the
blade damage, this method can achieve a reliable SHM system. To exclude the influence
of environmental noise, Abouhnik et al. [90] used the empirical mode decomposition
method to divide the vibration signal into basic components and built a model in the
finite element software ANSYS to simulate the vibration of the wind turbine with three
blades. At the same time, the crack damage was set on the wind turbine blade, and the
vibration characteristics of the blade at different speeds were tested. By comparing the
simulation and experimental results, the method can identify the location and extent of
the blade damage. Gomez et al. [91] proposed a supervised statistical method to solve the
interference of uncertainty in the vibration signal detection of wind turbine blade damage
under different environments, and they developed three specific methods to improve the
accuracy of damage detection. Furthermore, Wang et al. [92] proposed a finite element
method combined with dynamic analysis (modal analysis and response analysis) to obtain
modal shape difference curvature. The numerical results show that the method can detect
the blade damage location and improve detection accuracy.

The fault diagnosis method based on vibration signals can identify damage by compar-
ing modal parameters such as natural frequency, vibration mode, and damping. However,
it remains a huge challenge to distinguish between signals collected by damaged blades
and environmental and operational conditions.
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4. Prospect of Wind Turbine Blade Damage Detection Method

The future development trend of wind turbine blade damage detection methods is
discussed as follows:

1.  Intelligent detection methods and deep learning methods require high accuracy of
image processing. How to improve the accuracy and algorithm of collected data
is the focus of future research. In addition, the use of new sensors on CMS, with
SCADA-generated data analysis;

2. Inthe future, the combination of 5G technology, big data, artificial intelligence, and
detection technology has achieved real-time, accurate, and timely results. The opera-
tion of smart wind farms and the self-maintenance of some fault damage can reduce
the operation and maintenance costs and improve the detection efficiency;

3. With the development of NDT technology, new technologies continue to emerge, such
as electromagnetic detection, shear imaging, photogrammetry, spectroscopy, radar
imaging system, etc. Most NDT technologies need to stop wind turbines for detection.
The new development direction is towards real-time online detection without shut-
down, and different technologies are combined to improve the accuracy of detection.
The combination of UAVs and the nondestructive testing system can achieve this
purpose, such as UAVs equipped with image, thermal imaging, photogrammetry, and
other equipment.

Through the aforementioned analysis, it can be seen that it is of great significance to
timely diagnose the damage of wind turbine blades, and more and more experts have paid
attention to the fault diagnosis of wind turbine blades by using different methods. Although
many practical problems have not been solved, there is no doubt that the development
potential of future fault diagnosis technology is huge.

5. Summary

With the global installed capacity increasing, the risk of wind turbine blade damage
enlarges with the length of wind turbine blades. It is of great significance to make the early
warning and identification of wind turbine blade failure in advance through different fault
diagnosis methods to avoid serious damage. The development of wind turbines needs
to meet the requirements of SHM, ND, and CM. Therefore, damage detection technol-
ogy will develop towards real-time online, remote, global detection, and non-destructive
non-contact. This paper summarizes three common diagnostic methods, including nonde-
structive testing technology, data acquisition, monitoring-based detection technology, and
vibration signal detection technology. At present, most nondestructive testing technology
depends on the performance of the testing instrument, and the detection accuracy is greatly
affected by the environment. The research of intelligent detection methods for wind turbine
blade diagnosis is a new trend, and intelligent detection technology to some extent makes
up for the lack of the accuracy of nondestructive testing. In the future, in the era of the
rapid development of computers, artificial intelligence, and big data, the damage detection
method based on data fusion will continue to optimize and improve the diagnosis and
treatment of wind turbine blades with great potential.
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