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Abstract. With increasing turbine size, monitoring of blades becomes increas-
ingly important, in order to prevent catastrophic damages and unnecessary
maintenance, minimize the downtime and labor cost and improving the safety
issues and reliability. The present work provides a review and classification of
various structural health monitoring (SHM) methods as strain measurement uti-
lizing optical fiber sensors and Fiber Bragg Gratings (FBG’s), active/ passive
acoustic emission method, vibration—based method, thermal imaging method
and ultrasonic methods, based on the recent investigations and promising novel
techniques. Since accuracy, comprehensiveness and cost-effectiveness are the
fundamental parameters in selecting the SHM method, a systematically summa-
rized investigation encompassing methods capabilities/ limitations and sensors
types, is needed. Furthermore, the damages which are included in the present
work are fiber breakage, matrix cracking, delamination, fiber debonding, crack
opening at leading/ trailing edge and ice accretion. Taking into account the
types of the sensors relevant to different SHM methods, the advantages/ capa-
bilities and disadvantages/ limitations of represented methods are nominated
and analyzed.

Keywords: Structural health monitoring, Wind turbine blades, Sensors, Dam-
age detecting.

1 Introduction

Wind energy as one of the fastest growing renewable energy resources, imparts a
significant contribution in the energy market. In accordance with the information
supplied, it is appraised that the wind power will provide 12% and 20% of electricity
power by 2020 and 2030, respectively [1, 2]. In order to decrease levelized cost of
energy (LCoE), reduction of the operations and maintenance cost is an urgently re-
quired [3]. Apart from optimizing the design of turbines to ameliorate the availability,
another feasible way is exerting reliable and cost-effective condition monitoring sys-
tem (CMS).

Preventing unexpected catastrophic failures and diminishing unscheduled mainte-
nance, are the prominent purposes that have appeal for employing next generation of



wind turbines. Thus, Structural Health Monitoring systems (SHM) can extraordinarily
impart reliability and profitability to wind turbines due to detecting the defects at
incipient step during operation or testing procedures [4]. Sensing process and the
interpretation algorithm are considered as the two crucial parameters which impress
SHM growth and development [5, 6]. It should be notified that the blades are consid-
ered as one of the most significant components in the turbines [7], since the perfor-
mance of WT is remarkably dependent on the blades. Furthermore, the blade manu-
facturing expense is about 15% to 20% of each wind turbine [8]. Significantly, longer
blades are being designed, in order to sweep larger area. Hence, carbon fiber rein-
forced polymer (CFRP) is increasingly being utilized for very large blades. However,
the bigger size of wind turbine blade (WTB) leads to increase the load levels [9].

Therefore, for sake of eliminating unexpected maintenance, vital failures and min-
imizing downtime, the wind turbines must be continuously monitored to assure their
perfect and appropriate conditions [10]. The situation of health monitoring systems
and evaluation techniques for offshore wind turbines (OWTSs) were reviewed by Lian
et. al [11], considering supervisory control and data acquisition (SCADA) systems
and condition monitoring (CMS) as the most conventional types of health monitoring
systems of the OWT.

In accordance with Farrar and Sohn [12], SHM represents the procedure of imple-
menting a damage detection strategy for engineering infrastructures related to aero-
space, civil and mechanical engineering, being damage referring to the variations in
material and/or geometric properties of these systems. Likewise, some of the most
known causes of structural damages are fatigue, wind gusts, moisture absorption [13],
thermal stress, corrosion [14], fire and lightning strikes [15]. Moreover, a SHM could
be efficient regarding two issues including the fatigue issue and utilization of lighter
blade which the former could be useful due to difficulty of predicting the exact life of
a wind turbine components, whereas the latter yield higher performance of the wind
turbines [16]. Considerably, the advantages of possessing a damage detection system
can be classified as an impediment of premature breakdown, reduced maintenance
cost, supervision at remote sides and remote diagnosis, improvement of capacity fac-
tor and support for further development of a turbine [17]. Schubel et. al [18] presented
a review of structural health monitoring methods, encompassing residual cure strain
monitoring for the wind turbine blade industry in conjunction with a comparison be-
tween different monitoring methods. Thus, a SHM system is required to frequently
monitor the condition of the wind turbine blades and warning the failures at incipient
level.

Consequently, the present work furnishes a review and classification considering
different damage types and employed sensors in different SHM methods which have
been presented in the recent investigations and upcoming promising techniques in
both industrial and academic sections; subsequently corresponding pros and cons are
introduced.



2 Blade Structural Damages

The damages can occur in any part of the wind turbine while the most prevalent type
of damage happens in the blade and tower [19]. Since the blade is the significant part
of the wind turbine and its price is about 15% to 20% of the total cost of the turbine,
therefore, tremendous attention has been received by structural health of the blades
[20]. In addition, it has been demonstrated that the damage occurred in the blade, is
the most expensive type of damage with the longest time for repairing [20]. Likewise,
occurring the damage in the blade leads to unbalanced condition of the blade during
its rotation which result in secondary failure of wind turbine by collapsing the tower,
as well as blade failure [21]. Thus, the present work concentrates on the damages
occurring in the rotor blade of the wind turbine. In order to realize the blade damage,
the main segments of a blade should be known previously, which are depicted in
Fig.1.
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Fig. 1. Sketch of cross-section of a wind turbine blade [22]

The materials of the conventional blades are often glass/ carbon fiber-reinforced com-
posites [23], whereas by increasing the size of the blade nowadays, the utilization of
carbon-fiber reinforced composites has recently been augmented in order to fabricate
the turbine blades. Regarding the blade structure, there is a main spar tube, and the
upwind side and downwind side of the blade are constructed and joined at both the
leading edge and the trailing edge using adhesive. Blade damages can occur in differ-
ent ways which typical damages in the wind turbine blades are represented in Table.1
[24, 25] and schematic illustrations of corresponding damages are delineated in Fig.2.
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Fig. 2. Types of damage withstood by the wind turbine blade

Below the corresponding damages types in a wind turbine blade are illustrated in
accordance with Fig.2.

Table 1. Typical damages of wind turbine blades [10,24,25]

Damages Types

Descriptions

Damage Type 1
Damage Type 2

Damage Type 3

Damage Type 4

Damage Type 5

Damage Type 6

Damage Type 7

Damage formation/ growth and debonding in the adhesive layer joining
skin and main spar flanges

Damage formation and growth in the adhesive layer joining the top and
down skins along leading or trailing edges

Damage formation/ growth at the interface between face and core in sand-
wich panels in skins and main spar web

Internal damage formation/ growth and delamination in laminates in skin or
the main spar flanges

Splitting and fracture of separate fibers in laminates of the blade structure
and main spar

Buckling of the skin due to damage formation and growth in the bond be-
tween skin and main spar under compressive load

Debonding of the gelcoat from the blade surface (gel-coat cracking and
gelcoat/skin debonding)

A report concerning the identification of different types of damage that developed
for Vestas A/S V52 wind turbine blade, tested to failure under quasi-static loading,
were provided by Sgrensen et al. [22]. Some of the occurred blade failures during the
laboratory tests are described in Fig.3.
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Fig. 3. (a) Adhesive joint failure between skins at the leading edge (Damage type 2), (b) sand-
wich panel face/core debonding ( Damage types 3 ), laminate failure in compression (Damage
types 5) and gel-coat/skin debonding (Damage types 7), (c) Debonding of the main spar flange
(Damage type 1) & delamination in the laminated structure (Damage type 4) [22]

3 Structural Health Monitoring Methods (SHM)

In this chapter, a review of recent investigations and novel promising techniques is
presented. While it is difficult to provide a quantitative comparison between methods,
advantages and drawbacks of methods are discussed.

3.1  Acoustic Emission Method

The Acoustic emission (AE) phenomenon is based on the release of energy in the
form of transitory elastic waves within a material having a dynamic deformation pro-
cess [26]. Damages such as crack growth, debonding, large deformation, delamination
and impacts can stimulate transient alteration in the elastic energy in specific position
of a structure which are detected by acoustic emission method. Likewise, AE is capa-
ble of detecting the fault and malfunction in gearboxes, bearings, shafts of the wind
turbines [27].

The common AE parameters which are measured during the tests include ampli-
tude, root mean square (RMS) value, energy, counts, and events [28]. Regarding the
sensor types, piezoelectric transducers and optical fiber sensors are utilized in AE
technique. The signal attenuation should be considered rigorously as a significant
limitation of this method. Therefore, the sensors which are employed in AE method
must be positioned as close as possible to the damage source [28], which causes an
important limitation in exerting AE method in wind turbines. Although the acoustic
emission method is based on fast release of localized energy in form of elastic wave
in material, the damage process and stress waves also emit airborne sound where the
latter doesn’t suffer from signal attenuation phenomenon [29].By analyzing the sen-
sors attenuation, Van Dam et al. [30] demonstrated that the sensors distance should be
limited to a maximum of 1 m.

It is noteworthy to mention that the propagation of the acoustic emission waves is
influenced by damage inside the material, and Fiber Bragg gratings (FBGs) can be
utilized to detect the strain alterations of Lamb waves. Hence, FBGs, with their small



diameter, exhibit remarkable performance as Lamb wave sensors for damage detec-
tion and debonding in composite structures [31].

The pertinent standards to this method are ‘ASTM E2374- 15: Standard Guide for
Acoustic Emission System Performance Verification’ and ‘ASTM E976: Standard
Guide for Determining the Reproducibility of Acoustic Emission Sensor Response’,
(pencil-lead breakage test). On the other hand, the high accuracy, the higher number
of sensors are required which engender to increase the amount of output data for sig-
nal processing. Thus, owing to diminish the number of output data, Schulz et al. [32]
proposed a structural neural system (SNS) for SHM which possesses several input
channels from the sensors and two output channels, reducing the quantity of data
acquisition channels for SHM. Utilizing AE method, a turbine blade with length of
45.7 m was tested under fatigue loading by Tang et al. [33], employing piezoelectric
sensors, as described in the Fig. 4.
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Fig. 4. Testing the turbine blade and AE sensors mounted on the internal side of the blade.

Foregoing research was conducted different damage mechanisms through frequency-
based methodologies [34-37]. Summarized results are listed in Table 2.

Table 2. Frequency analysis outcomes for different damages [34-37]

Range of Frequency (kHz)

Damages

Types Glass-Polyester  Glass-Polypropylene Carbon-Epoxy Carbon-Epoxy
[36] [37] [34] [35]

Matrix cracking 30-150 - <100 0-50

Delamination - - - 50-150

Debonding 180-290 100 200-300 200-300

Fiber breakage 300-400 450-550 400-450 400-500

Fiber pull out 180-290 200-300 - 500-600

Mufioz and Mérquez [38] proposed to detect and locate cracks on the surface of the
blades employing three macro-fiber composite (MFC) sensors [39] in a section of a
wind turbine blade. The results demonstrated that by employing the three low cost
sensors, a fiber breakage occurred in a blade can be detected and located appropriate-
ly. The graphical approach of triangulation was applied for the signal processing. The



method was capable of detecting the position of the acoustic emission with high accu-
racy with the maximum error of 9 mm.

A laboratory study was reported by Tang et. al [40] regarding fatigue damage
growth monitoring through AE in a complete 45.7 m long wind turbine blade. Using
compact resonant masses (CRM), the blade was excited for 187.000 fatigue cycles,
during which AE monitoring was performed with a 4-sensor array. The CRMs were
exerted in order to generate the crack and to simulate the blade vibration. The full-
length blade and the CRM s are displayed in Fig. 5.

Sensor

Position

Fig. 5. (a) Wind turbine blade under test (b) CRM installed on the wind turbine blade [40]

According to frequency content of AE signals, three failure modes encompassing
fiber failure (300 kHz), fiber-matrix debonding (250 kHz) and matrix cracking (110
kHz) were distinguished. Moreover, a vibration test of the blade was implemented
before conducting the fatigue test. After about 67,000 fatigue cycles, a crack with
dimensions of 0.2 m x 0.05 m x 0.01 m was intentionally introduced in one of the
shear webs and the four sensors were positioned in the foregoing zone internally [40].
Significantly, the results revealed that after the introduction of the defect, there is no
visible difference in the modal frequencies, highlighting that these modes are not
proper for detecting damages by monitoring of the mode frequency shift which can be
seen in Fig.6(b).
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Fig. 6. (a) Frequency shifts after adding mass (b) Frequency spectrums after applying of a 0.2
m defect [40].



In accordance with calculations, one sensor is capable of monitoring with the range of
0.8 m in all directions. Based on the range of the AE signals as an important parame-
ter, 28 sensors could prepare basic monitoring for a 45m blade. Notably, with chang-
ing the threshold, the sensor range could be varied leads to changes in number of the
sensors [40].

Audio-level acoustics-based damage detection approach as a non-traditional tech-

nique has received little attention up to now, which is based on passively generated
acoustic signals, such as noise of cracking, debonding, etc. [28, 41-43].
Utilizing the airborne sound proposed by Krause and Ostermann [43], the damage
detection procedure of a 34-m blade was carried out employing three optical micro-
phones. The optical microphones were mounted inside the blade which are depicted in
Fig. 7. The microphones were installed orthogonal on the blade spars and all the mi-
crophones were considered as omnidirectional.
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Fig. 7. (a) Drawing of the blade indicating the positions of microphones and damage (b) Blade
fatigue test implemented at Fraunhofer Institute for Wind Energy and Energy System Technol-

ogy [43]

The characteristics of audible cracking sounds were computed for all microphone
signals. According to the abovementioned research, it is difficult to validate this
method generally, but nonetheless, the estimation exhibits good correlation with the
size of damages after visual inspections [43]. Markedly, providing reliable data of
blade damage detection using airborne sound method includes several uncertainties
which requires further investigations and conducting experimental tests under differ-
ent operational conditions [43]. Likewise, this method is highly dependent on the
environment and background noises which could be considered as one of the limita-
tions of the mentioned technique.

The other significant type of acoustics-based method utilizes the acoustic signa-
tures which are actively generated by an acoustic speaker, for sake of detecting dam-
age, abating the inherent limitations of passive-based techniques by representing flex-
ibility regarding the procedure and duration of structure excitation [44]. The active
acoustic damage detection approach, schematically represented in Fig.8 for a wind
turbine blade, damage, speakers and microphones, in which the acoustic energy
transmitted from the internal cavities of the structure to its exterior [45].
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Fig. 8. Schematic illustration of the active acoustic damage detection method [45]

The acoustic signal alterations during transmitting through boundaries of structural
cavities is investigated by Beale et al. [46] as a novel damage detection method. Fo-
cusing on active acoustic emission method, the damage was detected by measuring
the acoustic pressure responses externally whereas the structure is subjected to inter-
nal acoustic excitations. The method was employed for damage detection of 46 m
wind turbine blade considering various types of damage and different severity and
locations. Extraordinarily, due to the low attenuation of sound in air, very few or even
a single microphone could be sparsely located on the tower for capturing the excita-
tion signals [46]. Moreover, minimum acoustic signal is transmitted through undam-
aged blade whereas a damaged blade allows high acoustic signal to be transmitted due
to sound leakage from a damage position on the blade.

Fig.9 describes two configurations of experimental set up, consisting of micro-
phone and speaker positions.
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Fig. 9. Schematic of 46 m wind turbine blade, with the positions of the microphone and speaker
representing the active acoustic emission method [46]

The results divulged that damages as small as 5.1 cm introduced before the mid-
length of the blade were conveniently captured by different sensors ranging between 3
and 17.1 m from the damage position. It is worth mentioning that the active-based
method should be limited for detecting edge splits, cracks, holes, and damage types
that extend through the entire skin of the structure.

In addition to available academic researches, various commercial SHM systems are
available on the market. Based on damage sound detection, a damage detection sys-
tem has recently been represented by Ping Services company [47]. As their algorithms
are mostly proprietary, the commercial methods are not discussed further.

3.2 Thermal Imaging Method

Thermal imaging method is a detection technique for subsurface defects or abnormali-
ties exerting temperature differences observed on the assessed surface by employing
infrared sensors or cameras [48]. So, damages occurred in the structures are detecta-
ble due to a change in the thermal diffusivity [49]. Based on thermal excitation meth-
od, the thermal imaging is classified as passive or active methods. The passive type is
exerted to assess structures that are at a different temperature than ambient [50]. The
active approach possesses an external stimulus source such as optical flash lamps, or
heat lamps. The passive method is not usual in wind turbine SHM during the tests and
more improvements are needed to be flourished as a promising method. Thermoelas-
tic stress method as a specific type of active thermal imaging method, is based on the
thermoelastic effect, in which the stress alterations in the materials will cause the
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change in temperature [50]. This technique has been demonstrated as an efficient
approach for fatigue tests of wind turbine blades [51], since stress concentrations
could be captured during the test before extension of damage on the surface

A fatigue test of the 13.4m sectional blade was accomplished by means of a ther-
moelastic stress analysis camera (TSA), in order to observe the stress distributions
[52]. The detected areas of stress concentration had not previously been predicted by
the finite element method. Hence, at those damage-prone locations more strain sen-
sors were exerted. Thus, measuring the strains could be useful to calibrate the signals
exhibited by the TSA camera. Fig. 10 illustrates the finite element analysis and the
blade structure during the test conditions.
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Fig.10. (a) Finite element results (strains in lengthwise direction), (b) Blade structure during
test [52]

Regarding the composite structures, a suggested relationship can be expressed as
following [52]:

AT=-L (LAcy, + MAc,y) 1)
pCp

Which is proper for observation at a surface, thus Aoz is excluded because it is nec-
essarily zero and the directions of 11 and 22 imply on the principal directions of the
laminate. The parameters L, M must be obtained from measurement [52].
Furthermore, as well as blade damage detection, thermal imaging method is capable
of diagnostic and monitoring in a broad range of applications in components such as
bearings, gear boxes, electric generators, etc. However, due to slow spread of temper-
ature inside the material, it is not an appropriate method for early damage detection
[53, 54].

The vibro-thermographic technique, as a promising branch of thermal imaging, is
able to detect the crack, damage, voids and stress concentrations utilizing high power
ultrasounds [55], or oscillating stresses with a mechanical shaker [56]. Therefore, this
method could prosper as a promising SHM method for wind turbines, while more
investigations are required in order to diminish the sensitivity to temperature altera-
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tions [51]. More assessments are needed for the application of thermal imaging meth-
od to in-service WT’s due to its sensitivity to ephemeral temperature alterations [51].
In addition, thermal imaging method is capable of producing a full-field measurement
in image form which provides a rapid evaluation possible even for a non-professional
operator. However, the cardinal problem of the thermal imaging technique is the
thermal excitation procedure. Regarding the passive type, the environmental condi-
tions (such as cloud cover, solar radiation, wind speed) play a crucial role on the out-
door infrared thermographic surveys. On the other hand, regarding the active excita-
tion, it is not cost-effective and efficient to excite the turbine on site [10]. Regarding
the thermoelastic stress excitation method, its shortcoming is the necessity to apply
load cyclically, which can lead to damage growth during defining the existing damage
[57]. As a specific technique, non-contact ultrasound-induced thermography could be
a promising technology for using in SHM of wind turbines, as in aircrafts [58]. As
other drawbacks of thermal imaging method, detecting the cracks depends on camera
resolution and it is impossible to penetrate in extended depths of the structures. Even-
tually, it can be concluded that this method could be utilized as a complementary
method to other monitoring techniques for acquiring a comprehensive and accurate
damage detection.

3.3 Ultrasonic methods

Ultrasonic method is a technique commonly employed for investigating the inside of
structures [59] which is based on propagation and reflection of elastic wave within the
material. The basic principle of the technique is that an ultrasonic wave is passed
through the material and is then reflected and/or mode converted by a defect. Three
different techniques can be taken into account for this method as pulse-echo, through
transmission, and pitch-catch [60, 61]. This technique is capable of detecting planar
cracks that occur perpendicularly to the direction of wave propagation. This technique
is widely employed by the wind energy industry for structural assessment of towers
and blades [62].

This method provides an evaluation of the location and nature of the damage
through wave propagation which can be used for SHM and determination of material
properties of WT components [63]. In addition, ultrasound scanning can be exerted to
observe the beneath surface and delamination in composite structures [64]. The transit
time and amplitude can be exploited for defining the position and the severity of the
damage [25]. Moreover, ultrasonic could be used for inspection of adhesively bonded
parts in the composite structures for detecting of delamination and interlaminar weak-
ness [65]. Furthermore, employing a scanning sensing laser beam, ultrasonic images
can be constructed by utilizing the ultrasonic excitation at a specific point while
measuring corresponding ultrasonic responses from multiple points [8]. Lee et al. [66]
propose a portable long-distance ultrasonic propagation imaging (LUPI) system that
uses a laser beam targeting and scanning system to excite, from a long distance, while
acoustic emission sensors are installed in the blade. It was proposed to a portable
health monitoring system for in situ long distance applications in wind turbine blade.
The feasibility of the introduced method was verified on a 2 MW commercial wind
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turbine system. The embedded AE sensors at various damage hot spots acted as the
ultrasonic sensors during the damage evaluation and visualization process, as well as
the sensing component for damage localization. A schematic diagram of the entire
Portable ultrasonic propagation imaging (UPI) system configuration is shown in Fig.
11(a). Fig. 11(b) and (c) represent the configuration and installation of a portable
long-distance ultrasonic propagation imaging (LUPI) laser targeting and scanning
system in a turbine tower.
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Fig. 11. (a) Portable UPI system configuration for long distance application (b) System config-
uration and installation of long-distance laser excitation system (c) Parked turbine blades at
optimal position for scanning [66]

A study of complete noncontact laser ultrasonic wavefield imaging technique was
proposed by Park et al. [67], to automatically detect and visualize hidden delamina-
tion and debonding in composite structures. A blade of 10 kW wind turbine was pro-
vided for testing, depicted in Fig. 12(a). The blade possesses the dimensions of 3500
mmx500 mmx3 mm made of GFRP materials, which comprises 6 plies. Owing to
simulate the internal delamination, a 15 mm diameter Teflon tape was embedded
between the plies during manufacturing process. Fig. 12(b) and (c) compares cumula-
tive total wave energy (CTWE) and cumulative standing wave energy (CSWE) imag-
es acquired from the scanning region of the blade. In CSWE image, the incident wave
energy and other noise components were eliminated, and only the location of delami-
nation was displayed.
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Fig. 12. (a) composite blade of wind turbine, (b) CTWE image, and (c) CSWE image [67]

The introduced technique possesses following advantages: (1) it does not require any
sensor installation; (2) it is noninvasive, rapidly deployable and applicable to harsh
environments; and (3) it can visualize damage with high spatial resolution without
any baseline data, which enables automated and intuitive damage diagnosis [67].

Ultrasound methods can be exerted for other purposes, such as measuring the
thickness of the parts as well as crack detection. However, ultrasound techniques are
insensitive to single fiber break in composite structures. [10]. As a remarkable limita-
tion, planar defects parallel to the wave propagation may not be detected. Moreover,
this method has problem of monitoring irregular, rough, thin, or non-homogeneous
materials.

3.4  Strain measurement method

Strain monitoring is a method for capturing microscopic length changes in a compo-
nent [4] and the length variations directly correlate to stresses generated in the struc-
ture [18]. Markedly, strain sensors must be located at specific positions, where large
deformations are anticipated which restrict their applicability for damage detection in
a structure [26]. To this end, prior knowledge of the stress field of structure such as
employing finite element analysis is required, thus, the sensors should be installed in
vital locations.

Multifarious sensors are exploited in strain measurement method as traditional
electrical sensors (e.g., piezoelectric materials, capacitance, inductance, etc.), fiber-
optic sensors and recently the most popular types of sensors namely, Fiber Bragg
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Grating (FBG) sensors. Some main drawbacks of the electrical sensors are presented
as below [18, 68]:

1. Influence of temperature on the performance of the piezoelectric sensors

2. Non-linearity

3. Hysteresis and zero shift due to cold work

4. Weakening of the signal over a considerable distance

Fiber-optics sensors can be mounted on the wind turbine blades for load measure-
ment. By applying the strain on the component, the power of the light source will
reduce which enables measurement of the applied load [69]. As a simplest sensing
principle, the light power dwindles linearly with increasing of the strain, while de-
creases tremendously when the crack appears in the structure [69]. Some of the ad-
vantages of optical fiber sensors can be indicated as higher fatigue resistance, elimi-
nating the wiring issues, and monitoring more locations with the same cable.

Fiber Bragg gratings (FBGS), as wavelength-based sensors, are made by illuminat-
ing the core of a suitable optical fiber with a spatially-varying pattern of intense ultra-
violet (UV) laser light [70].

The advantages of FBG’s are expressed as following:

1. Minimal size, high strength, very sensitive

2. Lightening safety and neutrality to Electromagnetic interference (EMI)

3. Capability of measuring various parameters such as strain, temperature,

sounds, pressure, accelerometer, etc.

4. Multiplexing: ability to engrave several sensors on a single fiber; for an in-

stance, temperature and strain can be measured with the same sensor

5. Combining multiple gratings in a single fiber: reading simultaneously large

numbers of sensors on a very few fibers, leading to reduced cabling require-
ments and easier installation
The Bragg wavelength, Ag is determined by the below expression [71]:

where ness indicates the effective refractive index and A the grating pitch.

As the measuring procedure, by applying the strain and altering the mechanical or
physical of grating region, A and ner Will be changed and consequently the reflected
wavelength (AB) will be influenced accordingly, therefore, it can be utilized to meas-
ure the applied loads [72]. A schematic illustration of FBG response during imposed
strain and its working principle are depicted in Fig.13.
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Fig. 13. (a) FBG response as function of strain, (b) Working principle of FBG [73]

An FBG measurement system for strain monitoring in WT blade with length of 45
m, has been mounted and demonstrated by Schroeder et al. [74]. In order to conduct
the experiment, three strain sensor pads each have been attached to both the windward
and the leeward internal surfaces of the blade, on opposite symmetrical positions
which can be seen in Fig. 14.
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Fig. 14. Scheme of the positions of sensor pads and signal-processing unit (SPU) in the blade
[74]

For sake of obtaining the averaged load transfer from the blade to the relatively short
FBG strain sensor, a very long sensor pad with length of 400 mm was selected, in
comparison with the FBG sensor length of 5 mm. Finally, the average strain over the
pad length of 400 mm was calculated. The photo of the six sensor pads is exhibited in
Fig. 15, emphasizing that the third pad comprises a temperature sensor.
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Fig. 15. The sensor pads for strain monitoring in the WT blade [74]

FOS4X sensor technology [75], employs fiber-optical strain and accelerometer sen-
sors based on Fiber Bragg grating sensor (FBG) for structural health monitoring of
wind turbine blades.

FIBERSAIL [76] is a shape sensing system based on FBG fiber optic sensors to
monitor and analyze windmill blades in terms of shape, condition, and behavior.

As another strain measurement approach, Moog Insensys [77, 78] has designed a new
system for monitoring the blade pitch angle and for measuring the mass increase of
the blades due to ice accretion, employing fiber optic strain sensors.

3.5 Vibration-based method

The vibration-based methods are among the most significant SHM methods for OWT
[79, 83]. The method is based on the fact that modal parameters such as frequencies,
mode shapes and modal damping, are functions of the physical properties of the struc-
ture such as mass, damping and stiffness. Therefore, changes in the physical proper-
ties, such as reductions in stiffness originating from the onset of cracks or loosening
of a connection, will engender detectable changes in the modal properties [84]. More-
over, the damage detection relies on a comparison between the dynamic response of
the structure condition before and after occurring damage. So, changes in modal fea-
tures, could be utilized as damage indicators [85, 86]. Owing to investigate the dy-
namic response of the structure by studying the mode shapes, several accelerometers
must be mounted [87]. In order to compare the resonant frequency, Ghoshal et al. [88]
investigated the application of PZT patches at hot spots. The damage can be detected
by measuring the differences in the resonance responses of the healthy and damaged
structure.

As another damage detection approach based on vibration methods called Imped-
ance-based damage detection method, various investigations were studied [89, 90]. In
this method, by appearing damages in the structure, the electrical impedance of piezo-
electric materials will be changed and monitored subsequently.

Pitchford et al. [90], employed foregoing method to detect damage on a wind tur-
bine blade. The technique utilizes small piezoceramic (PZT) patches attached to a
structure as self-sensing actuators to both excite the structure with high frequency
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excitations and monitor any changes in structural mechanical impedance. By monitor-
ing the electrical impedance of the PZT, assessments can be made about the integrity
of the mechanical structure. Their outcomes demonstrated that impedance based SHM
is capable of detecting damage on the blade section and it is a promising technique for
exerting in WT blades.

On the other hand, conducting accurate analyses on a full-scale offshore wind tur-
bine (OWT) during operational condition is tremendously troublesome due to the high
number of uncertainties induced by offshore environment such as wind and wave
loading. Due to mentioned limitations, Operational Modal Analysis (OMA) is em-
ployed for measuring the modal parameters relying on the assumption that the struc-
ture is exposed to unknown random loads and the system is linear time-invariant dur-
ing the analyzed time interval [91- 93]. Devriendt et al. [94] evaluated that by utiliz-
ing 10 minutes as time segment for monitoring of the OWT, adequate modal parame-
ters could be identified properly. Regarding the active vibration-based structural
health monitoring, Tcherniak and Mglgaard [95] presented a technique which is capa-
ble of detecting structural damages of WT blade. The mentioned investigation
demonstrated the system on a Vestas V27 [96] wind turbine. It was demonstrated that,
for the specific damage type introduced to the blade, even small damage of at least 15
cm size could be captured remotely without stopping the WT. The proposed SHM
system relies on the vibration method, in which the plunger frequently hits the blade
and the generated vibrations propagated along the blade are detected by installed ac-
celerometers. The actuator was mounted outside the blade, on its upwind side about 1
m from the root as delineated in Fig. 16. 12 monoaxial piezoelectric accelerometers
were used in this study and their locations on the blade are described in Fig.16 (d).
However, it is worth mentioning that it is difficult to detect the defect using the fre-
quency method as mentioned by [44].
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Fig. 16. Actuator (a) design, (b) actuator location (c) mounting on the blade (d) blade sketch
indicating the red and green circles as the locations of the accelerometers and the location of the

actuator, respectively [95]

The influence of the scour on the natural frequency of offshore wind turbine was stud-
ied by Weijtjens et al. [97], where it was demonstrated that by increasing the scour,
the natural frequencies of the support structure, and therefore the wind turbine dimin-
ish. Vibration- based method with a three-tier structural health monitoring framework
of a 34 m blade was exploited by Tsiapoki et al [98], for sake of damage and ice de-
tection. The ice accretion steps on the blade tip is exhibited in Fig.17.
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Fig. 17. (a) Ice accumulation steps, (b) Steel sheets mounted on blade surface for simulation of
ice accretion [98]

Results from the modal test shown that structural alterations due to damage at the
trailing edge and adding mass could be captured by changes in the condition parame-
ters [98].

The ‘IDD. Blade’ ice detection system is a vibration-based blade condition moni-
toring system developed by Wolfel [78, 99], which measures vibrations of WT blades
with structural noise sensors.

3.6  Employing Carbon nanotube (CNT) as damage impediment and sensor
agents

As mentioned in the previous section, SHM approaches encompass the application of
strain gages, accelerometers, piezoelectric sensors, and fiber optic sensors for measur-
ing strain, vibration, etc. [100-104]. Many of these methods furnish sensing only near
the sensor, so, they must be positioned near to critical regions for sake of damage
detection. Thus, if damage takes place at other unexpected regions, it may go unde-
tected. Several investigations have concentrated on piezoresistive polymers made by
dispersing CNTs into a polymer to produce a conductive matrix [105-111]. Fuzzy
fiber sensors exhibit promising features as low cost, low weight, and convenient con-
solidation within a composite material. Furthermore, they are insensitive to manufac-
turing methods or alignment. Thus, foregoing remarkable features can provide an
extremely high number of sensing elements to be embedded inside a composite struc-
ture with the minimum cost and weight. Furthermore, adding CNT to the convention-
al composite can augment the interfacial and interlaminar strengths to preclude the
delamination and debonding damages in the composite structures [112-117]. The
SEM image of carbon fiber coated with CNT (fuzzy fiber), and the three-point bend-
ing test of hybrid composite (conventional composite with CNT’s) are delineated in
Fig. 18. As it can be seen, the bridging effect of CNT’s at the interface represents the
significant improvement of such nano-engineered materials regarding the interlaminar
and interfacial strengths of the composite structures.
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Fig. 18. (a) SEM micrograph of CNT growth on glass fiber (Fuzzy fiber) (b) short-beam shear
(SBS) test configuration and the effect of CNT’s which are pulled out of the polymer matrix
during delamination [118, 119]

Sebastian et al. [118], utilized a novel, multi-modal, nanomaterial-based sensor
technology that can provide wide area detection of damage in composite structure.
The efforts presented in this research serve as a feasibility study into the incorporation
of carbon nanomaterials into structural composites as sensors. Surprisingly, the car-
bon nanotube covered fiber (fuzzy fiber) sensors exhibit similar sensitivity to conven-
tional strain gages and are more easily integrated into composite structures as the
sensor itself is a composite. The fuzzy fiber strain gages can be employed to sense
strain within composite structures and can be consolidated into the laminated compo-
site to prepare sensing over large sections and in positions which are not accessible to
conventional strain gauging approach. The superior properties of the fuzzy fiber pro-
vide its application in a wide range of sensing tasks within a composite structure in-
cluding strain, temperature, degradation, etc.

Due to exceptional mechanical properties of CNT’s and their potential to be used
for monitoring the structural damage, application in wind industry is explored by
several research groups [120-122]. These competitive advantages make CNT’s attrac-
tive candidate for the reinforcement of composite long wind turbine blades with trivi-
al increase in the blade weight, that can produce ultra-mega sources of clean energy
[122]. A schematic application of CNT’s- based wind turbine blades is illustrated in
Fig. 19.
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Fig. 19. Application of CNT-based continuous fibers for design of wind turbine blades [122]

As a classification, all the introduced methods with their advantages and disad-
vantages are represented in the Appendix.1.

4 Conclusion

The present work is devoted to preparation of a review of disparate structural health
monitoring (SHM) methods of wind turbine blades encompassing active/ passive
acoustic emission method, strain measurement method, vibration-based method,
thermal imaging method and ultrasonic methods, based on the recent investigations.
The damages considered in the present work are fiber breakage, matrix cracking,
delamination, fiber debonding, crack opening at leading/ trailing edge and ice accre-
tion. Moreover, employing the carbon nanotube (CNT) as both reinforcement agent
and internal sensors for monitoring the internal health of the blade structure is intro-
duced. Finally, the advantages and disadvantages of the represented methods are nom-
inated and classified.



Appendix.1

Table A. Comparison and classification of the introduced SHM methods

SHM Methods

Definitions/ Companies/ Employed Sensors

Advantages/ Capabilities

Disadvantages/ Limitations

Acoustic Emission
Method (AE)

1. The conventional method is based on the release of localized
energy in form of elastic wave in material

2. The damage process and stress waves also emit Airborne
sound (audible crack)

3. Two approaches as active and passive types

. Active Method:

. Based on propagation of acoustic pressure in the air

. Using fiber optic microphones

. Eliminating the wave attenuation inside the material

. Optimizing number of speakers

. Optimizing the inside design of blade (avoiding narrow zone)

D O O T 9 N

5. Passive Method:

a. Based on elastic wave propagation inside material

b. More required sensors than Active method

c. Conducting attenuation test for reducing the sensor numbers

6. Capable of detecting: Fiber breakage, Matrix cracking, De-
lamination, Fiber debonding, Crack opening at leading/ trailing;
Also capable of fault detection in gearboxes, bearings, shafts

7. Relevant Standards: ASTM E976, ASTM E2374- 15

8. Prior knowledge of stress field using finite element analysis
is required for detecting damage-prone locations

9. Damage sound detection used by Ping Services company
Employed Sensors:

Piezoelectric sensors, Fiber Optic Sensors, Fiber Brag Grating
(FBG), Macro-fiber Composites Sensors (MFC)

1. Powerful in detecting/ identifying
damages and their locations up to micro-
scale

2. Allowing a convenient, fast and cost-
effective monitoring of a structure

3. Proper response at low frequencies &
sensitive in detecting the incipient defect

4. Detecting widespread types of damag-
es

5. Improving the damage evaluation
capability of AE by employing Structural
Neural System (SNS)

6. Airborne sound method:

a. there is NO signal attenuation due the
inherent feature of this method

b. Due to use of microphone, the number
of sensors is remarkably reduced than
conventional passive AE

1. Depending on the algorithm

2. High sensitivity to background noise;
Assessing the normal condition operat-
ing, different wind, and environment
conditions such as raining condition,
hailing, gust

3. Attenuation of the signal during
wave propagation inside the material
(except Airborne method)

4. Importance of sensor locations study
for making cost-effective process

5. Avoiding the installation of metallic
components/ cables, due to lightning
strike

6. Airborne sound method:

a. Dependent on the environment noise
b. Incapable of detecting small crack or
detecting at incipient

Strain Measure-
ment Method

1. Detecting microscopic length changes in a structure

2. Prior knowledge of stress field using finite element analysis
is required for detecting critical areas for mounting the sensors

3. Recently utilizing the optical fiber and FBG's strain sensors
are highly attracted

4. Employed by FOS4X GmbH company for damage detection
based on FBG strain sensors

5. Employed by Moog Insensys Ltd for ice and load measure-
ment, based on four optical fiber strain sensors

1. Convenient installation process once
proper training was implemented

2. Mature technology

3. Using fiber- optic sensors due to less
prone to fatigue, eliminates wiring issues
and allows more points to be monitored
with the same cable

1. Mechanical properties limitations

2. Sensitive of installation to misalign-
ments

3. Influenced by EMI noise (except
FBG’s)

4. Distance between the sensor and the
Data Acquisition System impresses
accuracy and restricts location of sensor
(except FBG’s and optical fiber sen-
Sors)
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Employed Sensors:
Strain gauge (Capacitance, inductance, semiconductor, and
resistance), Fiber Optic Sensors, Fiber Brag Grating (FBG)

Vibration- Based
Methods

1. Considering the modal parameters such as resonance fre-
quency, mode shapes and modal damping, as functions of the
physical properties of the structure (mass, stiffness & damping)

2. Changes in the physical properties, resulting from the onset
of cracks or damage initiation, will lead to detectable changes
in the modal properties

3. Detecting the damages in the structure by comparing be-
tween the response before and after occurring damage

4. Employed by FOS4X & Wodlfel for ice and damage detection
5. Active vibration based SHM used by VESTAS company

6. Deferent analysis types of modal base method:

a. Using PZT patches at the hot spots and exciting actuator,
damage is detected using the differences of resonance response
of healthy and damaged structure

b. Impedance-based SHM by monitoring the electrical imped-
ance of the PZT

7. Operational Modal Analysis (OMA)

a. Considering that the system is linear and doesn’t change
during the time in the analyzed time interval

b. Compared with traditional experimental modal analysis
(EMA), OMA does not require expensive excitation sources

Employed Sensors:
Accelerometer, MEMS, optical fibers, FBGs, Velocimeter

1. Reliable and mature technology
2. convenient mounting

3. Existing of many various techniques
available based on this method

4. Solving some limitations based on
development in Operational Modal
Analysis

1. High number of uncertainties which
makes difficult to accomplish a detailed
dynamic/ modal analysis of the entire
of the structure

2. Incapable of detecting very small
damages or localizing damages at
incipient level

3. Difficult analysis in operating condi-
tions

4. Increasing the scour, leads to de-
crease the natural frequency of the
support structure and therefore wind
turbine

5. Considering the variation of envi-
ronmental and operational conditions in
the results

6. Due to uncertainties and unmeasura-
ble input forces such as wind and
waves, the Classical Experimental
Modal Analysis (EMA) methods cannot
be employed for offshore WT

Thermal Imaging
Method

1. Based on the fact: when a component starts to malfunction,
the temperature increases beyond the normal values

2. Two approaches as passive and active method based on
excitation method

3. Passive Method:

Utilizing to investigate materials that are at a different tempera-
ture than ambient (often higher)- NOT common in SHM of
wind turbines

4. Active Method:

Employing an external stimulus source such as optical flash
lamps, heat lamps, etc., for inducing pertinent thermal contrasts
on the part

5. ‘Thermoelastic stress method’ as one type of active thermal
imaging method, based on the thermoelastic effect

a. Changing the temperature of material due to the change of
stress in the structure

b. Necessity to apply load periodically on the component being
tested, which results in growth of damage

1. Rapid assessment of the structure
2. Cost effective (Passive method)

3. Capable of producing a full-field
measurement in image form

1. Detecting cracks depends on camera
resolution

2. Impossible to penetrate in extended
depths

3. Passive method:

An important role of environmental
conditions on outdoor infrared thermo-
graphic surveys (cloud cover, solar
radiation, wind speed)

4. Active Method:
Exciting the turbine on site, is not cost
effective

5. Infeasible to use during the operation
of a wind turbine, since the detection
capability is constrained by the effect of
environmental conditions

6. This method could be used as com-
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Employed Sensors:
Impedance tomography, Thermography (infrared cameras)

plementary to other SHM method

Ultrasonic Method

1. Utilizing three different techniques for investigation:
a. Pulse-echo Method

b. Through transmission Method

c. Pitch-catch Method

2. Damage is detected by changing in wave reflection or time of
flight, comparing with the time that a wave needs to travel a
distance through a medium

3. Determining the defect position & defect severity by transit
time & the amplitude, respectively

4. Revealing planar cracks (e.g. delamination) oriented perpen-
dicular to the direction of sound wave propagation

Employed Sensors:
Piezoelectric transducers

1. Sensitive to both surface and subsur-
face discontinuities

2. The depth of penetration for flaw
detection or measurement is superior to
other NDT methods

3. Superior to other NDT methods

4. Only single-sided access is needed
when the pulse-echo technique is used

5. It has other uses, such as thickness
measurement, in addition to flaw detec-
tion

1. Difficulty in evaluation of irregular,
rough, or non-homogeneous materials

2. Surface must be accessible to trans-
mit ultrasound

3. Insensitive to single fiber rupture in
fiber composites

4. Linear defects oriented parallel to the
sound beam may go undetected

5. Requiring of reference standards for
both equipment calibration and flaw
characterization

6. Inefficient for full-scale SHM of
large structures and it can be used as
complementary method
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