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Wind turbines are one of the key systems in wind energy development. *e wind tower supporting the whole wind turbine is a
towering structure, which has been affected by installation, transportation, environment, and other factors. Furthermore, it is
prone to experience other quality problems that would be difficult to detect for wind turbine towers.*erefore, the key to maintain
the wind tower structure and to ensure the normal operation of a wind turbine is to carry out comprehensive and detailed
detection and monitoring studies during its service stage. *is paper sorted out several common quality problems including
structural damage, deformation, flange bolts loosening, and corrosion of wind tower and relevant research on the detection and
monitoring of these quality problems. In addition, some nondestructive testing technologies are introduced, including the
ultrasonic phased array, time of flight diffraction, magnetic memory, acoustic emission, fiber Bragg grating and piezoelectric
impedance, and applications in wind turbine towers.

1. Introduction

With the exhaustion of traditional nonrenewable resources
and the deterioration of the environment, the development
of clean and renewable energy such as wind energy has been
accelerated [1]. Wind turbine is the main structure for wind
energy development, whose components include the wind
tower which is the supporting part of the whole structure
and works under the dynamic load directly [2, 3]. *e wind
tower plays a vital role in ensuring the normal operation of
the wind turbine. However, the wind turbines are often
exposed to the harsh environment and subjected to large
fatigue loads [4]; therefore, the wind tower may suffer se-
rious quality problems or even collapse, causing huge
economic losses. Carrying out the structural health detection
and monitoring of the tower can reduce the maintenance
cost and downtime of wind turbines [5], making it an in-
dispensable and important part in wind power engineering.

However, the current state-of-the-art methods on de-
tection technology of wind towers are very extensive and

there is no systematic sorting. *erefore, this paper firstly
summarizes some quality problems of wind towers in-
cluding structural damage, deformation, flange bolt loos-
ening, and corrosion, as well as the developed research of
other authors on the corresponding detection and moni-
toring system. In addition, the principle, advantages, and
limitations of several nondestructive testing technologies are
introduced, including ultrasonic phased array technology,
time of flight diffraction technology, magnetic memory
technology, acoustic emission technology, fiber Bragg
grating technology, and piezoelectric impedance technology.
*ese nondestructive testing techniques are widely used in
various engineering structures and are relatively advanced,
specifically, this paper mainly introduces the application of
these techniques in the detection of wind turbine towers. It is
expected to provide some reference for the detection and
monitoring of wind turbine towers in the future. Although
the inspection and monitoring technology of the wind tower
has gradually matured, there are a few reliability analyses
about it. *e existing studies are more related to the analysis
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of the life cycle and failure capability of the turbine blade
structure [6, 7], Fei et al. proposedMRSM several models for
dynamic nonlinear responses of failure capacities for turbine
blisk responses and a probability-based prediction method
for turbine blades. Due to the aforementioned, the reliability
analysis of wind towers based on detection data needs
further research.

2. Common Quality Problems and Related
Research of Detection and Monitoring
Methods of Wind Turbine Towers

2.1. Damage Detection of Wind Towers. Damage including
machinery fault is a vital cause of structural failure, making it
an important part of structural health detection and
maintenance [8]. One common characteristic of damage is
the loss of stiffness which can lead to the change of the
structural vibration response [9, 10] from the point of dy-
namics. *erefore, it is a primary method to detect damage
based on structural vibration characteristics (e.g., natural
frequency, damping, and modal shapes) [11].

*ere are numerous advanced research studies on
damage detection based on structural vibration character-
istics of wind towers.

Pacheco et al. [12] used sensors to track the mode shapes
and natural frequency of a 2MW wind turbine in operation,
and then changed the number and distribution of sensors on
the wind tower to conduct operational modal analysis
(OMA). *e results showed that it takes more time to de-
termine the damage of a wind tower when the number or the
quality of sensors is reduced. Additionally, detection results
using a few sensors of good quality are often better than a
large number of low-quality sensors. If placed properly, one
biaxial sensor of high quality can achieve satisfactory results
of damage detection on the wind tower.

Kim et al. [13] also studied the damage detection method
based on structural vibration characteristics. Numerical
accelerometer signals along the direction of the tower and
blade in the dynamic wind field are used for calculations in
the OMA, and the modal characteristic differences calcu-
lated from it are used to detect the damage of offshore wind
turbines. In addition, the study allowed obtaining a large
amount of structural health monitoring data of one wind
turbine by analyzing the natural frequency, displacement
mode shape (DMS), and curvature mode shape (CMS) of the
tower and the blade, which can serve as the basis for damage
detection.

Kim et al. [14] applied the damage detection technology
based on vibration characteristics to conduct damage de-
tection and structural health monitoring of a wind turbine.
By comparing the results of laboratory tests and finite ele-
ment analysis, they studied the dynamic characteristics of a
wind turbine tower with different damage locations.

On the basis of this detection method, Hu et al. [15]
compared two types of damage of wind turbines. *ey
studied the damage of the tower and blades and the cor-
responding change of vibration characteristics caused by the
decrease of stiffness. *e results showed that the vibration

characteristics are more sensitive to the damage of the wind
tower rather than the blades, indicating that the tower
structure plays a vital role in the normal operation of the
wind turbine.

Benedetti et al. [16] numerically simulated the cracks in
the key parts of a wind tower and estimated the typical in-
service loading conditions of the tower based on the vi-
bration characteristics; in addition, radial strain sensors are
arranged in key parts of the tower to detect cracks. In order
to further study the abnormal distribution of strain caused
by the crack propagation, three strategies were compared,
including strain peak near crack tip, strain release in the
region above the fracture, and strain difference between
adjacent sensors.

2.2. Deformation Monitoring of Wind Towers. *e wind
turbine towers are slender structures with large flexibility,
which tend to have large deflection deformation under the
long-term action of transverse wind loads, resulting in the
tilt of the tower. As shown in Figure 1, the center points of
the wind tower at different heights C1, C2, . . ., Cn are not on
the plumb line.*is will amplify the dynamic response of the
top of the wind tower and even lead to the collapse of the
tower cylinder [17]. *erefore, deformation monitoring is
also an indispensable part of the structural health moni-
toring of wind towers.

*e traditional monitoring method of a wind tower is to
measure its perpendicularity using a total station, which is
time-consuming and laborious. *erefore, a 3D laser
scanner has been applied as a new efficient method to
monitor the tilt degree of the tower. Su et al. [18] and Xie
et al. [19] used a 3D laser scanner to collect 3D data of
separate wind turbine towers and processed these data with
different analysis software to obtain coordinates of center
points at different heights of the towers which are used to
calculate the tilt angle. In addition, by comparing these
calculated results with the ones obtained synchronously by
the total station, it is proved that the 3D laser scanning
technology can meet the accuracy requirements of the
perpendicularity measurement of the wind tower and is
more comprehensive and efficient than the total station.

Fiber Bragg grating sensor is a common sensor for
measuring structural strain, which can be used in defor-
mation monitoring as well, and its principle is introduced in
detail in Section 3.5. Bang et al. [20] developed an array fiber
Bragg grating sensor and applied the measured strain to the
deflection estimation of wind towers based on the strain-
displacement transformation method. In order to verify the
reliability and practicability of this method, a field moni-
toring test was carried out for a 1.5MWwind turbine, which
successfully completed the strain measurement and shape
estimation of the tower. In addition to the tower defor-
mation monitoring, the fiber Bragg grating strain sensors are
often used to detect the shape and deflection of blades since
they will not be affected by electromagnetic interference,
lightning, and electronic noise [21].

For the offshore wind turbine, besides the transverse
dead load, the impact of waves and hull will aggravate the
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deformation of the wind tower. Visual inspection is a tra-
ditional technology used to measure the perpendicularity of
offshore wind towers; however, the detection results of this
method will have errors since the verticality of the camera
cannot be guaranteed when scanning underwater. To solve
this problem, Shan et al. [22] proposed a surface defor-
mation detection method based on a parallel stereo vision
model, developed a surface deformation measurement
system based on this method, and conducted a deformation
test of an offshore wind turbine model under the impact of
ships. Results verified the practicability and reliability of this
measurement system and provide an efficient and accurate
method for the deformation monitoring of offshore wind
turbine towers in the future.

2.3. Detection of Flange Bolt Loosening. In wind towers, the
flange represents a common connection method, which
needs bolts to tighten up as shown in Figure 2. Under the
repeated action of wind loads, bolts are prone to become
loose, which will seriously affect the integrity and reliability
of the tower. Piezoelectric impedance and vibration char-
acteristics are two common principles to detect the bolt
loosening.

Bolt loosening will decrease the structural stiffness,
leading to the change of vibration characteristics. He et al.
[23] developed several vibration tests before and after the
bolt was refastened for six separate towers which have
different bolt loosening conditions, respectively. Large-scale
test data are obtained and shows that the vibration energy of
the tower barrel is mainly concentrated on the first-order
vibration, and among all vibration characteristics, bolt
loosening is most sensitive to the change of first-order phase
difference of the upper and lower flange rather than the first-
order natural frequency.*is conclusion is confirmed by the
study of Chen [24] using finite element modeling analysis.

Piezoelectric impedance is another effective technique to
detect bolt loosening. Its principle is introduced in detail in
Section 3.6. Tang et al. [25] detected the tightness of flange
bolts through five piezoelectric plates and obtained the law
between several different detection indexes and the position
and degree of bolt loosening. Results showed that structural
difference has the least influence on the square root of the
standardized rate of all the detection points. Nguyen et al.
[26] proposed a hybrid detection scheme combining the two
principles of vibration and impedance and conducted vi-
bration and impedance tests on the joint bolts of the lab-
sized wind tower model to detect their loosening and the
tests verified the feasibility of the detection method.

In addition to the above-described studies, Park et al.
[27] proposed a new vision-based bolt loosening detection
technology for wind towers, based on the principle of image
processing technology. Specific detection steps include
image acquisition, segmentation of each nut, line detection,
nut angle estimation, and bolt loosening detection. Fur-
thermore, a model of a flange with 32 bolts was used to
simulate the actual flange connection of the wind tower, and
the loosening of bolts was experimentally detected, which
verified the feasibility of this technology.

2.4. Corrosion Detection of Offshore Wind Turbine Towers.
Offshore wind power is more abundant than onshore wind
power, which is of higher development value. However,
compared with onshore wind turbines, offshore wind tur-
bines are in the harsh environment of alternating dry and
wet, salt, fog, and seawater, making corrosion of towers a
serious problem [28]. Corrosion will cause stiffness reduc-
tion of wind towers [29], which is a major part of the cost of
offshore wind energy development [30]; therefore, corrosion
detection is extremely important for controlling the main-
tenance cost of the offshore wind turbine.

However, the remote location of offshore wind turbines
seriously limits the application of in situ corrosion detection
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Figure 1: *e schematic of wind tower.
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methods such as ultrasonic, acoustic emission, and X-ray.
*erefore, Ahuir-Torres et al. [31] designed a wireless in-
telligent sensor network system for the corrosion detection
of offshore wind turbine towers with the application of real-
time remote sensing technology. *e electrochemical
properties of the structure will change when it is corroded,
which will be detected by electrochemical sensors.*erefore,
combined with real-time remote sensing technology, the
system is able to detect the corrosion of offshore wind
turbine towers remotely. In addition, the study obtained the
corrosion threshold under different environmental condi-
tions through laboratory corrosion tests [32] and verified its
reliability through a large amount of data in published
papers.

3. Application of Nondestructive
Technologies in Wind Turbine Towers

In Section 1, the common quality problems of the wind
tower and relevant investigations are introduced. *ese
investigations mainly focus on the specific detection
methods, detection indexes, the verification of tests, and
finite element models. In this section, the basic principles of
several nondestructive testing technologies widely applied in
wind tower are briefly introduced.

3.1. Ultrasonic Phased Array Detection Technology.
Ultrasonic phased array is a relatively advanced ultrasonic
nondestructive testing technology. *e probe of phased
array imaging is composed of a set of independent wafers,
which are agitated by the electrical system according to a
certain time sequence. During the receiving process of

reflected waves, the chip unit is also controlled according to a
certain time sequence and the reflected signal is synthesized
and displayed. Ultrasonic phased array detection can realize
sound beam deflection through delay technology, that is, by
controlling the time delay of excitation, receiving pulses of
each crystal unit and changing the phase relation of each
chip when transmitting ultrasonic to and receiving it from a
certain point in the object [33] (see Figure 3). In that case,
general ray tracingmodels are currently required to calculate
the proper incident angle of single element probes and the
proper time delay of phased array [34].

Traditional steel wind turbine towers generate a large
part of the wind power market. Welding is an important
connection method for pieces of steel wind towers. Ultra-
sonic phased array technology is often used to detect the
quality of the welding seam. *e study shows that when
testing the welding seam of steel wind towers, the echo signal
of the ultrasonic phased array can be extracted, processed,
and transformed to achieve a better effect of classification
and recognition of flaw [35].

Wang [36] compared the detection effect of the ultra-
sonic phased array, TOFD, and DR technologies on the same
weld of wind towers and found out that the on-site detection
efficiency of ultrasonic phased array technology was higher
than the other two, and it could be more efficient to detect
the continuous trend of defects in the weld. Results showed
that the detection efficiency of ultrasonic phased array
technology is higher than the other two, which can detect the
continuous trend of flaws in the weld more clearly. However,
this technique has its limitations in repeatability accuracy,
that is, the value of the same flaw varies when repeating
detection. In addition, although this method is accurate in
the qualitative analysis of flaws, it is difficult to calculate the
defects quantitatively.

3.2. TOFD Detection Technology. Time of flight diffraction
(TOFD) is also a type of ultrasonic nondestructive testing
technology widely applied for the detection of weld quality
due to its safety (no ionizing radiation) and reliability [37],
which detects the flaws using a diffraction wave generated by
an ultrasonic wave at the end of the flaws. During detection,
a pair of probes with the same frequency, angle, and size are
placed symmetrically on both sides of the weld, with one as
the transmitting probe and the other as the receiving one.
*e transmitting probe induces longitudinal waves into the
weld to be detected and generates three types of waves:
straight wave, which propagates along the weld surface;
reflected wave, reflected from the floor of the component;
and diffraction waves, which pass through the two ends of
the flaw as shown in Figure 4.

*erefore, if there is a flaw in the weld with sufficient
length, the receiving probe will detect four different wave
patterns with a time difference between each pattern [38].

TOFD technology has a high defect detection rate, as
well as accuracy in location and quantification of defects
[39]. According to its principle, the size of a flaw can be
calculated based on the time difference and accurately lo-
cated based on simple geometric relationships; therefore, it is
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Figure 2: Flange connection of wind tower.
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widely used in the detection of weld quality. Ma et al. [40]
derived the formula for quantitative calculation of tilt crack
length and angle for thick-walled tubular detected by TOFD.
*e study has certain reference significance for the detection
and calculation of flaws of wind towers which is exactly a
thick-walled tubular structure.

However, there are still some technical difficulties when
applying TOFD detection technology to the weld quality
detection of wind turbine towers due to the difficulties in
receiving diffraction waves diffracted by weld surface and the
end of some lateral defects. *erefore, there are certain blind
regions in the detection of these areas. In addition, when
detecting the continuous weld at the transition between
flange and tower, it is necessary to use other detection
methods to carry out corresponding supplementary detec-
tion since the ultrasonic probe cannot be placed on the
flange side [41].

3.3. Magnetic Memory Detection Technology. Magnetic
memory detection technology is a new nondestructive
method introduced in the field of wind turbine towers in
China.*is technology is easy to carry out and has a low cost
[42, 43], which can be used in the maintenance of wind
tower tubes to improve their detection rate and to reduce the
maintenance cost.

*e principle of this detection technology is to utilize the
magnetic characteristics of the geomagnetic field. *e flaw
will form stress concentration areas, which will produce
spontaneous magnetization under the combined action of
stress and geomagnetic field. *e spontaneously magnetized
magnetism will not completely disappear, maintaining some

residual magnetism even though the stress disappears [44],
which is called magnetic memory. In the region of con-
centrated stress, the normal component of magnetic
memory signal Hp(Y) changes considerably [45], with its
peak value changing from positive to negative as shown in
Figures 5 and 6. *erefore, the stress concentration area
where the flaw is located can be determined according to the
amplitude of the normal component of the magnetic
memory signal detected by the magnetic sensitive probe.

Since the magnetic memory is a characteristic of fer-
romagnetic materials, it is mainly used in the inspection for
the quality of the weld and the flange of a traditional steel
wind tower as well as the steel components in concrete
towers. *e specific detection method is to manually push
the magnetic memory trolley and try to keep a uniform
speed through the welding seam and flange connection to
carry out magnetic memory scanning.

It should be noted that this technology has its limita-
tions; firstly, the magnetic memory signal is relatively weak
and influenced by many factors when used for stress
analysis. *e mechanism has not been clarified [46, 47] and
the magnetic properties of materials vary a lot with different
ferromagnetic materials and environmental characteristics
of the site where the wind tower is located, causing the
accuracy of detection results to be controversial.

3.4. Acoustic Emission Technology. Acoustic emission tech-
nology (AE) is a dynamic nondestructive testing technology.
Different from other ultrasonic testing technology, it is based
on the characteristics of the material itself that the plastic
deformation of most metal materials will produce acoustic
emission phenomenon [48]. As shown in Figure 7, the
material will release elastic waves when it is deformed or
fractured, which propagate to the component surface,
causing mechanical vibration. Additionally, vibration is
converted into electrical signals through the sensor and
amplified by the preamplifier.*ese signals are recorded and
processed and finally used as the basis for data analysis and
evaluation of defect characteristics [49].
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Figure 3: Principle of ultrasonic phased array scanning. (a) Exciting and receiving signals according to a certain time sequence.
(b) Deflection of the sound beam.
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Figure 4: Principle of TOFD acoustic detection.
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Other traditional nondestructive testing methods are
difficult to achieve the early detection of flaws, which can be
easily realized by acoustic emission testing technology. *e
elastic wave varies with the change of defects and defor-
mation of the component making the technology sensitive to
dynamic defects. *erefore, using acoustic emission in-
struments to detect, record, and analyze acoustic emission
sources can detect the defects of wind towers in a timely

manner in the initiation and propagation and effectively
evaluate dynamic damage of defects to prevent sudden
adversity of the structure [50]. Acoustic emission technology
can be used for weld quality detection as well as detection of
the generation and expansion of concrete cracks [51];
therefore, it can be applied in the detection of both steel and
concrete wind towers.

When using acoustic emission technology to detect
components compared with other methods, the energy is
released from its stress-strain energy without external
power. *e dynamic monitoring of components can be
realized by detecting the crack at the beginning of its
propagation process and the change of the cracks [52]. In
addition, acoustic emission detection does not require ad-
ditional downtime and has the advantage of simplicity,
convenience, and economy which can effectively change the
traditional detection method of wind towers. However, due
to the complex working environment of the fan tower tube
and the presence of many external disturbances, AE signals
may contain somemechanical and environmental noise.*e
way to eliminate the noise and extract AE signals with typical
defects of effective AE signals to accurately reflect the state of
defects remains to be further studied [53].

3.5. Fiber Bragg Grating Technology. A fiber Bragg grating is
a type of fiber which is processed by special technology. *e
refractive index of a certain part of the structure (Bragg
grating) changes periodically, playing a role in light wave
selection [54]. As shown in Figure 8, when a beam of light
with a wide spectrum passes through the grating, the light
satisfying a certain condition is reflected by the grating,
which will change with the change of strain or temperature
of the environment where the grating is located, leading to
the transfer of central wavelength of the reflected wave.
*erefore, by measuring the change value of the central
wavelength of the reflected wave, the strain of the measured
structure can be deduced [55].

*e strain sensor made of grating fiber technology has
the advantage of high sensitivity, high antielectromagnetic
interference, and strong repeatability [56] and is widely used
in structural strain measurement. As mentioned in Section
2.2, fiber Bragg grating sensors are often used in deformation
monitoring in wind towers. However, since they are sen-
sitive to temperature, using fiber Bragg grating sensors to
detect structural strain in areas with large temperature
variations may be inaccurate.

3.6. Piezoelectric Impedance Technology. *e piezoelectric
sensor used to detect loose bolts introduced in Section 2.3 is
based on the piezoelectric impedance technology, which is
based on the piezoelectric effect of piezoelectric materials as
shown in Figure 9. *e piezoelectric material is attached to
the surface of the structure to be detected, and an electric
excitation signal known as the inverse piezoelectric effect is
applied to the piezoelectric material to make it vibrate
slightly. *e vibration is transmitted to the surface of the
structure to be measured and causes the structure to vibrate.
*e vibration of the structure to be measured reacts on the

Hp (y)
Stress concentration area

Figure 5: Relationship between stress concentration and normal
component Hp(Y) of magnetic memory signal.

x

Hp (y)

Figure 6: Change of normal component Hp(Y) peak of magnetic
memory signal in the stress concentration area.

Stress wave

Acoustic emission source

Acoustic emission sensor

Preamplifier
Signal handling equipment Display system

Figure 7: Principle of acoustic emission technology.
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piezoelectric material, making a change to the surface charge
and the output electrical signal, which is detected by the
impedance analyzer, namely, the positive piezoelectric effect
[57].

When the bolt is applied with pretightening force, the
stiffness of the piezoelectric sensor mounted on the bolt head
will decrease under the action of compressive stress, re-
ducing the resonance frequency of some orders of the system
composed of the bolt head and piezoelectric sensor [58]. On

the contrary, there will be a loss of pretightening force if the
bolt becomes loose, increasing the measured peak frequency
of the system. *erefore, a piezoelectric impedance sensor is
often used to detect the bolt loosening of the flange, as
introduced in Section 2.3.

*e positive and negative piezoelectric effects of the
piezoelectric material enable excitation and sensor without
external excitation; in addition, the technology is sensitive to
small changes in measured structural parameters [59] and

Fiber Bragg grating

Optical fiber core

Output signal

Input signal

Input signal Output signal

Figure 8: Principle of fiber grating technology.

Electric excitation signal

Structure to be detected

Piezoelectric material
Bonding layer

Figure 9: Principle of piezoelectric impedance detection technology.

Table 1: Summary of nondestructive testing technologies.

Nondestructive
testing
technologies

Principle Advantages Limitations
Applications in
wind turbine

tower

Ultrasonic phased
array detection

A set of independent wafers
inducing ultrasonic waves

independently, and deflection of
an acoustic beam is realized by

delay technique

Suitable for detection of
structures that are difficult to
access, accurate localization of
defects, high sensitivity of

detection

Poor repeatable accuracy,
difficult to calculate the flaws

quantitatively

Detection of
welding seam

TOFD detection Huygens principle
High defect detection rate,

accurate location and
quantified calculation of flaws

Blind spots of detection in the
surface, probe cannot be

placed at the continuous weld
between flange and the tower

Detection of
welding seam

Magnetic memory Magnetic memory properties of
ferromagnetic materials

Improvement of detection
rate, reduction of the

detection cost

Magnetic memory signal is
weak and may be influenced

by many factors

Detection of
welding seam
and flanges

Acoustic emission Elastic waves are released from
the flaws of material

No external energy is needed,
less affected by the

environment. *e dynamic
tracking of flaws

Mixture of mechanical and
environmental noise with AE

signals

Monitoring
during its whole

life cycle

Fiber Bragg grating *e selection of a grating for a
particular light

High sensitivity, strong anti-
EMI capability

Sensitive to temperature of the
environment

Deformation
monitoring

Piezoelectric
impedance Piezoelectric effect

No external excitation is
required, sensitive to small

changes of measured
structural parameters

Easily affected by
environmental factors and the
stability of detection needs to

be improved

Detection of
flange bolt
looseness
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efficient in detection, so it is widely used in various engi-
neering fields. However, the amplitude of piezoelectric
impedance is easily affected by environmental factors, and
the detection stability needs to be improved [58].

*e principles, advantages, limitations, and applications
in wind turbine towers of the above nondestructive testing
techniques are summarized in Table 1.

4. Conclusions

*e wind tower is an important structure of wind turbines,
in which quality and health are related to the normal op-
eration of wind turbines. *is paper summarizes several
common quality problems of wind towers, including
damage, deformation, loosening of flange bolts, corrosion of
offshore towers, and potential hazards. It also introduces
several investigations on the corresponding specific detec-
tion and monitoring methods for these problems. Most of
these investigations are based on theoretical analysis com-
bined with finite element simulations or experiments.
However, the accuracy and stability of these methods still
need to be improved when used in wind tower health de-
tection and monitoring, considering the particularity of the
wind tower components. It is a good idea to further improve
the technology by combining comprehensive investigations
on other types of structures and then apply it to wind towers,
which needs further studies. In addition, several nonde-
structive testing technologies are introduced including ul-
trasonic phased array, magnetic memory, acoustic emission,
fiber Bragg grating, and piezoelectric impedance. Further-
more, it is summarized their principle advantages, limita-
tions, and applications in wind turbine towers. *ese
techniques have been developed after long-term practice and
application in many engineering fields; however, they are
not widely used in wind towers and have their own limi-
tations. For instance, the way to improve their limitations
and extend their application in the detection of all parts of
the wind tower will be the focus of future research.
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