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Abstract

INTRODUCTION: As a renewable and clean use of energy, wind power generation has a very important role in the new
energy generation industry. For the many parts of various wind turbines, the safety and reliability of wind turbine blades are
very important.

OBJECTIVES: The energy spectrum simulation algorithm included in the wavelet analysis method is used to simulate and
analyzewind turbine blade damage, to verify the correctness and validity of wind turbine blade damage analysis.
METHODS: Matlab simulation is used to introduce the experiments related to the static and dynamic detection of fiber
grating sensors, analyze the signal characteristics of the wind turbine blade when it is damaged by the impact, and provide

a basis for the analysis of the external damage of large wind turbine blade.

RESULTS: The main results obtained in this paper are the following. By analyzing the decomposition of wavelet packets,
the gradient change of wavelet impact energy spectrum before and after the wavelet damage was obtained and compared
with the histogram, and the impact energy spectrum of each three-dimensional wavelet energy packet in the image was
compared and analyzed, which can well realize the recognition of wavelet damage gradient for solid composite materials.
CONCLUSION: With the help of Matlab simulation to collect the impact response signal, using the wavelet packet energy
spectrum method to analyze the signal, can derive the characteristics of wind turbine blade dama
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turbine blade internal cracks, voids, delamination or
debonding and other damage[3-5], so need to take some
special detection methods to the wind turbine blade
implementation of strict testing.

The detection can use the detection method of ultrasound,
x-ray inspection method, computerized chromatography

1. Introduction

Wind energy is one of the fastest-growing renewable energy
resources. The blades are regarded as one of the most critical
components in a wind turbine[1]. Wind turbine in terms of
blade materials used is the combination of various composite

materials to form a thin shell blade structure, this composition
of the main type of material is usually called glass fiber can
also be said to be a reinforced version of glass fiber, the wind
turbine blade introduced and analyzed in this paper is
composed of glass fiber composite materials[2]. Due to the
wind turbine manufacturing production process and other
factors, the wind turbine blade in the operation of the power
supply service the wind turbine load, and other factors
interference and impact, factors will directly lead to the wind

detection method, microwave detection method, ultrasound
detection method, and acoustic emission detection method[6].
The robust principal component analysis method is used to
preprocess the blade image with surface dirt, and the damage
feature extraction process is transformed into a convex
optimization problem for solving and obtaining the blade
damage features[7]. Proposing a thermal infrared image-
based method for wind turbine blade damage identification,
damage location determination and damage size
calculation[8]. The detection method of computerized
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laminography has a better spatial resolution, as well as
density resolution, a higher density in terms of imaging size,
a larger range of dynamics that can be detected, a more
intuitive three-dimensional image detected, and the geometry,
is unrestricted at sufficient penetration energy, but the cost of
this method is relatively high, low efficiency, and the double
side will be transmissive imaging, so it is not applicable in
large components and components of flat thin plates. The
detection method of ultrasound is more suitable for assessing
the integrity of materials, but its signal-to-noise is relatively
low, and it is more difficult to extract useful signals. A
material damage identification model combining principal
component cluster analysis and BP neural network is
proposed based on acoustic emission technology. It has a
better ability to recognize the unknown damage[9].
Construction of an attenuated sinusoidal and exponential
wavelet threshold function for noise reduction of acoustic
emission signals with low signal-to-noise ratio[10]. The
detection method of acoustic emission can obtain the defects
and damage that the composite material has, and in its
development, because of the rich and active amount of
information, this technique can be applied to more advanced
production and research and development, playing a very
important role, but it also has certain disadvantages, making
it difficult to distinguish between signal and noise[11].
Existing passive acoustics-based techniques for wind turbine
blade damage detection lack the robustness and adaptability
necessary for an operational implementation due to their
physics- and model-based dependency[12].

This paper studies the method of detecting whether the
blade of a wind turbine has damage based on a fiber grating
sensor[13]. The volume and mass of the fiber grating sensor
are relatively small, with strong anti-interference ability,
which has certain advantages in many detection methods, so
this detection method is commonly applied to the process of
detecting the blade of the wind turbine. Further studies found
that ultrasonic sensors using fiber grating to detect fatigue
cracks in metals are more sensitive to ultrasonic waves and
can locate the tip of the crack [14,15].

In this paper, the fiber grating sensor is used for the
dynamic experiment of the blade, and Matlab is used to
simulate the vibration experiment[16], the impact experiment
is conducted by the relationship between the waveform of the
output signal of the fiber grating sensor and the placement
distance and placement angle of the sensor, and the
relationship between the impact signal and the placement
position of the sensor is sought [17,18].

The gradient change of the multi-order wavelet impact
energy spectrum before and after the damage is compared to
the impact energy spectrum of the three-dimensional order
wavelet energy packet to realize the wavelet damage gradient
identification [19,20].

2. Analytical model of the coupled-mode

theory of fiber grating

2.1. Coupled-mode theory of fiber grating

Coupled-mode theory describes the coupling behavior of
optical waves in a more comprehensive and detailed way and
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is usually used very widely in the quantitative description of
fiber gratings, so it is the most fundamental method for
analyzing fiber gratings in current studies. The coupled mode
equation is obtained with the help of the micro-motion
condition of the ideal light wave tube, Maxwell's equation,
mode orthogonally, and boundary conditions.

In general application situations, the high-frequency
microwave-modulated signal is wusually treated as a
microwave-type interference, which is generated under the
stimulation of microwave UV radiation from the transmitting
fiber or adjacent cores. Inside the fiber grating range, the
transverse component of the electromagnetic field is
considered to be a superposition of many unperturbed ideal
modes as in equation (1):

E"(x,y,2,t)= Z]{A,(z)exp(iﬂ/z)+B,(z)exp(—iﬂ/)}ej(x,y)exp(—iwt) (1)

Whered;- slow-variant amplitude in j modes flowing along
+z direction, Bj- slow-variant amplitude in j modes flowing
along -z direction, 8 - transmission constant, e’; (x, y) -
transverse mode field.

Under the influence and stimulation of the refractive index,
when a perturbation occurs, the amplitudes 4; and Bjin the jth
mode will move in the z direction, and the law of this change
moves satisfies the following equation (2) equation (3):
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In the two equations listed above, the transverse coupling

coefficient CTy; between the jth and kth modes can be
reflected as:
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Where A& (x, ¥, z) - the perturbation of the dielectric
constant.
If only the effective refractive index of the wave tube mode

is considered to be perturbed, the refractive index distribution
of the fiber after UV irradiation is:

5neﬂ (2)= 54/ (z){lﬂ)cos[zfz +q0(z)}} (6))

Where OM cii(z)- the average refractive index is changed,
U - the refractive index causes the stripe visibility to be

changed, A - the grating period, (D(Z )— the melancholy
chirp parameter.

In most fiber gratings, 07 ef(z) is considered to be uniform
inside the core, but it is considered to be present outside the
core. Therefore, we can use the expression of (5) to express
the refractive index of the core, to make its physical meaning
clearer, which can be defined as:

a)n()oi“?_ o *
0, ()= Py el 0) ] (y)sivas
00
(6)

EAI Endorsed Transactions on
Energy Web
| Volume 112024 |



Characterization and Prediction of Wind Turbine Blade Damage Based on Fiber Grating Sensor

k6=, ) )

Based on the above equation, it can be written that
equation (5) can be written as:

CL0= 0,0+ 2, ooy 22|
®)

Where O (z)- is the self-coupling coefficient, Cix(z)- is
the cross-coupling coefficient.

2.2. Fiber grating sensor sensing principle

Fiber optic (Bragg) grating (FBG) is a reflection type of
grating that takes the UV-sensitive properties carried by the
doped fiber itself and exploits them by irradiating a spatially
periodic strong UV laser beam in the doped fiber, thus
allowing the core refractive index to follow the axial direction
and periodically distribute the reflection conditions.

2.3. Static characteristics of fiber grating
sensors

The relationship between the input of a sensor and its output
is mostly non-ideal for non-linear sensors, so we can use this
polynomial to represent the relationship between the input
and its output in a sensor:
V=f@)=bytb X +b. X +-+b, X’
©)

Where X - input signal, Y - output signal, bo -zero output,
bi- linear and sensitivity, b, bs....bn, - sensor nonlinearity
coefficient.

However, in the case of characteristic curves where the
input-output relationship of the sensor is already known, the
coefficients of binomial (b2) and above binomial (bi(i>
2))can be ignored as zero. The linear accuracy equation for
this type of sensor can be expressed in Equation (10) as
follows:

o, =+ 2L (10)
YFS
Where OL - the linearity of the sensor, Y¢s - the full-scale
output of the sensor, ALmax - the maximum deviations of the
calibration curve and the fitted curve of the sensor.

3. Simulation analysis calculation

3.1. Vibration calculation for composite plates

The composite substrate consists of many single-layer sheets
spliced together. Since the single-layer sheets are very thin,
after being bonded, the total thickness of the composite is also
very thin, and its thickness is much smaller than the deflection,
and we can regard the composite sheet as anisotropic. To
study the vibration equation of the composite material in
depth, the coordinate system should be set up first, with the
length extension direction of the composite plate set as the x-
axis, the width extension direction as the y-axis, and the thin
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thickness direction as the z-axis. Following the invariant
assumption method of the linear method and the integral
method, we can express the displacement components of all
points on the composite plate:

wx,3,2) =y, (x.7)

0 ;
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Where Wy- displacement component of the mid-plane, uo -
displacement component of the mid-plane, vy - displacement
component of the mid-plane, W -disturbance function of the
system.

The strain component can be obtained from the micro
deformation equation as:

2
o =2t 0 Wy
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oW, szw
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Then according to Hooke's law of plane stress, we have:
E
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The differential equation for the vibration of the composite
plate is:

4 4
oW,, 0w
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(14)

Where W(x’ Vs t) - the vibration amplitude,

P _ mass per unit area,

F (x, V,t )— the strength of the load-bearing load that is
forced to vibrate,

D. Bending stiffness parameter.
If the bearing load strength of the forced vibration

F (x » Vot ) =0, is in the free vibration state, the differential
equation of the vibration is:
4 4 4
ov., 0w 0w,

2
4 2 3 aW:O
2
Ox oxoy ay

P
D 01‘2

(15)
3.2. Test idea

Vibration simulation experiments were conducted for the
composite materials during excitation. Seven fiber-optic
grating sensors were attached to the sheet, and they were
named FBG1-FBG7. The positions of the sensors and their
naming numbers are shown in Fig.1 where the sensor FBG1
is affixed to a length of 50 mm from the excitation position of
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the shaker extending along the x-axis, sensor FBG2 is pasted
at a length extending 20 mm along the x-axis from the
position of sensor FBGI1, sensor FBG3 is attached at a
distance of 50 mm from the excitation position of the shaker
along the x-axis, sensors FBG4 and FBG3 are pasted at 90
degrees to each other, sensor FBGS is attached to the sheet
made of composite material at an angle of 30° to sensor FBG3,
sensor FBG6 is pasted at a distance of 100 mm from the
excitation position on the sheet formed by the composite
material extending in the negative direction along the x-axis,
and sensor FBG7 is attached at a distance of 80 mm from the
excitation position of the exciter on the sheet made of
composite material extending along the negative direction of
the x-axis.:

FBG2

Z20num

FCGT Stum BGA

S0oun

Hihmm

ppGe Excitatian point

L.

Glass fiber composite sheet

FBGs  FBGY
10

TRGT

Figure 1. Vibration experiment simulation diagram

In the vibration simulation experiment of the vibration
simulation of composite materials, using Matlab wavelet
simulation and then filtered by the filter in the wavelet
toolbox, by imitating the direct observation of Fig.2 can be
seen that the difference between the original signal map of the
two sensors and their original signal map after filtering is not
very obvious, there is no way to conclude the comparison, so
the frequency domain signals of the two sensors are compared
here.

D EA
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(a) Frequency domain amplitude of sensor 1
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(b) Frequency domain amplitude of sensor 2
Figure 2. Frequency domain signal comparison char.

This conclusion is obtained by comparing the frequency
domain signals of the sensors: the frequency domain
amplitude of sensorl is greater than the frequency domain
amplitude of sensor2 at a frequency of 30 Hz, so the
excitation signal received by the sensor must be related to the
distance of the sensor affixed to the sheet from the excitation
point located on the composite material.

3.3. Wavelet packet energy spectrum for
impact response damage identification

A simple impact test was performed on a fiberglass composite
panel to test the effectiveness of such an initiative with a small
wave packet energy spectrum. A glass fiber composite plate
is fixed to the experimental table, which has the property of
being optically shockproof, and then a fiber grating sensor is
placed on the surface. In this simulation, an impact hammer
was used to strike a thin plate made of glass fiber composite
material with a determined amount of 0.15 J, and
displacement loads of 1 mm, 3 mm, and 5 mm were applied
at the locations of the simulated loading damage. A simulated
experimental sheet composed of composite materials without
any displacement load applied, with a 1 mm displacement
load applied, with a 3 mm displacement load applied, and
with a 5 mm displacement load applied was struck. The time
domain signal of the shock obtained after simulation is shown
in Fig.3:
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Figure 3. Time-domain signal at impact

The time domain signals of the simulated experimental
sheet composed of composite materials when subjected to
impact can be derived from Fig.3 in the absence and presence
of damage. However, because the time domain signals are so
dense, it is very difficult for us to conclude from these four-
time domain signal maps whether they carry damage or not.
Therefore, the waveform plots out of which 1 mm
displacement load, 3 mm displacement load, and 5 mm
displacement load were applied were decomposed into
wavelet packet energy spectra respectively, and then
compared with the wavelet packet energy spectra of each
order when there were no damage, the changes of the energy
spectra of the 10th and 23rd orders were very large, so that
when there was a breakage in the wind turbine blade material,
it led to a change in the values of the parameters of that
material, etc., which led to an increase in the changes than the
wavelet packet energy spectra of the 10th and 23rd orders
respectively. This change is more prominent when the wind
turbine blade material is more severely damaged, and by this
conclusion, it can be concluded that the use of the wavelet
packet energy spectrum method can detect the damage of this
material.

3.4. Simulation of existing data using
MATLAB

The data is mainly from the wind farm, all the data will be
created variables, the sensors will be simulated and simulated
to lose open the wavelet toolbar; select the wavelet packet
tool and open to derive the fitted curve. The waveform of the
output sensor is obtained, and the feedback signals of the six
sensors are derived.

Using different objects pasted on the wind turbine blade to
simulate different damages of the blade, the collected data
were input again and the damage signal of the wind turbine
blade was fitted using Matlab. Since the sensor angle is best
when the sensor center point and the line of the impact point
are laid vertically, sensor 2 is chosen as the study object for
simulation. Import the collected experimental data from
Zhangbei wind farm, open the wavelet toolbar of Matlab,
select the wavelet packet tool, and after fitting, the waveform
output of the sensor after the wind turbine blade is attached to
the block is shown in Fig.4:
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Signal FBG2 for simulating damage by attaching a 20mm diameter block
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(c) Output signal for 40mm diameter object
Figure 4. Damage analog signal simulation diagram

Run the program can be derived from the wind turbine
blade with damage and no damage wavelet packet energy
change when the blade is not damaged, the experimental
simulation to get the wavelet packet energy spectrum of each
order change is relatively small, when the blade damage
experimental simulation to get the wavelet packet energy
spectrum of each order change is relatively large, in the 11th
order and the 27th order of the amount of change is very
prominent. From Fig (b) and (c) comparison can be derived
from the diameter of the 20mm block in the impact of the 11th
and 27th order of change are less than the diameter of the
40mm block, so the larger the damage, the wavelet packet
energy spectrum of the 11th and 27th order of change is
greater, you can use the wavelet packet energy spectrum
method to detect the size of wind turbine blade damage.

4. Discussion

In this paper, a fiber grating sensor is used to detect whether
the blade is lost or not, and an energy spectrum simulation
method using wavelet analysis is proposed to simulate the
blade damage. The method analyzes the influence of the
position of the fiber grating sensor on the detection, and
analyzes the characteristics of the time-domain and
frequency-domain signals at the time of blade failure. The
results show that the method can recognize and extract the
damage characteristics of the blade. The method can be
applied to wind turbine blade damage identification.
Although this paper verifies the effectiveness and accuracy
of the method. However, the fiber grating sensor is
particularly sensitive to ultrasonic waves, which may lead to
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misjudgement. n the future, more accurate and more effective
algorithms are used in conjunction.

5. Conclusion

(1)Three different coupling modes of fiber grating sensors
have been analyzed and studied in terms of coupling
multiplexing techniques: time division multiplexing, coupling
multiplexing of space division, and coupling multiplexing of
central wave division.

(2) The main blade body structure that we want to study is
a composite material of glass fiber. Matlab was used to
simulate vibration experiments, and the relationship between
the waveform of the output signal of the fiber grating sensor
and the placement distance and placement angle of the sensor
could be obtained. Impact experiments were conducted and
the relationship between the impact signal and the placement
of the sensor was obtained. At a frequency of 30 HZ, the
amplitude of the frequency domain increases with distance.
By analyzing the decomposition of wavelet packets, the
gradient change of wavelet impact energy spectrum before and
after the wavelet damage was obtained and compared with the
histogram, and the impact energy spectrum of each three-
dimensional wavelet energy packet in the image was
compared and analyzed, which can well realize the
recognition of wavelet damage gradient for solid composite
materials.

(3) A wind turbine blade simulation diagram was
constructed to simulate the state of the external surface of the
wind turbine blade being destroyed, and the impact response
signal was collected with the help of Matlab simulation, and
the signal was analyzed by using the wavelet packet energy
spectrum approach to derive the characteristics of the wind
turbine blade when it was damaged.
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