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Abstract: The blades in a wind turbine are currently manufactured with flexible and light materials,
which make them more susceptible to the effects of vibrations when the wind speed is high enough,
causing fatigue damage, affecting the functionality of its structure and aerodynamic efficiency.
This work presents a comparison of the modal vibration parameters, applied to a cantilever beam,
determined with two experimental methods—the use of accelerometers and a proposed optical
non-contact method—based on the principle of laser triangulation and photogrammetry techniques.
This technique uses the geometric symmetry of the equidistant displacements along the z axis of
the beam to obtain the amplitude data. Parameters such as natural frequency and modal form are
obtained by fitting the data to a nonlinear equation with a solution which is an exponential/harmonic
equation. Also, analytically, these parameters are determined, and a comparison is made between
the experimental methods. The result shows that the relative error of the first-order natural vibration
frequency is below 1%. The proposed method is simple, efficient, reliable, and it is also a method that
has not been applied to the test of wind turbine blades, so its implementation as this type of wind
turbine component is an area of opportunity for the validation of modal vibration parameters in the
wind industry. An analysis of results is presented showing benefits of the proposed method and
its limitations.
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Recently, there has been increasing interest in the development of techniques and tools
that can provide global information on the dynamics of structures and components exposed
to constant stress, as well as to validate and update analytical models. Several authors
have presented many methods to measure the frequency and amplitude of vibrations
using mechanical [1], electrical [2], or optical devices [3,4], which depend on the need for
physical contact with the object or not. Accelerometers are by far the most traditional and
widely-used sensors used in modal testing; their ease of use allows for quick broadband
measurements to be made, yet one must consider the effects of (1) mass-loading, especially
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at higher frequency ranges; although progress in downsizing these devices is currently
under continuous development [5]; (2) short spatial information only because a contact
transducer provides information only from one measurement point, in this case, the point
on the object where the sensor is placed [6]; and (3) difficulty in selecting an appropriate mechanical stressing device, especially in the case of a large structure with complex
geometry [7].
Optical techniques have the advantage of being non-invasive and offer in most cases
an alternative for the measurement of lateral displacements. These optical techniques
employ devices such as laser vibrometers, fiber optic sensors, laser triangulation, and photogrammetry techniques, which provide better results in static and dynamic configuration
tests for the measurement of modal parameters in low-power wind turbine blades, as in
the case of this application proposal.
Metrology of vibration measurements by laser techniques, as performed by Hans–
Jürgen [8], has been presented in several documents and contributions at international
conferences in this area. There have been many specific sessions on metrology, calibration,
and standards focused on presenting and discussing innovative methods, techniques,
procedures, experimental results, and international standards, developed at the National
Institutes of Metrology (NIM) and the International Organizations for Metrology or Standardization [9–11].
Proulx, T. 2011 [9] presents experimental and computational research in an important
area of structural dynamics, including studies on wind turbine blades, dynamics, and
modal analysis applied to wind turbines, among other topics.
Laser vibrometers [12–14] have many advantages over similar devices used to measure vibrations such as accelerometers. Most laser vibrometers have unparalleled performance and capability testing tools built-in, high sensitivity and spatial resolution, and
can automate testing processes to test different points of a structure. Laser vibrometer
configurations also reduce measurement time and allow testing of those points on the
testing structure where conventional sensors cannot be placed. A disadvantage of these
vibration measurement devices is the high cost.
Fiber optic measurements [15,16] offer a solution, but have the disadvantage of being
sensitive to temperature changes, and error compensation methods still require further
investigation. Optical and laser triangulation techniques (LTT) [17–21] are the most used
procedure for the reconstruction of 3D objects because they are based on triangulation
between the object, the CMOS or CCD and the projection of laser light. Height changes
in the reconstruction of a profile are measured from the lateral displacements of the light
projected on the object under test, and generally the projection has a linear structure, which
is achieved by refraction in a cylindrical lens. Furthermore, LTT have a simple arrangement
and fast measurement speed, so there exists a wide range of applications in the inspection
and quality control of the production process [22–29]. An interesting contribution of
this technique is shown in reference [22], where the use of LTT in the reconstruction of
aerodynamic profiles for quality tests on wind turbine blades is presented.
However, the main disadvantage of LTT is the requirement for non-external light
sources and a set of color requirements of the surface under test, such that if this is not
possible in the experimental setup, an additional image processing method is required to
obtain the digital reconstruction of the object geometry.
In recent years, there has been an increase in research on non-contact measurement
techniques, such as photogrammetry and digital image correlation (DIC) [30–34], and
more recently these techniques have been used and applied to the field of experimental
mechanics [35], the aerospace industry [36], measurement of shapes 3D [37], civil engineering [38–40], and bridge inspection [41]. By improving the technologies and production
of new high-speed cameras, researchers have recently begun to use optical techniques to
measure vibrations.
Some published works are related to our proposal; for instance, Wu et al., 2007 [18]
developed an application of the laser triangulation technique that is presented, for the
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measurement of arterial frequency in a frequency range between 1.27 and 1.35 Hz, and
arterial pulse amplitudes between 38 and 48 µm, with a measurement resolution better
than 4 µm and an error of less than 3% compared to a commercial blood pressure monitor.
In [19], the authors propose an alternative way for the quantitative measurement of animal
algesia, determining changes in muscle vibration, with an accuracy of 10 µm; they use
a horn with a signal generator to validate their results and errors, in a frequency range
between 0.6 and 2 Hz with an error of less than 3%. A review of the different optical
methods for measuring distance and displacements is shown in the work of Berkovic and
Shafir, 2012 [42]. In this work the authors affirm that triangulation sensors have been used
for a long time and, depending on the application, their main advantage is their low cost
and quick implementation for measurement; also, the sensitivity range of these devices is
from 10 mm to 1m, and the resolution depends on the detection distance; as the maximum
detection distance increases, the resolution decreases progressively; the size of the laser
beam and the size of the detection pixel are other factors that can modify this resolution,
but resolutions of several micrometers can be obtained. Wang et al., 2019 [6] report the
application of a novel technique using binocular photogrammetry for irregular structures
and apply it in order to test ther blade of a wind turbine; their results are compared with
the use of accelerometers with an error of 1.3%.
The proposal presented in this work is a hybrid optical technique that employs a
combination of LTT and photogrammetry techniques and, by means of image processing,
the information is reconstructed for analysis. In addition, symmetrical patterns have been
used in this work to obtain the centroid. The implementation of the proposed method is
simple compared to other methods and can be applied to the dynamic testing of large wind
turbine blades.
It is important to mention that the disadvantages of the proposed method are (a)
the low sampling rate, as it does not have a high-speed camera, the frequency spectrum
does not contain other frequencies other than the natural frequency; (b) Laboratory tests
must be carried out under certain lighting conditions, in such a way that external light
sources do not influence the estimation of the projected laser spot centroid. On the other
hand, the advantages of the method are: (a) the technique is non-invasive and optical
contact, so no additional masses are added, such as that of the transducers, and it is not
necessary to add marks as in photogrammetry techniques, which makes it a faster test
when measuring points of interest along the blade under test; (b) Another advantage is the
low cost compared to measurement equipment that uses accelerometers.
The article is organized into four sections, beginning with the introduction, where
a description of the state of the art is made; in Section 2 we add three subsections, in
Section 2.1 we describe the analytical method; in Section 2.2 we describe the optical technique and calibration process, and in Section 2.3 we describe the dynamic analysis of a
cantilever beam determined with two experimental methods, the use of accelerometers
and the proposed optical technique; Section 3 presents the results and discussion of the
techniques used and the experimental application to the blade of a wind turbine; and
finally, the conclusions of the work are developed.
2. Materials and Methods
2.1. Lateral Vibrations of Beams: Analytical Method
The natural frequency, mode shape and damping coefficient are the three parameters
required to perform the dynamic characterization of mechanical systems. For a continuousmass fixed-free beam with length L, uniform cross-section area A, moment of inertia with
respect to the centroid of the cross-section area I, modulus of elasticity E, mass density over
unit volume uniform ρ. From the thin beam theory, the natural frequencies of the beam are
determined by

1/2
EI
ω n = ( β n L )2
, n = 1, 2, . . .
(1)
ρAL4

Symmetry 2021, 13, 1017

4 of 15

where β n L are the roots of
cosβ n Lcoshβ n L = −1

(2)

On the other hand, the mode shapes can be determined by the product of two functions, temporal T (t) and spatial W ( x ) functions, that is
ω ( x, t) = W ( x ) T (t)
where for the nth mode shape, Wn ( x ) and Tn (t) are
h
i
cosβ L+coshβ L
W ( x ) = cn cosβ n x − coshβ n x − sinβ nn L+sinhβ nn L (sinβ n x + sinhβ n x )
Tn (t)= An cosωn t + Bn sinωn t

(3)

(4)

A particular vibration is produced by the specified initial conditions,
ω ( x, 0) = ω0 ( x ),

.
dω ( x, 0)
= ω0 ( x )
dt

(5)

.

For our study case ω0 ( x ) = 0. Evaluating (3) at t = 0, and matching the first initial
condition (5),
cn Wn ( x ) An = ω0 ( x )
(6)
Taking Dn = cn An and assuming that ω0 ( x ) is an integrable function on the interval
[0, L], we obtain.
RL
ω0 ( x )Wn ( x )dx
Dn = 0R L
(7)
2
0 (Wn ( x )) dx
With the resolution of Equation (7), the nth mode shape of vibration of our problem is
defined.
Among the different types of damping that exist in mechanical systems, the one that
corresponds to a fixed-free beam that is made to vibrate freely is hysteresis damping. It
is due to friction between the internal planes when they slide as the material deforms.
There are different procedures to determine this damping coefficient; for example, using
the deformation energy concept, the equivalent mass concept, among other ways.
The energy dissipated by the damping in one cycle of motion is given by [43–45]:
∆W =

I

Fdx = πhX 2

(8)

where h is the hysteresis damping constant, h = ωc, ω is the natural frequency, c the
damping coefficient and X is the maximum deflection amplitude.
On the other hand, the energy lost in a cycle can be determined through the deformation energy due to the bending moment ( M) given the application of a load ( P) at the end,
that is [46].
Z L
M2
dx
(9)
Ui =
0 2EI
With the determination of Ui and U(i+1) , ∆W is computed. With this, the determination of the damping coefficient is completely defined.
It is important to mention that the damping coefficient determined through (8) and (9)
is for the linear elastic range since (9) was determined from Hooke’s Law. If it is required to
work in the nonlinear elastic range, it is necessary to remove this restriction and determine
a new expression for the strain energy (9).
2.2. Optical Technique
The optical methodology takes advantage of the properties of geometric and mechanical symmetry in structures to reduce the size of the models to be analyzed with a computer.
The measurement system calculates the symmetric displacements along the Z axis by the
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Experimentally,
measuring the parameters involved in Equation (10) is not very pracExperimentally, measuring the parameters involved in Equation (10) is not very practical, so the use of a calibration process of the optical measurement system is conveniently
tical, so the use of a calibration process of the optical measurement system is conveniently
used, i.e., the motorized linear displacement stage travels known equidistant displaceused, i.e., the motorized linear displacement stage travels known equidistant displacements
ments along the z axis, and these displacements are observed in the image plane (Figure
along the z axis, and these displacements are observed in the image plane (Figure 1) of the
camera as transverse displacements and are measured in pixels. For each displacement, the
image of the projected laser spot is captured and the position of the centroid is computed;
in this way, a calibration curve is constructed (Figure 2), which allows a conversion of pixel
units to millimeters of the measurements made, as well as the sensitivity of the measuring
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1) of the camera as transverse displacements and are measured in pixels. For each dis6 ofcen15
placement, the image of the projected laser spot is captured and the position of the
troid is computed; in this way, a calibration curve is constructed (Figure 2), which allows
a conversion of pixel units to millimeters of the measurements made, as well as the sensitivity of the measuring instrument on the z axis; that is, the minimum amplitude of vibrainstrument on the z axis; that is, the minimum amplitude of vibration that can be measured
tion that can be measured if we consider that the smallest measurable unit in the image
if we consider that the smallest measurable unit in the image plane is of the order of 1 pixel.
plane is of the order of 1 pixel.
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2.3.
2.3.Dynamic
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and
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m
of
0.3
kg,
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shown
in
Figure
3.
of 1/8 in and a mass m of 0.3 kg, as shown in Figure 3.
A CMOS camera model EO-0413 with a capture rate of 64 images per second, and
a solid-state laser with wavelength in the red spectrum were used for the optical system
measurements. A Kistler brand accelerometer model 8640A with a measurement sensitivity of 964 mV/g in a range of measure of ±5 g and the sampling frequency used was
2000 samples per second, connected to a data acquisition card of the same brand that saves
the acceleration information as a function of time.
The measurement process consists of applying an initial perturbation, at the free end
of the beam, and the measurement is carried out with both methods to reconstruct the
vibration path, obtaining parameters such as natural frequency, damping coefficient, and
its modal shape.
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the first modal shape is determined. This result is shown graphically in Figure 4. From the
application of Equations (8) and (9), the damping coefficient is c = 0.0205 Ns/m.
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12.6235 Hz. On the other hand, solving Equation (7), and substituting in Equation (3),
8 of the
15
first modal shape is determined. This result is shown graphically in Figure 4. From the
application of Equations (8) and (9), the damping coefficient is c = 0.0205 Ns/m.

Figure4.4.Snapshot
Snapshotofofthe
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vibratingcantilevered
cantileveredbeam.
beam.
Figure
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instant of time t to reconstruct the modal forms. The Root Mean Square (RMS) results obtained from parameters such as frequency and damping coefficient for the sections measured along the beam were 12.058 Hz and 0.0211 Ns/m, respectively. The maximum amplitude is obtained at the free end with a magnitude of 5.98 mm at a time t of t = 6.93 s,
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t to reconstruct the modal forms. The Root Mean Square (RMS) results obtained from
parameters such as frequency and damping coefficient for the sections measured along the
beam were 12.058 Hz and 0.0211 Ns/m, respectively. The maximum amplitude is obtained
at the free end with a magnitude of 5.98 mm at a time t of t = 6.93 s, which is from the
moment that the accelerometer interface begins taking readings.
3.3. Optical Method
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In the same way as for the accelerometer, a set of the total data are selected starting
from the coordinate with the maximum amplitude, for fitting and analysis. A total of
473 data were processed for analysis.
Figure 6 shows the graph overlay of the fitted equation on the selected data. Unlike
the results with the accelerometer in the graph, due to the low image capture rate per
second (64 fps), some local maximums do not reach the maximum amplitude due to lack
of information, which could be a disadvantage of the method. However, the measured
10 of 16
adjustment error is comparable with the adjustment error obtained with the accelerometer,
of which both are of the order of 1.3%.

Figure 6. Optical data and fit model function for vibration path reconstruction.
Figure 6. Optical data and fit model function for vibration path reconstruction.
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the dynamic response, are comparable and discussed in the next section.
3.4. Reconstruction of the First Vibration Mode
Symmetry 2021, 13, 1017

For the reconstruction of the first vibration mode, the maximum amplitudes are taken
10 of 15
in each of the sections measured with both methods. Figure 7 represents the first vibration
mode of the steel beam taken from the experimental results with both methods and fitted
to a quadratic function, as well as the function obtained with the analytical method.

Figure7.7.First
Firstmode
modeofofvibration
vibrationreconstructed
reconstructed
with
both
experimental
techniques
analytiFigure
with
both
experimental
techniques
andand
thethe
analytical
cal method.
method.

In this part, the comparison of the experimental methods is performed taking as a
reference the analytical result obtained in Section 3.1, to validate if the proposed optical
method is a reliable method for dynamic analysis.
Firstly, we analyze the results obtained from the natural frequency parameter with both
experimental methods compared with the analytical result. The ∆ f rms of the differences
∆ f of each of the beam sections measured with both methods was determined, and the
analytical result taken as reference value, f re f = 12.6235 Hz, obtaining the result listed in
Table 1.
Table 1. Comparation of frequency and damping coefficient found between the experimental methods
for the cantilever beam testing.
Methods

Frequency
(Hz)

Damping Coefficient
(Ns/m)

Analytic

12.6235

0.0205

Accelerometer

12.058

0.0211

Optical

12.1611

0.0200

Differences RMS and Error %
Accelerometer vs. analytic
error (%)

0.5655
4.47

0.0006
2.92

Optical vs. analytic
error (%)

0.4624
3.66

0.0005
2.43

Accelerometer vs. optical
error (%)

0.1031
0.85

0.0011
5.21

It can be seen that the RMS differences of both methods with respect to the result
obtained analytically are comparable, obtaining a better approximation with the optical
method, however the reference value (analytical method) is an ideal value, in the mathematical model aerodynamic forces due to the friction between the beam and the air, loss of
energy due to the heat and sound generated are omitted. The omission of these variables
causes an inaccuracy in the determination of the modal parameters.
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Another result to be compared is the damping coefficient, which can be obtained
directly from the fitting equations of both experimental methods, using the value of λ and
using c = 2λm and m = meq , the damping coefficients are given by c acel = 0.0211 Ns/m
and = 0.0200 Ns/m. There is a difference of 0.0011 Ns/m, and again we can see a similarity
between the results obtained experimentally between both methods.
A quantitative and qualitative comparison can be obtained by calculating the rms of
the differences between both functions. Here we found a difference of the order of 1.08 mm.
To show the superposition of both equations (Figure 8), the offset due to the start time
in16
12 of
the measurement of each method is compensated.
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quadratic functions of both methods (Figure 8) was of the order of 0.18 mm.
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3.5.
3.5.Experimental
ExperimentalApplication
ApplicationininaaWind
WindTurbine
TurbineBlade
Blade
Modal
low power
power wind
windturbine
turbineblade
blademanufactured
manufacturedin
Modalanalysis
analysiswas
was performed
performed on
on aa low
infiberglass,
fiberglass,with
with
an
aerodynamic
profile
FX63137
(Figure
9),
1.7
m
length
and
a design
an aerodynamic profile FX63137 (Figure 9), 1.7 m length and
a design
frefrequency
of
6.6
Hz.
The
same
procedure
was
used,
simultaneous
measurements
quency of 6.6 Hz. The same procedure was used, simultaneous measurements werewere
made
made
in eight
sections
with
the accelerometer
the optical
theobtained
results
in eight
sections
with the
accelerometer
and theand
optical
methodmethod
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results
obtained
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The
frequency
obtained
with
the
accelerometer
was
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were compared. The frequency obtained with the accelerometer was 7.62 Hz and withHz
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and
withmethod
the optical
thebetween
rms value
between
these differences
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Hz.
optical
7.93method
Hz, the7.93
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value
these
differences
was 0.31 Hz.
The
dampThe
coefficients
Ns/m
with the accelerometer
and 2.79
Ns/m
with
ing damping
coefficients
were 2.60were
Ns/m2.60
with
the accelerometer
and 2.79 Ns/m
with
the optical

method. In addition, the reconstruction of the first vibration mode with both experimental
techniques is shown in Figure 10. The RMS difference between the fitted quadratic functions of both methods was of the order of 0.16 mm. In Table 2 we show a comparison
between the frequencies and damping coefficients computed by both methods.
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the optical method. In addition, the reconstruction of the first vibration mode with both
experimental techniques is shown in Figure 10. The RMS difference between the fitted
quadratic functions of both methods was of the order of 0.16 mm. In Table 2 we show
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comparison between the frequencies and damping coefficients computed by both methods.

Figure9.9.Test
Test of a windturbine
turbine bladewith
with profileFX63137.
FX63137.
Figure
Figure 9. Testofofaawind
wind turbineblade
blade withprofile
profile FX63137.

Figure 10. First mode of vibration of the wind turbine blade with both experimental techniques.
Figure10.
10.First
Firstmode
modeofofvibration
vibrationofofthe
thewind
windturbine
turbineblade
bladewith
withboth
bothexperimental
experimentaltechniques.
techniques.
Figure
Table 2. Comparation of frequency and damping coefficient found between the experimental
Table 2. Comparation
of frequency
methods
for the wind turbine
blade.and damping coefficient found between the experimental
methods for the wind turbine blade.

Frequency
Frequency
(Hz)
(Hz)
7.62
7.62
7.93
7.93
Differences RMS and Error %
Differences RMS and Error %
Accelerometer vs. optical
0.31
Accelerometer vs. optical
0.31
error (%)
4.06
error (%)
4.06
Methods
Methods
Accelerometer
Accelerometer
Optical
Optical

Damping Coefficient
Damping Coefficient
(Ns/m)
(Ns/m)
2.60
2.60
2.79
2.79
0.19
0.19
7.30
7.30

In this experimental application, the laser spot is projected on the surface of the wind
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Table 2. Comparation of frequency and damping coefficient found between the experimental methods
for the wind turbine blade.
Methods

Frequency
(Hz)

Damping Coefficient
(Ns/m)

Accelerometer

7.62

2.60

Optical

7.93

2.79

Differences RMS and Error %
Accelerometer vs. optical
error (%)

0.31
4.06

0.19
7.30

In this experimental application, the laser spot is projected on the surface of the wind
turbine blade under test, it is important to mention that although the geometry of the
cross-section is not constant, the nature of the deformation remains unchanged at any
point of the vibration measurement, this allows to apply the same procedure used in the
cantilever beam testing. The measurement system can be displaced along any section of
interest for blades up to 3 m in length. Similarly, due to the low sampling rate of the camera
used in optical technique only the first frequency can be computed.
4. Conclusions
Optical techniques are being increasingly used to measure vibrations, and it is important to continue to research improvements for these techniques to increase the efficiency
and precision of the measurement of parameters of interest.
The technique and methodology presented in this work offers an alternative to be
implemented in a wind turbine blade testing system and to replace those common commercial sensors that are used for this type of tests, such as accelerometers or laser vibrometers
which have a high cost in the market. The results presented with the optical technique
show a good comparison with the accelerometer data and the analytical results. There is a
large discrepancy in the estimation of the natural frequency, when the results are compared
with the analytical method (3.66%); this is because these analytical parameters are ideal and
some factors, as mentioned before, such as friction forces, energy loss due to heat, sound,
among other disturbances, are not considered. However, there is a low discrepancy if we
compare the results of the optical method with the traditional transducer (accelerometer)
used as a reference, and we obtain a value <1%, which is an acceptable result if we consider
the international standard (ISO-16063) of Montalvão 2014 [50].
This slight discrepancy is due to the low sampling density of the camera used (64 fps)
compared to the density of the accelerometer; however, the estimation of the fit and results
are reasonable, but it can be improved with a camera with a high density of sampling.
The optical technique applied in this study revealed a simple method than can be
adapted as a vibration measurement system of large wind turbine blades. However,
the methodology presented can be applied to other systems that present geometric and
mechanical symmetry, and it is possible to split the mathematical analysis with a model for
symmetric modes of vibration in these systems.
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