


64 CHAPTER 5. DAMAGE IDENTIFICATION FOR WHISPER 500 BLADE

5.4 Damage assessment

In Section [2.4] it is described how level 3 damage identification is divided into damage length
assessment and damage depth assessment, respectively. Due to the sparse number of accelero-
meters mounted on the Whisper 500 blade, neither length assessment nor depth assessment
can be conducted accurately. However, as the plots in Fig. suggest, both the experimental
findings and the finite element analysis results for modes 4, 6 and 7 yield wavelet coefficient
peaks at the measurement points nearest the crack, i.e. at accelerometers 7 and 8. Regarding
the depth assessment, it is also seen in Fig. that reasonable agreement between the exper-
imentally and numerically derived wavelet coefficient magnitudes are obtained. Indeed, this,
and the locations of the wavelet coefficient peaks for modes 4, 6 and 7, imply that an increase
of measurement points will enhance the damage assessment. Despite that mode 1 fails to yield
localization of the damage, the influence of increased measurement points will be examined by
using this mode. Mode 1 is chosen because it is preferable, in general, if this mode can be
utilized since it typically is easiest to obtain in practice and is least sensitive towards structural
deviations, hence it is easier to reach agreement between experimental findings and a finite
element model. Furthermore, use of mode 1 means that the more complicated orthotropic
material model can be omitted in favor of a significantly simpler isotropic material model. It
will therefore be tested if the small sensitivity towards structural deviations is sufficient to
assess the damage length and depth when 45 instead of the initial ten measurement points are
applied along each blade edge. 45 measurement points yield spatial measurement increment of
Ax = 50 mm and ensure that measurement points are placed precisely at the start and end of
the 50 mm crack.

5.4.1 Crack length

The crack length assessment is carried out in analogy to the method presented in Subsec-
tion 2.4.1] i.e. a threshold, II, is applied to emphasize the damage-governed wavelet coefficient
peaks. By use of Il = 0.7, the wavelet coefficients plotted in Fig. are derived. It is noticed
that the crack starts at the location of measurement point 30 and ends at the location of mea-
surement point 31, thus the crack is accurately localized which means that the crack length is
also accurately assessed to 50 mm. It is noticed that the applied threshold is higher than the
one utilized in Subsection i.e. II = 0.5. The value of the threshold must be chosen in
accordance with the signal purity which is governed by, e.g., noise contamination, number of
measurement points and structural complexity. This suggests that a statistical measure, such
as root mean square (RMS) value, can be used as threshold. However, this statistical approach
has been tested for both the cantilevered rectangular shell tube and the Whisper 500 blade, and
it is found that the RMS is inapplicable since it generally yields too small a value. For instance,
the wavelet coefficients for the first mode of the Whisper 500 blade with 45 measurement points
yield

1
RMS = \/_($?+x%+---+l’%) =9.9-107" (5.1)
n

when using only the coefficients at maximum scale, i.e. a = 30, with n samples. By comparison,
the four largest wavelet coefficients are max;(CWT) = 5.5 - 107°, maxo(CWT) = 5.3 - 107?,
maxz(CWT) = 3.1 - 107 and max,(CWT) = 2.4-107° at a = 30. The first two maxima are
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Fig. 5.8: CWT coefficients for first mode shape of Whisper 500 blade with a 50 mm crack
starting and ending at measurement points 30 and 31, respectively. The threshold II = 0.7 is

applied.

located at measurement points 30 and 31, respectively, while the two other maxima are located
at measurement points 29 and 32, respectively, thus the threshold of II = 0.7 is necessary to

obtain an accurate crack length assessment.

5.4.2 Crack depth

As described in Section the crack depth assessment is based on the assumption of a
constant Holder exponent. In Fig. 5.9 the validity of this assumption for the Whisper 500
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Fig. 5.9: Wavelet coefficient, CW'T, versus scale, a, for different crack depth-configurations
of the first mode of the Whisper 500 blade with a 50 mm long crack. v and h denote relative

crack depth and Holder exponent, respectively.
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blade is examined, and here it is seen that the relative crack depth must be v > 0.6 for the
Holder exponent to be approximately constant. When increasing the crack length to 100 mm
and 200 mm, respectively, it is found that the Holder exponent stabilizes for smaller relative
crack depths, thus facilitating assessment of cracks with smaller depths. More ambiguous
results are obtained when examining the effects of utilizing the higher modes, as it is found
that some modes yield stabilization with smaller crack depths than the first mode while other
modes demand bigger crack depths.

Since a constant Holder exponent is necessary to make the crack depth assessment method
applicable, the results for a crack with a relative depth of v = 0.4 are omitted in the further
analyses. Consequently, the intensity function, which is plotted in Fig. [5.10] facilitates crack
depth assessment of cracks with v > 0.6. In order to validate this, a crack with v = 0.75
has been introduced in the finite element model of the blade and hereby an intensity factor of
[' = 1.12-107'° has been derived. The corresponding value predicted by the intensity function
in Fig. is ' = 1.04 - 1071°, thus it is concluded that accurate crack depth assessment for
v > 0.6 can be conducted by use of the proposed intensity function method.
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Fig. 5.10: Intensity factor, I', as function of relative crack depth, v, for the Whisper 500 blade
with a 50 mm long crack.

5.5 Summary

The present chapter documents the results obtained by modal and wavelet analysis-based level
1, 2 and 3 damage identification for a residential-sized wind turbine blade, namely Whisper
500, introduced to 50 mm, 100 mm and 200 mm longitudinal cracks. The theory behind the
employed methods is described and validated in Chapter [2]

In Section [5.1] the results of the experimental and numerical modal analyses of the Whis-
per 500 blade are presented and compared. The results, in the form of eigenfrequencies and
MAC values, are presented in Tables and for the experimental tests and finite element
analyses, respectively. When comparing these results, as done in Table [5.3] it is evident that
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acceptable agreement is obtained, thus it can be concluded that the calibrated finite element
model composes a valid representation of the ten modes examined for the Whisper 500 blade.
To reduce the amount of post-processing, it is chosen only to treat modes 1, 4, 6 and 7, see
e.g. Fig. and Fig. [5.4] in the damage identification analyses. The specific modes are chosen
because they compose a mixture of modes which are, respectively, unaffected and affected of
the cracks. In this way, the robustness of the identification methods are examined.

Level 1 damage identification, i.e. damage detection, is conducted in Section [5.2] where it is
documented how the modal parameters of the four selected modes are affected by the different
cracks. As expected, due to the analyses in Chapter [2, Fig. shows that the mode shapes
are much more sensitive towards the cracks than the eigenfrequencies and when recalling that
environmental effects can account for up to 5 % changes in eigenfrequencies, the crack can by
use of solely eigenfrequencies in practice only be detected in modes 6 and 7 when the crack is
200 mm. For comparison, the MAC value of mode shape 7 decreases approximately 5 % when
the 50 mm is introduced and since the mode shapes are less sensitive towards environmental
effects, this change clearly implies abnormalities, e.g. structural damage. Consequently, the
mode shapes are regarded as primary damage indicator.

Through wavelet analysis of the post-damaged mode shapes of modes 1, 4, 6 and 7, damage
localization has been conducted in Section 5.3l The results for the 50 mm crack are illustrated
in Fig. [5.7, and it is found that generally the global wavelet coefficient maxima are located at
the measurement points closest to the crack for all three crack configurations. Thus, despite
that the MAC values for, e.g., mode 1 imply that no significant mode shape change occurs when
introducing a longitudinal crack, see Fig. [5.6b, the wavelet analyses capture discontinuities as
a result of the cracks.

Due to the sparse number of measurement points, level 3 identification, i.e. damage length
and depth assessment, cannot be conducted based on the experimental findings. Instead, the
number of measurement points is increased in the finite element model and hereby the damage
assessment can be conducted accurately. This is documented in Section [5.4], where the plot in
Fig. shows that the crack is accurately localized and length-assessed when 45 measurement
points are applied on each blade edge instead of the initial ten. Furthermore, it is found in
Section [5.4] that the crack depth can be assessed by use of intensity factors derived from wavelet
analyses.

Summarizing the findings in the present chapter, it can be concluded that the modal
analysis-based damage identification approach succeeds in level 1, 2 and 3 identification when
an appropriate amount of measurement points are employed. The results in Fig. [5.7] suggest
that the noise contamination of the experimental findings is limited and therefore the influence
of noise is not investigated. This is, however, done for the full-scale blade in Chapter [7]as it can
be expected that significant noise contamination occurs in measurements of blades in in-service
conditions.



CHAPTER 6

FINITE ELEMENT MODEL OF GE 1.5 XLE
BLADE

The GE 1.5 XLE finite element blade model developed in the present chapter is based on a
geometry from . In Section , this blade geometry is described briefly. Subsequently,
the material properties of the blade are tabulated in Section where the employed material
model is also presented. In Section the geometric boundary conditions are described, and
then, in Section [6.4] the discretization of the blade is treated. The chapter is concluded in
Section [6.5] where a summary of the descriptions in the aforementioned sections is provided.
It is noticed that several finite element aspects treated in this chapter are similar to those
described in the development of the Whisper 500 blade finite element model, and therefore
these aspects will not be elaborated in the present chapter. Instead, the reader is referred to

Chapter [4

6.1 Geometry

The GE 1.5 XLE wind turbine blade is 41.2 m long and composed of an outer surface and an
inner shear web along the entire blade length. The blade geometry is presented in Fig.
and also in Fig. [6.1D] where a split view is given to specify the blade components.

\ a Top surface

Shear web

Bottom surface

(b)

Fig. 6.1: GE 1.5 XLE blade model. (a) Full blade geometry. (b) Split geometry view with
specification of blade components.
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The shear web has a constant thickness of 0.02 m while the outer surface is of linear varying
thickness, expressed by [31]

T(z) = 0.03 — 0.00048485z, (6.1)

where z is the longitudinal blade coordinate, see Fig.[6.2] i.e. =0 m is at the blade root and
x = 41.2 m is at the blade tip. The varying thickness is principled illustrated in Fig. where
the global coordinate system is also shown. This coordinate system will be utilized throughout
the analyses of the GE 1.5 XLE blade. In Appendix [K] a tutorial on how to apply varying
thickness in ANSYS Workbench is given.
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0,0255367

0,0233172 X
0,02 L0975

0,0188781

0,0166555
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0,0122195

0,00999994 Min

Fig. 6.2: Illustrative description of the varying thickness, in meters, of the GE 1.5 XLE blade
surface with specification of global coordinate system.

The damage modeling for the GE 1.5 XLE blade is conducted in analogy to the procedure
for the Whisper 500 blade, see Subsection and will therefore not be described in the

present section.

6.2 Material

In the lack of specific material data for the GE 1.5 XLE blade, both the outer surface and
the shear web is assigned a one-layer glass fibre reinforced plastic (GFRP) material with an
orthotropic material model. The material parameters are presented in Table [6.1] where the
coordinates are for the local element coordinate system, see e.g. Fig. For more information
about orthotropic material modeling, see Section [£.2] and Appendix [A] of the present report.

Table 6.1: Material parameters used in analyses of the GE 1.5 XLE wind turbine blade [50].
The unit of the Young’s and shear moduli, £ and G, is GPa and the unit of the density, p, is
kg /m?3.

Material parameters for GFRP
Ex Ey Ez Vgy Vyz Vgz Gwy Gyz Gwz 1Y
11.511 11.511 4.552 0.204 0.305 0.305 2.922 1.406 1.406 1400
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6.3 Boundary conditions

Since the finite element analyses of the GE 1.5 XLE blade model are conducted as free-vibration
analyses, no static boundary conditions are applied. The geometric boundary condition is
chosen as a fixation, i.e. no translational and rotational movements, of the outer surface root.

6.4 Discretization

The blade model is discretized by use of second order shell elements, i.e. SHELL281 as pre-
sented in Subsection [£.5.1] with a size of 0.15 m. The element size is chosen on the basis of
a convergence study of the low-frequency modes of the GE 1.5 XLE blade model. In order to
enhance the mesh regularity, the Mapped Face Meshing functionE] is applied, thus resulting in
the mesh shown in Fig. [6.3]

Fig. 6.3: Element mesh of the GE 1.5 XLE blade model.

Since all components are modeled with shell elements in a single layer, no substructuring
is necessary. The full model with 0.15 m-sized elements contains 6,322 elements, of which only
1,097 are in the shear web, thus no significant reduction of computational time will be obtained
by implementing a superelement for this component.

6.5 Summary

In the preceding sections of this chapter, the finite element model of the GE 1.5 XLE wind
turbine blade is described in terms of geometry, material, boundary condition and discretization.
In Section [6.1], the geometry is presented and the structural components, i.e. blade surface and
shear web, are specified with regard to dimensions. Next, it is described in Section how
the blade is assigned an orthotropic material model, with glass fibre reinforced plastic (GFRP)
being the material. The boundary conditions are addressed in Section[6.3] and as it is described
here, only a geometric boundary condition is applied since the analyses are conducted as free-
vibration analyses. Finally, the model discretization is treated in Section [6.4] where it is chosen
to discretize the entire model by use of second order shell elements (SHELL281).

!Mapped Meshing: restricts element shapes to quadrilaterals and hexahedra and seeks a regular mesh pattern.



CHAPTER 7

DAMAGE IDENTIFICATION FOR GE 1.5
XLE BLADE

In the present chapter, identification analyses are conducted for the GE 1.5 XLE wind turbine
blade finite element model developed in the previous chapter. The identification analyses are
not conducted in the same stringent manner as it was done for the rectangular shell tube and
the Whisper 500 blade, see e.g. Chapters [2] and [ because the scope of the GE 1.5 XLE blade
analyses is to examine the influence of different damage scenarios and noise contamination. The
damage scenarios refer to the type of damage, in accordance with the classification presented
in Section [I.I plus damage placement, damage size and number of damages, i.e. both single-
and multi-damage configurations are analyzed.

In Section the different damage scenarios are presented, and in Section [7.2]it is shown
how the points for extraction of modal displacements are placed. In Section [7.3] the criteria for
valid damage identification are established. These criteria serve to ensure consistent evaluation
of the identification analysis results such that the influence of the damage scenarios and noise
contamination can be documented in Section[7.4] where the single-damage scenarios are treated.
On the basis of these scenarios, different multi-damage scenarios are chosen and examined in
Section[7.5] The damage identification analyses in Sections [7.4] and [7.5] are primarily conducted
for the first mode of the blade, because it, due to the structural simplicity and easy accessibility,
is desirable if this mode can be employed. The first mode of the blade is the flapwise bending
mode depicted in Fig. [7.1a] However, as it will be evident from the damage identification

(b)

(c)

Fig. 7.1: Structural modes of GE 1.5 XLE blade model, with the wireframes being the un-
deformed states. (a) First mode (first flapwise bending). (b) Third mode (second flapwise
bending). (c) Seventh mode (first twisting).
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analyses, all the introduced damages cannot be identified in mode 1, and therefore also the
second flapwise bending mode, i.e. mode 3, and the first twisting mode, i.e. mode 7, will be
employed when necessary. These mode are shown in Fig. and Fig. [7.1d, respectively.

7.1 Description of individual damages

The damage types treated in the present chapter are edge damages, in the form of debondings,
and cracks in longitudinal and transverse direction, chosen because they, c.f. Section [I.1]
compose the most critical damage types. The debondings are introduced along the leading
and trailing edges, while the longitudinal and transverse cracks are introduced on the top blade
surface. It is noticed that all the damages, due to their structural nature, are treated as trough-
going, i.e. the debondings penetrate the entire joint between the top and bottom blade surfaces
and the cracks penetrate the entire top blade surface thickness.

Generally, the damage types are analyzed in terms of both size and location. The former
implies that multiple damage lengths are introduced alternately, in accordance with damage
inspections conducted in ﬂgﬂ, such that the damage lengths introduced in the GE 1.5 XLE blade
proportionally correspond to the findings in ﬂgﬂ In the listing below, the introduced damage
lengths and widths are presented. It is noticed that the transverse cracks are unscaled since no
data for the width of the inspected blades are accessible.

e Debondings: 0.5 m, 1 m and 2 m long.
e Longitudinal cracks: 0.5 m, 1 m and 2 m long. All with a width of 0.005 m.

e Transverse cracks: 0.05 m long and with a width of 0.005 m.

In order to organize the different damage locations, the blade is divided into five sections
in which all the different damages are introduced and analyzed in turns. This is illustrated in

Fig.

+ Debonding damage - Leading edge
+ Longitudinal and transverse damage - Blade surface
¢ Debonding damage - Transverse edge

Fig. 7.2: [Illustration of section-divided GE 1.5 XLE blade with marking of the damage
location-center for each damage type.

7.2 Measurement points

The mode shapes employed for damage identification analyses are based on the modal dis-
placements, which are extracted at predefined measurement points. It is chosen to place the
measurement points with an increment of 0.15 m in longitudinal direction and an increment of
0.05 m in transverse direction.
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For the debonding damages, one-dimensional wavelet analyses are conducted for each edge,
while cracks are analyzed by use of two-dimensional wavelet analyses. In Fig. the measure-
ment points are illustrated. Evidently, a grid is applied on a part of the top blade surface to
facilitate two-dimensional wavelet analyses. The specific grid configuration is chosen such that
the amount of post-processing is limited, but still such that the damaged areas are covered.
It is noticed that the density of measurement points is not investigated, because studies of
available measurement technologies, equipment installation, etc. have not been a focus area in
the present report.

e —

Fig. 7.3: Measurement lines (red) for one-dimensional wavelet analyses of debondings, and
measurement grid (blue surface) for two-dimensional wavelet analyses of cracks. It is remarked
that a local coordinate line, (;, is placed along the trailing edge.

7.3 Criteria for valid 1identification

In order to evaluate the quality of the damage identification in a consistent way, a classifica-
tion system is introduced. In Subsection [7.3.] the criteria for valid damage localization are
presented, and subsequently the criteria for accurate assessment are described in [7.3.2

7.3.1 Localization

The damage localization of each damage scenario is evaluated by use of the scores 1, 2 and 3.
The meaning of these scores and when to apply them is defined in Table The scores are
utilized consistently in the damage identification analyses of the GE 1.5 XLE blade.

7.3.2 Assessment

After the damage localization score is given, an additional assessment score, in the form of
+ or +, is given. The meaning of these latter scores and when to apply them is defined in
Table It is noticed that valid assessment is obtained for assessed damage lengths that lie
within 80-120 % of the actual damage length. This percentage interval is chosen as a result of
brief damage assessment studies.

7.4 Single-damage identification analyses

In the present section, the damages emphasized in Section [7.1] are introduced alternately, thus
composing 50 single-damage scenarios. These scenarios are analyzed with regard to damage
identification in Subsections - [7.4.4 and subsequently the findings are compared and

summarized in Subsection [7.4.5
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Table 7.1: Overview of damage localization scores. The arrows on the wavelet plots mark the
damage location.

Score Score meaning Wavelet result

Unambiguous damage localization, seen
1 by occurrence of distinct maximum
peak at damage location.

Ambiguous damage localization, seen
2 by multiple similar maximum peaks at
and away from damage location.

No damage localization, seen by di-
3 stinct maximum peaks away from the
damage location.

It is noticed that, unless stated otherwise, the identification analyses are based on the first
flapwise bending mode depicted in Fig. both with and without noise contamination. The
noise is added as white Gaussian noise with regard to a signal-to-noise ratio (SNR), as described
in Appendix [D] to examine the robustness of the damage identification method for a full-scale
wind turbine blade. The specific SNRs employed in the analyses are chosen on the basis of
preliminary analyses which have implied how much noise is needed to completely eliminate the
applicability of the wavelet analysis method. The lowest SNR, i.e. the ratio yielding most

Table 7.2: Overview of damage assessment scores. The arrows on the wavelet plots mark the
damage start and end, thus composing the damage length.

Score Score meaning Wavelet result

Valid damage assessment, since the
1 assessed length is within 80-120 %
of the actual damage length.

Invalid damage assessment, since the
2 assessed length is not within 80-120 %
of the actual damage length.
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noise, has then been set to a value slightly higher than the found minimum, resulting in the use
of SNR = 60 dB, SNR = 50 dB and SNR = 40 dB for the first flapwise bending mode shape
signal. In Fig. [7.4] this mode shape signal along the leading edge of the undamaged GE 1.5
XLE blade model is plotted for the employed noise settings to illustrate the amount of added
noise.
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y-directional deformation, |m|
y-directional deformation, [m]
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Fig. 7.4: Leading edge displacement signal for the first flapwise bending mode of the undam-
aged GE 1.5 XLE blade model with different noise settings.

7.4.1 Debonding of leading edge

15 leading edge debonding damage scenarios are introduced alternately in agreement with the
description in Section [7.1], and subsequently the derived mode shape signals along the leading
edge are investigated by use of one-dimensional Gaussian wavelet analysis. The obtained results
are presented in Table [7.3] where it is seen how sensitive the first flapwise bending mode is
towards the different leading edge debondings. Evidently, each individual debonding is localized
and assessed acceptably when no noise occur in the mode shape signal. This is verified in
Fig. which displays the wavelet coefficients obtained from mode shape 1 without noise
contamination. When noise is introduced, the wavelet peaks governed by the debondings in
sections 1, 2 and 3 quickly become difficult to distinguish from the noise, and for SNR = 50 dB
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Table 7.3: Damage identification for first flapwise bending mode of GE 1.5 XLE blade with
debonding damages in leading edge. The number x € [1; 3] and the signs + indicate the scores
given in agreement with the classification established in Section .

Signal noise (SNR)
No noise 60 dB 50 dB 40 dB

Blade section Debonding length [m)]

0.5 2+ 2+ 3+ 3+

1 1.0 1+ 2+ 2+ 3+

2.0 1+ I+ 2= 2+
05 2+ 2+ 2+ 3%

2 1.0 2+ 2+ 2+ 2=

2.0 1+ 1+ 1= 2+
05 2+ 2+ 3+ 3

3 1.0 2+ 2+ 2+ 2+

2.0 1+ 1+ 2+ 2+
05 1+ 1+ 1= 2+

4 1.0 1+ 1+ 1+ 2+

2.0 1+ 1+ 1+ 1+
05 14 1+ 2+ 2+

5 1.0 1+ 1+ 1+ 2+

2.0 1+ 1+ 1+ 2+

the debonding lengths cannot be assessed accurately in neither section 1 nor section 2. On the
other hand, the sensitivities towards debondings in sections 4 and 5 are really high, and as seen
in Table [7.3], acceptable localization is, as a minimum, obtained even for a noisy signal with
SNR = 40 dB.

There are several ways to improve the damage identification presented in Table[7.3] of which
the two most obvious are section-divided analyses and employment of higher modes. When
examining the plots in Fig. [7.5] it is evident that the former suggestion, i.e. conducting analyses
for each section, will result in better results because peaks from other sections will be removed.
Secondly, since sensitivity towards structural damage increases as higher modes are employed,
see e.g. Fig. [5.0] it is also expectable that the other suggestion, i.e. employment of higher
modes, will improve the damage identification. This is tested for the second flapwise bending
mode depicted in Fig. |[7.1b| and hereby the improvement-expectation has been validated. To
exemplify this, Fig. [7.6]illustrates the wavelet coefficients for the second flapwise bending mode
with a 2 m leading edge debonding in section 3, i.e. the debonding is centered at z = 20.6 m,
and an SNR = 40 dB. Recalling the score given in Table with the similar settings for the
first flapwise bending mode, the improvement is clearly seen since employment of the second
flapwise bending mode results in a score of 14, i.e. unambiguously locate and accurately
assessed. Generally, it is found that employment of the second flapwise bending mode facilitates
acceptable damage identification for SNR = 30 dB. Even further improvement can be expected
for the high-frequency modes, but since these modes are typically not easily obtainable in
in-service conditions, they will not be treated.
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Fig. 7.5:

added.

Wavelet coefficients for first flapwise bending mode of GE 1.5 XLE blade with
debondings in the leading edge centered at x;[m| = {4.1,12.4,20.6,28.9,37.1}. No noise is
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Fig. 7.6: Wavelet coefficients for the second flapwise bending mode of GE 1.5 XLE blade with
2 m leading edge debonding in section 3. Noise corresponding to SNR = 40 dB is added.

7.4.2 Debonding of trailing edge

In analogy to the analyses of debondings in the leading edge, 15 trailing edge debonding damage
scenarios are investigated by use of one-dimensional Gaussian wavelet analysis of the mode

Table 7.4: Damage identification for first flapwise bending mode of GE 1.5 XLE blade with
debonding damages in trailing edge. The number x € [1; 3] and the signs + indicate the scores
given in agreement with the classification established in Section [7.3]

Signal noise (SNR)
No noise 60 dB 50 dB 40 dB

Blade section Debonding length [m)]

0.5 3+ 3+ 3+ 3+

1 1.0 2+ 2+ 3+ 3+

2.0 1+ 14 2+ 2+
05 1+ 24 24 3=

2 1.0 1+ 2+ 2+ 3+

2.0 1+ 14 1+ 2+
05 1+ 1+ 2+ 2+

3 1.0 1+ 14 1+ 2+

2.0 1+ 14 1+ 1+
05 2+ 24 2= 3=

4 1.0 1+ 2+ 2+ 3+

2.0 1+ 14 1+ 2+
05 2424 2+ 3%
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Fig. 7.7: Wavelet coefficients for first flapwise bending mode of GE 1.5 XLE blade with
debondings in the trailing edge centered at (;;[m] = {4.3,12.6,20.9,29.3,37.5}. No noise is

added.
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shape signal along the trailing edge. The obtained results for the first flapwise bending mode
are presented in Table [7.4] Contrary to leading edge analysis findings, it is not possible to
locate and assess all individual trailing edge debondings acceptably even when no noise occurs
in the mode shape signal. This is seen in Fig.[7.7, where the wavelet coefficients obtained from
mode shape 1 without noise contamination is presented.

Table [7.4] and Fig. reveal that the 0.5 m trailing edge debonding in section 1 is not
identified validly. However, as Fig. implies, by conducting a section-divided analysis, the
debonding will be accurately localized. Furthermore, employment of the second flapwise bend-
ing mode will also yield an improved localization compared to the original, see Fig. [7.§

w10®

Scale

0 3 10 15 20 23 30 33 40

Trailing edge location, G, [m]

Fig. 7.8: Wavelet coefficients for the second flapwise bending mode of GE 1.5 XLE blade with
0.5 m trailing edge debonding in section 1. No noise is added.

When noise is introduced, the wavelet peaks governed by the debondings in sections 1 and
2 quickly become difficult to distinguish from the noise, just as it is the case for the leading
edge debondings. On the other hand, the sensitivities towards debondings in sections 3, 4
and 5 are really high, and as seen in Table [7.3] especially trailing edge debondings in section
3 introduce significant discontinuities which can be localized acceptably in the noisy signal
with SNR = 40 dB. Generally, the damage identification can, like the leading edge debonding
identification, be improved by either dividing the analyses into sections or by employing the
higher modes.

7.4.3 Longitudinal crack

As described in Section 15 longitudinal cracks are introduced alternately to the top surface
of the GE 1.5 XLE blade. The damage identification analyses are conducted as two-dimensional
wavelet analyses based on the measurement grid illustrated in Fig. [7.3] For information about
two-dimensional wavelet analysis, the reader is referred to Appendix [E] which documents the
wavelet, namely the two-dimensional Morlet wavelet, employed in the analyses in the present
subsection. A wavelet parameter of kg = 6 plus a scale of a = 7 and a = 22 for signals without
and with noise, respectively, are utilized.

Table presents the scores obtained in the damage identification analyses of the blade
model introduced to the different longitudinal cracks. Evidently, the scores are generally worse
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Table 7.5: Damage identification for first flapwise bending mode of GE 1.5 XLE blade with
longitudinal cracks in the top surface. The number z € [1;3] and the signs + indicate the
scores given in agreement with the classification established in Section .

Signal noise (SNR)
No noise 60 dB 50 dB 40 dB

Blade section Crack length [m]

0.5 3+ 3+ 3+ 3+

1 1.0 2+ 2+ 2+ 3+

2.0 1+ 1=+ 2+ 2+
o 05 2+ 2+ 2= 3%

2 1.0 2+ 2+ 2+ 3+

2.0 1+ 14 1+ 2+
o 05 2+ 2= 2= 3+

3 1.0 2+ 2+ 2=+ 2+

2.0 1+ 14 1+ 2+
o 05 1+ 1= 2= 2+

4 1.0 1+ 14 2+ 2+

2.0 14 14 2+ 2+
o 05 3+ 3+ 3+ 3+

5 1.0 1+ 1+ 3+ 3+

2.0 1+ 1+ 2+ 3+

than those obtained for the debonding damage scenarios, and especially an accurate assessment
is difficult to obtain. One major reason for this is the influence of the shear web. By close
inspection of the plots in Fig.[7.9] it can be seen that a disturbing pattern of wavelet coefficient
peaks in non-damaged areas is derived consistently for all analyses. As visualized in Fig. [7.10]
these patterned peaks arise as a consequence of the contact between the top blade surface and
the shear web, hence the presence of the shear web composes an issue in wavelet analysis for
identification of damages located on the blade surfaces.

Since the adverse effects of the shear web will occur consistently, it is obvious to suggest that
these effects are eliminated by, e.g., subtracting wavelet coefficients derived from an undamaged
model from the wavelet coefficients derived from a damaged model. However, this approach is
not applicable in general because it requires complete consistency between the undamaged areas
of the pre- and post-damage analyses, which cannot be expected during in-service conditions.
Consequently, the only way of reducing the impact of the adverse shear web effects is to ensure
that the wavelet coefficients governed by the structural damage are significantly higher than
those governed by the shear web. For all other sections than the second and third, in which
the largest wavelet coefficient peaks governed by the shear web are located, the adverse shear
web effects can to some extent be concealed by conducting section-divided analyses. It has
also been examined how the employment of higher modes influences the shear web effects, and
here it is generally found for the bending modes that the shear web effects are predominant,
thus employment of higher bending modes does not facilitate clearer distinction between the
wavelet coefficient peaks governed by the structural damage and those governed by the shear
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Fig. 7.9: Wavelet coefficients for first flapwise bending mode of GE 1.5 XLE blade with

longitudinal cracks in the top surface centered at (z,z;)[m] = (0.88,{4.1,12.4,20.6,28.9,37.1}).
No noise is added.
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Fig. 7.10: Wavelet coeflicients for undamaged GE 1.5 XLE blade model with specification of
shear web location. No noise is added.

web. For the twisting modes, however, it is found that these yield improved identification
results since the wavelet coefficients in the damaged area are significantly higher than those in
the undamaged area. In Fig. [7.11] this is illustrated for the first twisting mode with a 1 m
longitudinal crack in section 2. When comparing these findings with the corresponding results
for the first flapwise bending mode, see Fig. [7.9] the improvement is evident, and employment
of the twisting mode yields unambiguous localization and accurate assessment, i.e. a score of
1+.

¥ 10

-coordinate, [m]

0.1 02 0.3 0.4 05 06 0.7 0.8 0.9 1

Z-coordinate, [m)

Fig. 7.11: Wavelet coefficients for the first twisting mode of GE 1.5 XLE blade with 1 m
longitudinal crack in section 2. No noise is added.
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7.4.4 Transverse crack

Five longitudinal cracks are introduced alternately to the top surface of the GE 1.5 XLE blade
in agreement with the descriptions in Section [7.I] The damage identification analyses are
conducted as two-dimensional wavelet analyses based on the measurement grid illustrated in
Fig. In analogy to the analyses conducted in the previous section, the two-dimensional
Morlet wavelet is employed with a wavelet parameter of kg = 6 plus a scale of a = 7 and a = 22
for signals without and with noise, respectively. The analysis results are presented in Table [7.6]
and here it is seen that the wavelet analysis method succeeds in localizing and assessing all
five transverse cracks for both the noise-uncontaminated signal and the SNR = 60 dB-signal of
the first flapwise bending mode. As it can be deduced from the plots in Fig. [7.12] the adverse
effects of the shear web, see e.g. Fig. [7.10, are also present. However, since the transverse
cracks yields very large wavelet coefficients in the damaged area, the adverse effects are not as
dominating as it is the case for many of the longitudinal cracks, see e.g. Fig.[7.9

Table 7.6: Damage identification for first flapwise bending mode of GE 1.5 XLE blade with
transverse cracks in the top surface. The number = € [1; 3] and the signs £ indicate the scores
given in agreement with the classification established in Section [7.3]

Signal noise (SNR)
No noise 60 dB 50 dB 40 dB

Blade section Crack length [m]

1 0.05 2+ 2+ 3+ 3+
2 0.05 1+ 1+ 2+ 3+
3 0.05 1+ 1+ 1+ 2+
4 0.05 1+ 1+ 1+ 2+
) 0.05 1+ 2+ 2+ 3+

The plots in Fig. [7.12] imply that the blade is very sensitive towards transverse cracks, as it
is seen that all cracks are localized acceptably, hence the scores given in Table[7.6] The scores
are additionally improved as the higher flapwise bending modes are employed, as exemplified
in Fig. which illustrates the wavelet coefficients for the second flapwise bending mode of
the blade with a 0.5 m longitudinal crack in section 1. However, contrary to the findings for the
longitudinal cracks, treated in previous subsection, the employment of twisting modes does not
improve the damage identification of transverse cracks because the adverse effects of the shear
web are dominant. In Fig. [7.13p, this is illustrated for the first twisting mode which represents
the general tendency of the twisting modes.

7.4.5 Summary of single-damage identification analyses

In the present section, damage identification analyses have been conducted for the first mode of
the GE 1.5 XLE blade model introduced, alternately, to leading and trailing edge debondings
plus longitudinal and transverse cracks on the top surface of the blade. In Tables[7.3]-[7.6] the
analysis results, in the form of scores for damage localization and assessment, are presented in
agreement with the classification system described in Section The general tendency is that
all the damages are localized and assessed acceptably for signals without noise and for signals
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Fig. 7.12: Wavelet coefficients for first flapwise bending mode of GE 1.5 XLE blade with

transverse cracks in the top surface centered at (z,2;)[m] = (0.88,{4.1,12.4,20.6,28.9,37.1}).
No noise is added.

with a small amount of noise, corresponding to SNR = 60 dB. When more noise is introduced,
i.,e. SNR = 50 dB, unambiguous localization and accurate assessment becomes challenging,
and for a noisy signal, SNR = 40 dB, the applicable identification is primarily obtained as
ambiguous localization in blade sections 3 and 4. Generally, introduction of damages in these
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Fig. 7.13: Wavelet coefficients for different modes of GE 1.5 XLE blade with 1 m longitudinal

crack in section 1. No noise is added. (a) Second flapwise bending mode. (b) First twisting
mode.
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specific sections result in the most pronounced wavelet coefficient peaks in the damaged area.

Regarding the influence of damage types, it is found that identification of the longitudinal
cracks along the top blade surface is impeded by adverse effects of the shear web, see e.g.
Fig. [(.10] These effects can, however, be concealed by employing the twisting modes of the
blade, as shown in Fig. [7.11] which generally improve the damage identification for this par-
ticular damage type. For the other crack type, i.e. the transverse crack across the top blade
surface, it is found that the shear web effects are of less significance when employing the first
flapwise bending mode, thus acceptable identification of the transverse crack can be obtained
on the basis of this mode shape. Indeed, employment of higher flapwise bending modes yield
even better damage identification, see e.g. Fig. [7.13p, but it is found that the use of twisting
modes deteriorates the identification as the wavelet coefficient peaks governed by the cracks are
surpassed by the wavelet coefficient peaks governed by the shear web effects, see e.g. Fig.[7.13p.
For the debonding damages, it is generally found that employment of the higher modes, both
bending and twisting, yields significantly improved identification of the debondings. Conse-
quently, it can be concluded that all the examined damage types can be identified acceptably
for noise signals with SNR = 40 dB if higher modes, e.g. second flapwise bending and first
twisting, are employed along with mode 1.

7.5 Multi-damage identification analyses

To further examine the robustness and general applicability of the modal and wavelet analysis-
based damage identification method, the following three multi-damage scenarios are analyzed;

e 1 m longitudinal crack in section 4 and 0.05 m transverse crack in section 2.
e 2 m trailing edge debonding in section 3 and 0.05 m transverse crack in section 3.

e 1 m leading edge debonding in section 1, 2 m leading edge debonding in section 5 and
0.5 m trailing edge debonding in section 5.

The multi-damage scenarios presented in the listing above are chosen, partially, because they
compose a realistic mixture of damages, and partially because the combination of damages in
each scenario facilitates inspection of potential adverse, inherent effects from one damage to
the wavelet analysis of another damage.

7.5.1 Longitudinal and transverse cracks

As described introductory in the present section, a 0.05 m transverse crack is introduced in
section 2 along with a 1 m longitudinal crack in section 4. In particular, the transverse crack
is centered at (z,z)[m] = (0.88,12.4), while the longitudinal crack is centered at (z,z)[m] =
(0.88,28.9). With these damages, the wavelet analysis coefficients plotted in Fig. are
obtained. Evidently, an unambiguous localization is deduced, and through a more thorough
inspection, it is also found that an accurate assessment is obtained for both damages.

A brief study of the influence of noise contamination has been performed, and here it is found
that the influence for this multi-damage scenario generally resembles the tendency deduced for
the single-damage analyses of the longitudinal and transverse cracks, see e.g. Tables[7.5and [7.6]
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Fig. 7.14: Wavelet coefficients for first flapwise bending mode of GE 1.5 XLE blade with a
0.05 m transverse crack centered in section 2 at (z,x)[m| = (0.88,12.4) and a 1 m longitudinal
crack centered in section 4 at (z,z)[m] = (0.88,28.9).

7.5.2 Trailing edge debonding and transverse crack

A 2 m trailing edge debonding, centered at ; = 20.9 m, and a 0.05 m transverse crack, centered
at (z,2)[m] = (0.88,20.6), are introduced in section 3. This damage scenario is examined by
a one-dimensional wavelet analysis along the trailing edge combined with a two-dimensional
wavelet analysis in the top blade surface grid, thus two independent plots are obtained as shown

in Fig. [7.15]
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Fig. 7.15: Wavelet coefficients for first flapwise bending mode of GE 1.5 XLE blade with a
2 m trailing edge debonding centered in section 3 at (; = 20.9 m plus a 0.05 m transverse crack
centered in section 3 at (z,z)[m] = (0.88,20.6). (a) One-dimensional wavelet plot for trailing
edge. (b) Two-dimensional wavelet plot for top blade surface grid.
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The plot in Fig. clearly shows that an unambiguous localization and accurate assess-
ment is obtained for the trailing edge debonding. Regarding the transverse crack, it is seen
in Fig. that the damage is localized unambiguously. Via a close-up inspection is it also
found that the damage is assessed accurately.

In analogy to the procedure in Subsection a brief study of the influence of noise
contamination has been conducted. Hereby, it is found that the influence for the multi-damage
scenario with a trailing edge debonding and a transverse crack resembles the tendency deduced
for the single-damage analyses of the trailing edge debondings and transverse cracks, see e.g.

Tables [Z.4] and [Z.6]

7.5.3 Leading and trailing edge debondings

In this third and last multi-damage analysis, three different debondings are introduced. In
section 1, a 1 m leading edge debonding is introduced, centered at x = 4.1 m, and additionally,
a 2 m leading edge debonding plus a 0.5 m trailing edge debonding are introduced in section
5, centered at x = 37.1 m and (; = 37.5 m, respectively. This damage scenario is examined by
one-dimensional wavelet analyses along the leading edge and the trailing edge, hence resulting
in the two independent plots presented in Fig. [7.16]

10 20 30 a 0
Leading edge location, x, [m] Trailing edge location, gl [rn]
(a) (b)

Fig. 7.16: Wavelet coefficients for first flapwise bending mode of GE 1.5 XLE blade with a
1 m leading edge debonding centered in section 1 at x = 4.1 m, a 2 m leading edge debonding
centered in section 5 at x = 37.1 m plus a 0.5 m trailing edge debonding centered in section 5 at
¢; = 37.5 m. (a) One-dimensional wavelet plot for leading edge. (b) One-dimensional wavelet
plot for trailing edge.

Fig. shows that the 2 m leading edge debonding in section 5 is identified, i.e. localized
and assessed, acceptably. By close inspection of the plot, it can be seen that the 1 m leading edge
debonding in section 1 excites local wavelet coefficient peaks, which are located and confined in
the damaged area, thus acceptable identification is also obtained for this damage. Regarding
the 0.5 m trailing edge debonding, Fig. illustrates that the damage, in agreement with
the results presented in Table for the single-damage scenario, is ambiguously localized but
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accurately assessed. This suggests that the leading edge debondings have not triggered adverse
effects in the wavelet analysis of the trailing edge debonding.

As done for the two other multi-damage analyses, see e.g. Subsections [7.5.1] and [7.5.2] a
brief study of the influence of noise contamination has been conducted. It is found that the
influence for the multi-damage scenario with two leading edge debondings and one trailing edge
debonding resembles the tendency deduced for the single-damage analyses of the debondings,

see e.g. Tables [7.3] and [7.4]

7.6 Summary

The present chapter deals with modal and wavelet analysis-based damage identification for
a blade from a full-scale wind turbine, namely the GE 1.5 XLE wind turbine. As described
in Section [7.1] the identification analyses have been conducted for leading and trailing edge
debondings plus longitudinal and transverse cracks in the top blade surface. These specific
damages have been chosen because they generally compose the most severe and critical damages
in wind turbine blades @I

The wavelet analyses are based on post-damage mode shapes which are derived through free-
vibration finite element analyses. In Section [7.2] it is described how the measurement points,
which capture the modal displacements composing the mode shapes, are placed on the blade
model. It has been chosen to place measurement points along the leading and trailing edge
plus in a grid on the top blade surface, as shown in Fig. This facilitates one-dimensional
wavelet analyses for the debondings and two-dimensional wavelet analyses for the cracks.

In order to evaluate the quality of the damage identification in a consistent way, a classifi-
cation system has been introduced in Section [7.3 The system divides the damage localization
into three scores, namely 1, 2 and 3, where 1 represents an unambiguous localization, 2 repre-
sents an ambiguous, but still acceptable, localization, and 3 represents an invalid localization.
For the damage assessment, the score + is given for assessments which lie in an interval of
+20 % of the actual damage length, while + implies that this interval demand is not fulfilled.

Based on the classification system, the single-damage identification analyses have been car-
ried out in Section As summarized in Subsection [7.4.5] it is found through single-damage
analyses that the general tendency is acceptable localization and assessment for all the damages
when no noise or a little amount of noise, corresponding to a SNR = 60 dB, is added to the
signal of the first mode shape. When more noise is introduced, i.e. SNR = 50 dB, unambiguous
localization and accurate assessment becomes challenging, and for a noisy signal, SNR = 40 dB,
the applicable identification is primarily obtained as ambiguous localization in blade sections
3 and 4. The damage identification is generally improved significantly when higher modes are
employed. This is due to the fact that the sensitivity towards structural abnormalities, such
as debondings and cracks, is increased in the higher modes. However, for the transverse cracks
it is found that only the flapwise bending modes are suitable for damage identification, since
the employment of, e.g., twisting modes yields predominant wavelet coefficient peaks along the
joint between the shear web and the top blade surface. Consequently, it can be concluded that
all the examined damage types can be identified acceptably for noisy signals with SNR = 40 dB
if higher modes, e.g. second flapwise bending and first twisting, are employed.

The analyses conducted in Section imply that the modal and wavelet analysis-based
damage identification method is applicable also for multi-damage scenarios, since acceptable
identification is obtained for the three analyzed multi-damage scenarios. Furthermore, a brief



90 CHAPTER 7. DAMAGE IDENTIFICATION FOR GE 1.5 XLE BLADE

study of the influence of noise contamination has been performed, and here it is found that the
tendency for multi-damage scenarios generally resembles the tendency for the single-damage
scenarios. Therefore, it can be concluded that both single- and multi-damage scenarios can be
identified acceptably for noisy signals with SNR = 40 dB if higher modes are employed.
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CONCLUSION

The main scope of the present report is to conduct level 1, 2 and 3 damage identification
analyses, i.e. detection, localization and assessment, of wind turbine blades. In order to ensure
that the analyses are carried out validly and that they resemble realistic conditions, an extensive
literature review of general methods available for damage identification is presented along with
a description of typical structural damages in wind turbine blades. The review findings and
the damage descriptions are, as an addition to the use in this report, also summed up in a
paper submitted to the 10th International Conference on Damage Assessment of Structures
(DAMAS) 2013.

In the literature review of general methods available for damage identification, three meth-
ods, namely temperature-, noise- and vibration-based, are described and subsequently com-
pared. On the basis of these comparisons, it is chosen to employ a vibration-based method,
in the form of modal analysis, because it is found that the two other methods have more
critical shortcomings than the vibration-based, now referred to as modal analysis-based. Fur-
thermore, the modal analysis-based method is appealing because studies imply that only the
high-frequency modes are applicable when conducting damage identification based on modal
parameters. Hence, this facilitates a possible challenging of this common assumption.

Regarding damage types, the presented descriptions conclude that edge debondings, lon-
gitudinal cracks and transverse cracks are the most critical and severe, because these damage
types typically necessitate structural repairs. Consequently, only these three damage types are
treated in the analyses presented in this report.

With modal analysis as the general approach, the damage identification must be conducted
by use of a specific method which utilizes some of the modal parameters, i.e. eigenfrequencies,
mode shapes and modal damping ratios, as damage indicators. Both the eigenfrequencies and
the damping ratios have proven to be inconvenient, because they, respectively, are too insen-
sitive towards structural damages and show ambiguous changes when damage is introduced.
Therefore, three methods utilizing mode shapes or their derivatives have been tested on the
basis of numerically derived pre- and post-damage mode shapes of a cantilevered rectangular
shell tube. The first method is based on the coordinate modal assurance criteria (COMAC),
which seeks to locate the differences between pre- and post-damage mode shapes. The second
method applies the mode shape curvatures (MSCs) of the undamaged and damaged model,
respectively, and compare these directly. The motivation behind applying the MSCs instead of
the original mode shapes becomes clear when recalling the Euler-Bernoulli beam theory, which
states that the curvature is inversely proportional to the flexural stiffness, implying that a re-
duction of stiffness associated with damage will lead to an increase in curvature. The third and
last examined method is wavelet analysis in which damage-governed discontinuities in the post-
damage mode shape signals are searched for via wavelet transformations. Through analyses of
the aforementioned shell tube, the three methods have been tested, and hereby it is found that
the wavelet analysis-based approach yields the best results for damage detection, localization
and assessment and is more robust towards noise than the other methods. Consequently, the
wavelet analysis-based method is chosen.

To examine the general applicability of the modal and wavelet analysis-based damage iden-
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tification method, blades from a residential-sized wind turbine, namely the Whisper 500, and
a full-scale wind turbine, namely the GE 1.5 XLE, are treated. First, level 1, 2 and 3 dam-
age identification is conducted for the Whisper 500 blade introduced to longitudinal cracks of
realistic sizes and depths. The mode shapes are derived both experimentally and numerically,
and since the different results show strong correlation, the experimental and numerical findings
show the same tendencies for changes in mode shapes and eigenfrequencies; introduction of
longitudinal cracks mostly influences the modal parameters of the higher modes, especially the
twisting modes, but through wavelet analysis even the first bending mode shape yields valid and
useful damage detection, localization and assessment. This strongly emphasizes the applicabil-
ity of wavelet analysis for damage identification of real-life structures, for which it is desirable
if the low-frequency modes can be employed because these are easy to access. However, the
analyses of the Whisper 500 blade imply that the wavelet analysis-based method, like all other
mode shape-based methods, has an inherent shortcoming regarding the amount and placement
of measurement points; the distance between the measurement points must be smaller than the
damage sizes if these are to be localized unambiguously and assessed accurately. It is noticed
that a paper containing the initial level 1 damage identification for the Whisper 500 blade is
submitted to the 10th International Conference on Damage Assessment of Structures (DAMAS)
2013.

Damage identification analyses of the GE 1.5 XLE wind turbine blade are conducted for
derived mode shapes of a numerical blade model, to which different damage types, in the form
of longitudinal and transverse cracks plus edge debondings, are introduced both alternately and
simultaneously. To further challenge the robustness and general applicability of the method,
Gaussian noise is added in order to simulate typical experimental findings. For the single-
damage scenarios, it is found that employment of the first mode shape facilitates acceptable
damage identification for signals without noise and for signals with a small amount of noise,
corresponding to SNR = 60 dB. When more noise is introduced, i.e. SNR = 50 dB, un-
ambiguous localization and accurate assessment becomes challenging, and for a noisy signal,
SNR = 40 dB, the damages are only identified acceptably when introduced in some of the
blade sections. This identification is, however, ambiguous, thus clear damage identification
for noisy signals is generally not obtained by employment of the first mode shape, i.e. the
first flapwise bending mode shape. Studies in this report suggest that employment of higher
mode shapes, e.g. the second flapwise and the first twisting, significantly improves the damage
identification and robustness towards noise. By conducting multi-damage analyses, it is found
that the wavelet analysis-based method is applicable also for multi-damage scenarios, since
acceptable identification is obtained for three analyzed multi-damage scenarios. Furthermore,
a brief study of the influence of noise contamination has been performed, and here it is found
that the tendency for multi-damage scenarios generally resembles the tendency for the single-
damage scenarios. Thus, it can be concluded that both single- and multi-damage scenarios can
be identified acceptably for noisy signals if higher modes are employed.

To summarize, the present report focuses on establishing a general method for damage
identification for wind turbine blades. The results and findings in the report strongly suggest
that modal and wavelet analysis-based damage identification has the potential to be applied for
operating wind turbines. However, in order to reach this state of applicability, it is necessary to
comprehensively examine specific aspects, such as instrumentation and the influence of actual
dynamic response during operational condition.
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