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Abstract

This study aims to develop a novel damage detection and preventive maintenance system that can be used for continuous
or periodic monitoring of wind turbine components. The main features of the proposed system such as the measurement
technique, data analysis procedure, and damage estimation methodology are described in detail by presenting the results of
finite element model-based damage simulations, laboratory experiments, and in-field vibration tests. A hybrid measurement
system with accelerometers and an automated infrared laser scanner is used to acquire vibration data with high spatial
resolution. The obtained response data are then processed to extract the dynamic properties (e.g., natural vibration periods
and mode shapes) of the structure. An efficient damage detection algorithm, which is based on monitoring sudden changes
observed in mode shapes, is utilized to determine the location and extent of a possible damage. Within the scope of the
work, a novel and simplified version of the widely used mode shape curvature method is developed for the rapid analysis and
interpretation of the acquired vibration data. The applicability of the proposed methodology is demonstrated on a 61.5 m long
numerical blade model proposed for NREL 5 MW Benchmark wind turbine.

Keywords Wind turbines - Structural health monitoring - Condition-based smart maintenance - Vibration measurement -

System identification - Modal analysis

1 Introduction

Throughout their service lives, wind turbines are expected
to resist extreme load conditions (strong winds, waves, and
earthquakes) and severe environmental effects (icing, humid-
ity, and temperature changes) [1]. Continuous vibration due
to these dynamic loads may cause some fatigue cracks to
be formed on structural components. If not detected at the
early stages, these cracks may propagate and cause irre-
versible damage on the blade and the tower [2]. Therefore,
the condition of these critical structures must be monitored
continuously or periodically to ensure safe and reliable oper-
ation under these challenging operating conditions.
Structural health monitoring, in the simplest form, can
be described as continuously observing the variation in
some dynamic response characteristics, which are selected
as damage indicators. Sudden changes encountered in these
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indicators can be related to the presence of damage. Depend-
ing on the utilized parameters, the type, location, and the
degree of the damage can be determined [3, 4].

Accuracy and spatial resolution of the acquired measure-
ments are two essential factors that affect the reliability
of the analyses and the corresponding damage estimations.
Depending on the type of parameters tracked (e.g., natural
vibration periods [5], mode shapes [6], or wave propagation
patterns [7]), it is state of the art to install accelerometers and
strain gages on the structure. Indeed, these sensors are used
very efficiently at locations that can easily be accessed for
instrumentation and cable installation (for power supply and
data transfer).

However, there may always be some points on the struc-
ture which are not accessible. A wind turbine blade is a typical
example of the structural components where instrumenta-
tion is very difficult, if not impossible. Since the blade cross
section gets thinner toward the tip, it is not possible to reach or
place sensors to the last 20-25 m of the blade. These sensors
can be placed in the blade during the manufacturing phase in

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13369-022-07171-z&domain=pdf
http://orcid.org/0000-0002-1161-0512

13624

Arabian Journal for Science and Engineering (2022) 47:13623-13637

the factory, but especially for existing turbines, itis very diffi-
cult to install dense sensor arrays and to take high-resolution
measurements on the blade [8].

As arecent and innovative alternative to be used for these
challenging structures, non-contact optical measurement sys-
tems, where the dynamic response is measured remotely by
using the laser (Doppler Interferometry) or visible light (pho-
togrammetry, videogrammetry, or computer vision), have
been demonstrated to be very beneficial and promising. In
laser interferometry, a source (laser head) continuously sends
a laser beam to the target. If the object is moving, this cre-
ates a wavelength and phase difference between the sent and
the received laser beams. By using the Doppler principle,
the velocity or displacement of the object can be calculated
with very high accuracy (in mm range) from distances up to
300-400 m [9-11].

Similarly, photogrammetry is a proven measurement
method where the 3D deformation of an object can be deter-
mined by using 2D images taken from different orientations.
Even though each picture provides 2D information only, very
accurate 3D information related to the deformation of the
structure can be acquired by synchronized processing of these
images [12—15]. An extensive review and information about
the use of optical measurement systems in dynamic testing
of structures can be obtained in reference articles [16—18].

Within the scope of a program aiming to develop time and
cost-efficient remote measurement systems (laser interfer-
ometry and photogrammetry) for structural health monitor-
ing applications, Ozbek and Rixen [ 19] had successfully used
laser Doppler interferometry to perform dynamic tests on a
wind turbine having a diameter of 80 m. Since initial trials
revealed that the intensity of the visible green/red laser beam
reflecting from the blade was not sufficient to take accurate
measurements, some preparations and surface treatment on
the blades were required. To that end, special reflective mark-
ers had to be placed on the blade and the tower by licensed
turbine climbers. Although the resulting measurements were
very accurate and promising, the applicability of the method
was limited due to the practical difficulties encountered in
placing these markers on the structure [19].

Recently, the development of infrared (IR) Doppler
vibrometers enabled this problem to be solved and made
it possible to use laser interferometers for remote mea-
surements more efficiently. Different from conventional
vibrometers using visible green/red laser beam (having a
wavelength of 500-680 nm), IR laser vibrometers are able to
take very accurate measurements without needing any sur-
face treatment to increase the reflectivity of the test structure.
IR laser beam having a wavelength of 1500 nm is reflected
by most surfaces with very high intensity. However, there
still exist some drawbacks to be overcome before utilizing
IR laser for health monitoring.

%% @ Springer

A visible laser has a smaller beam diameter compared with
an infrared laser and can be directed by small mirrors placed
inside the laser head. With the help of a computer, which
controls the motion of these mirrors, the laser vibrometer
can be used in scanning mode. Contrarily, IR laser having
a larger beam diameter cannot be directed by reflecting or
refracting the beam by small size mirrors and lenses used by
conventional laser scanners. Some commercially available
IR systems can take accurate measurements from large dis-
tances up to 300400 m. However, these systems require the
user to guide the laser head to the test spot manually resulting
in imprecise targeting and some measurement errors. Unfor-
tunately, there are not any operational IR vibrometers that
can scan large structures from remote distances in a fast and
efficient manner.

Within the scope of this project, a new guidance and con-
trol technique was developed. As can be seen in Fig. 1, the
laser source was mounted on a motorized platform that can
rotate about horizontal and vertical axes simultaneously. The
laser was aimed at the target simply by rotating the platform
instead of guiding the beam by optical methods. The techni-
cal details related to the implementation of this system as an
automated laser scanner are described in more detail in [20].
For convenience, this work will also very briefly review the
accuracy of the measurements acquired by using this new
scanner and how it can be utilized as an integrated module
of a health monitoring system.

As can be seen in the figure, an integrated camera sys-
tem enables the user to monitor the structure continuously
through a computer screen. By selecting some points on
the screen, the user can easily define several measurement
paths or grid-like patterns. The number of test points and
the corresponding spatial resolution can easily be increased
by dividing these selected patterns into the desired number
of segments. A specialized software program determines the
coordinates of these points, while the laser beam is directed
to these target points automatically. The successive measure-
ments taken in scanning mode can be seen in Fig. 2. Since IR
measurement cannot be seen by the naked eye, a visible red
laser is used to validate the accuracy of the targeting system.
Laser measurement is also synchronized with the response
data acquired by the accelerometer(s) installed on the struc-
ture. Considering the fact that excitation levels may change
during the experiment, accelerometer data are used as a ref-
erence to scale and combine laser measurements taken at
different times.

2 Testing Targeting Precision and Scanning
Efficiency Through Outdoor Experiments

Figure 3 shows the experimental setup used for the outdoor
feasibility tests. These tests were performed to check whether
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Fig. 1 The motorized platform
developed for the laser scanner
(20]

Fig.2 Scanning of successive
measurement points

Fig. 3 The test setup used for the
outdoor measurements [20]
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the designed system is able to scan complex geometries in a
fast and efficient manner. Depending on the required spatial
resolution, all three turbine models shown in the figure could
be scanned within a short period of 10—15 min. In order to
see how the error was accumulated after scanning several
measurement points, the laser vibrometer was programmed
to return to the first target after all the points on the three
turbines were measured successively. The laser spot, which
returned to the initial position, was observed to be very close
to its starting point. The deviation between the coordinates
of the initial and final points was in the range of 3—4 mm at
maximum.

The ratio of the maximum deviation (4 mm) to the hor-
izontal dimension of the field of view (approximately 7 m)
was used to calculate what the error would be, if the same
targeting system was utilized to scan large commercial wind
turbines. It is expected that the same targeting precision can
be reached in scanning large structures as well. Regarding
the abovementioned tests conducted by Ozbek and Rixen
[19] on the 80-m diameter turbine, the corresponding error
is calculated to be in the range of + 5 cm. It is worth men-
tioning that this value does not represent the error made in
targeting a single point directly. It is the accumulated error
when the system scans several points on a large structure and
then returns to the initial point. As mentioned earlier, more
detailed information related to calibration of the system, the
measurement accuracy, and the results of the indoor/outdoor
feasibility tests can be reached through the article [20] which
focuses on the guidance system specifically.

The data acquired through outdoor vibration experiments
are also used for the identification of possible damage on the
blade. The results of these analyses will be discussed after
the main features of the proposed methodology are intro-
duced. Initially, the mathematical accuracy of the utilized
algorithm and the reliability of the corresponding damage
estimations are demonstrated on FE models. Working on a
FE model makes it possible to control all analysis variables
(e.g.,damage level) very accurately and eliminates other pos-
sible sources of uncertainty and practical difficulties related
to the measurements.

3 Data Processing and Analysis
Methodology

The damage detection algorithm utilized in this work is
mainly based on comparing the mode shapes of the healthy
reference and the damaged structure. The methodology does
not require using a FE model to determine the location of the
damage. The flawed segments can always be identified very
accurately by just comparing the modes of the healthy and
damaged components. However, some supplementary calcu-
lations should be performed on a FE model to interpret what
these shape changes correspond to.

@ Springer

Using a representative FE model always enables compli-
cated damage patterns to be visualized and understood clearly
[21]. Model-based damage detection applications make it
possible to determine the location and degree of the damage
on the components with complex geometries or deformation
characteristics [22, 23]. FE modeling has become a standard
procedure in designing contemporary engineering structures.
Therefore, without any extra investment, it is possible to
utilize damage detection methods, which can be applied to
already existing FE models, as a reasonable and cost-efficient
approach. Such an approach enables to analyze complicated
damage scenarios, which involve simultaneous damage at
multiple locations, beforehand [24, 25]. Obtained results can
be stored in a database and used to monitor the health con-
dition of the structure regularly or after extreme events such
as earthquakes or hurricanes.

The dynamic analysis procedure proposed in this work
is based on the well-known mode shape curvature method.
Although both algorithms involve the comparison of the
mode shapes extracted from the healthy and the damaged
structures, these shapes are processed differently. In con-
ventional mode shape curvature method, the damaged mode
shape is subtracted from the healthy reference. Then, this
difference is processed by several algorithms to compute
damage indices. Damage indices are the key parameters
which show the location of possible flaw(s). If the degree of
the damage is also of concern, some scale factors should be
derived to use these damage indices for estimating the extent
of the flaw. In the proposed method, however, the healthy
and the damaged modes are processed simultaneously and
the stiffness loss is detected directly by computing the angles
between the modes. The FE model enables to relate the cal-
culated angles to the damage level in an easier and more
accurate way. The main focus of this study is demonstrat-
ing whether the proposed method can be used as an efficient
health monitoring system for wind turbine components such
as the blades and the tower. More detailed information on
the mathematical background and the derivation of the tech-
nique can be reached through the references [26, 27]. This
work also proposes a novel and simplified analysis algorithm,
which is very efficient, accurate, and easy to implement on
the existing finite element models.

If damage occurs on a structural component, it affects the
dynamic parameters (vibration periods, damping ratios, and
mode shapes) of the system [5, 6]. The deviation in natural
periods is an important indicator of possible damage, but its
location and extent can only be determined by monitoring
the corresponding variation in mode shapes [28]. Below, the
effect of the damage on the mode shape is described by pre-
senting the results of the analyses performed on a 10 DOF
(degrees of freedom) system shown in Fig. 4. The model dis-
played in the figure can be used to represent both the tower
and the blade. For simplicity, the considered system consists
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Fig.4 The 10 DOF system analyzed

of 10 lumped joint masses, which can vibrate in one direction
only. In the figure, the symbol J stands for the joint. Joint O
can be considered as either tower-foundation or blade-hub
connection. Similarly, the Seg; and k; correspond to the ith
segment of the blade (or the tower) and its stiffness, respec-
tively.

Figure 5a, b shows how the first mode of this system
changes depending on the location of the damage. In the
figure, horizontal and vertical axes show the modal amplitude
and the joint (node) number, respectively. In both Fig. 5a, b,
the blue curves represent the first mode of the undamaged ref-
erence. Similarly, red curves show the modes calculated for
the flawed structure. Modes are dimensionless shape func-
tions which are in fact the orthogonal vectors obtained from
eigenvalue analysis. In the figure, the reference healthy struc-
ture is compared with a case where the selected component
loses 90% of its initial stiffness. Such an extreme damage is
considered just for showing the variation in the mode more
clearly. In Fig. 5a, only the structural member between Joint
1 and Joint 2 (e.g., the second blade segment) is damaged. In
Fig. 5b, however, the damage is only at the member between
Joint 5 and Joint 6 (e.g., the sixth segment). The damaged
member is also displayed by red color on the vertical axis.

The figure clearly reveals that the relative modal dis-
placement—the difference between the modal amplitudes
calculated for successive joints—is significantly higher at
the damaged element. In Fig. 5a, where the second segment
is damaged, Joint 2 is displaced considerably more compared
to Joint 1. In the same way, in Fig. 5b, where the flaw is local-
ized at the sixth segment, Joint 6 is obviously displaced more
with respect to Joint 5. In this work, a new methodology is
presented to quantify and interpret this observed variation.

(a)  Change of Mode Shape 1 wrt. Damage on Segment 2
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Fig.5 Change of the first vibration mode depending on the damage
location

As mentioned before, the mode shape calculated for the
healthy structure is used as a reference. The modal displace-
ments of the damaged structure are then compared with these
reference values. The notation used for the modal displace-
ments is shown in Fig. 6. In the figure, ¢; 1, » shows the
modal amplitude calculated at joint number i for mode num-
ber 1. The symbols & and d, which are used as the third
indices, represent the healthy and the damaged states, respec-
tively.

As shown in Eq. (1), a new chart, which will be called as
Mode Shape Angle Diagram, can be obtained by picking data
points with coordinates (x; ; y;) where x and y coordinates
are the modal displacements of the ith joint calculated for the
healthy and damaged structures, respectively.

xis y)=(®i,1,n5 di,1,d) ()

Following the analyses conducted on the healthy structure,
successive simulations are performed by creating damage
on some pre-determined component(s). A possible damage
on the element can be represented by reducing its stiffness
gradually. As shown in Eq. (2), the stiffness “k” (kN/m) of
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Fig.6 The notation used for modal displacements

a structural component is directly proportional to the mod-
ulus of elasticity of the material used “E” (kN/m?) and the
moment of inertia “I” (m*) of the cross section. The extent of
the damage can be controlled simply by adjusting the mate-
rial properties, more specifically, the modulus of elasticity
value. In Eq. (2), “L” is the height or length of the member
which does not change depending on the damage.

ko< — (2)

The damage on the selected component is then gradu-
ally increased and the corresponding effect on the modal
parameters is calculated by performing successive eigenvalue
analyses. The mode shapes calculated for different damage
levels are stored in a database for further operations. Damage
level, i.e., % stiffness loss of the element, can be calculated
by using Eq. (3).

Stiffness of the damaged member
% Damage = | 1 —

Stiffness of the healthy member
x 100 )

S @ Springer

Modal Displacements - Healthy Structure

Fig. 7 Mode shape angle diagrams drawn for several damage scenarios

The healthy reference can be considered as a damaged
structure with 0% damage level. Therefore, the abovemen-
tioned Mode Shape Angle Diagram can also be drawn for the
healthy structure. Since for all the joints, ¢; 1, = ¢i.1,4, X
and y coordinate values would be the same and the resulting
diagram would correspond to y = x graph, which forms a
45° angle with the horizontal axis. The Mode Shape Angle
Diagrams drawn for the damage cases in Fig. 5a, b (90%
damage at the second and sixth members) are presented in
Fig. 7a, b.

As can be seen in Fig. 7a, where the second segment on
the blade is damaged, the slope of the line segments suddenly
changes at the bottom and top joints of the damaged member,
namely at Joint 1 and 2. Similarly, when the sixth segment is
damaged, the slope suddenly changes at the bottom and top
joints of the sixth segment only (Joint 5 and 6). However, in
both figures, the slopes of the segments do not change at the
joints of the undamaged elements. For example, in Fig. 7b,
the slope is the same for the first five line segments. Some
reference curves can be obtained by calculating how the slope
and the angle change at the joints as a function of the damage
level.

The angle notation used in this work is presented in Fig. 8.
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Fig.8 Angle Notation used in the analyses

There can be seen 11 joints (JO is the base joint) and 10 differ-
ent segments in the figure. The angle between each segment
and the horizontal x-axis is calculated separately. Angle; is
the angle between the ith segment and x-axis. This angle can
be calculated by Eq. (4). Similarly, the symbol R A; stands for
Relative Angle;. As shown in Eq. (5), RA; is the difference
between the angles calculated for stories i + 1 and i.

Angle; = atan(w) “
¢i+1,l,h — ¢i,1,h
RA; = Angle;y1 — Angle; 5)

If the (i + 1)th member is undamaged, RA; is approxi-
mately equal to zero. However, RA; increases considerably
depending on the damage level. Damage simulations per-
formed on the FE model clearly indicate how Relative Angle
RA; changes depending on the % stiffness loss. During the
analyses, the stiffness of the flawed component is reduced
gradually, mode shapes are extracted and the correspond-
ing Relative Angles are calculated at each step. The Relative
Angles obtained for different damage levels are then used to
generate Reference Damage Curves.

Figure 9a shows several Mode Shape Angle Diagrams
drawn for Relative Angle 5 which is the damage indicator for
the sixth blade segment. The diagrams are obtained for stiff-
ness losses varying between 0 and 90%. Similarly, Fig. 9b
presents the Reference Damage Curve which displays the
variation in Relative Angle 5 depending on the % damage.
In Fig. 9b, the horizontal and vertical axes represent % stiff-
ness loss and the corresponding Relative Angle (in degrees),
respectively. Reference curves calculated for different blade
segments may change depending on the physical properties
of the section, more specifically, on the overall mass and
stiffness distribution. Therefore, they should be calculated
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Fig.9 a Mode shape angle diagram calculated for the case segment 6
is damaged. b Reference damage curve for Relative Angle 5

separately. It should be noted that to draw Fig. 9b, all dam-
age cases between 0 and 90% stiffness losses are analyzed by
reducing the stiffness by 1% at each step. Hence, Fig. 9b has
in fact a higher resolution and includes more data points (90
points) compared to Fig. 9a which displays some selected
damage levels only.

The most important difference between the conventional
mode shape curvature method and the algorithm proposed
in this work is that Reference Damage Curves are needed to
determine which damage level the observed relative angles
correspond to. Therefore, it is required to perform successive
damage simulations on a validated FE model of the struc-
ture. Since FE modeling is a standard procedure in designing
almost all contemporary engineering structures, it is assumed
that these models exist and are readily accessible to be used
for damage detection purposes. The advantage of the method
is that it is very efficient, accurate, and easy to implement on
the existing models. It also enables complicated damage pat-
terns to be visualized and understood clearly.
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Fig. 10 SAP2000 representative blade model

4 Damage Simulations on Wind Turbine
Blade Model

The mathematical accuracy of the utilized technique is ini-
tially tested on a FE model to eliminate possible sources of
uncertainty related to the measurements. The efficiency of the
damage detection algorithm is demonstrated on the numer-
ical blade model of the 5 MW NREL wind turbine having
a diameter of 126 m. In order to develop an open-source
Benchmark model, the structural properties of the 61.5 m
long blade are shared freely by Sandia National Laborato-
ries [29]. The available technical data (e.g., the mass density,
moment of inertia, and stiffness values) are used to gener-
ate a representative SAP2000 (Structural Analysis Program)
model which is shown in Fig. 10.

The proposed methodology can currently be applied to
the turbines which are at park condition. Extending this tech-
nique to the analysis of rotating components is at the center
of our ongoing research studies. It should be noted that once
the rotor starts rotating, its dynamic properties (frequen-
cies, damping ratios, and mode shapes) change significantly
depending on the rotational speed. The variation in these
aero-elastic parameters cannot be determined accurately by
ordinary finite element tools. Therefore, a special software
FAST (Fatigue, Aerodynamics, Structures, and Turbulence),
which was developed for dynamic analysis of rotating tur-
bines specifically, will be used for this purpose. Using such
an aero-elastic simulator will make it possible to estimate the
variation in the mode shapes of the healthy reference turbine
due to changing wind and rotor speed. Then, the dynamic
response of a turbine with a damaged blade will be analyzed
by FAST for the same operational conditions. In this way, it
is aimed to distinguish between the response variations due
to damage and rotational speed. The 5 MW NREL wind tur-
bine model is already integrated into the FAST simulator.
Hence, demonstrating the capabilities of the method on this
Benchmark model is an essential step for future analyses.

In Fig. 10, different colors are used to represent the seg-
ments with different cross-sectional properties. The blade
model is 61.5 m long and consists of 37 segments in total.
To increase the accuracy of the analysis, each segment is
also divided into smaller elements with a maximum length
of 500 mm. As can be seen in the figure, blade segments
have rectangular cross sections. Since the model is not used

Springer

Table 1 The comparison of eigenfrequencies for model validation

Structural mode SAP2000 [Hz] NREL model
[Hz]
First Flapwise bending (out 0.87 0.87
of rotor plane)
First Edgewise bending (in 1.07 1.06
rotor plane)
Second Flapwise bending 2.61 2.68
Second Edgewise bending 391 3.91
Third Flapwise bending 5.84 5.57

for aerodynamic simulations but structural analysis and dam-
age detection, the shape of the sections does not affect the
results.

Once the model is generated, the dynamic parameters
obtained from SAP2000 analyses are compared with the
reference values reported in [29]. Table 1 summarizes the
eigenfrequencies specified for the NREL Benchmark model
and those obtained from the SAP2000 model. As can be
seen, the frequencies calculated for the first five vibration
modes are very close to the reference values, validating that
the SAP2000 model can be used to represent the structural
behavior of the blade accurately.

The validated model is then used to perform damage simu-
lations at different locations on the blade. Reference damage
curves are obtained by changing the stiffness of only one seg-
ment at a time. For this purpose, the stiffness of the analyzed
segment is reduced by 1% at each step by adjusting the mod-
ulus of elasticity value, and then, the corresponding mode
shape is calculated. For the selected segment, all damage
levels varying between 1 and 75% stiffness losses are sim-
ulated successively. The abovementioned mode shape angle
method is used to develop a database showing how relative
angles change as a function of the damage condition of the
blade.

The analyses are initially conducted for four different seg-
ments (A-B-C-D) on the blade, and the corresponding angle
variations are displayed in Fig. 11. The segments A, B, C and
Dare 26.6,34.9,43.1 and 51.3 m away from the root region of
the blade, respectively. In the figure, Relative Angle 58 is the
damage indicator for Segment A. Similarly, the damage on
Segments B, C, and D are represented by Relative Angles 74,
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Relative Angle vs. Damage Level
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Fig. 11 Reference damage curves for Segments A, B, C, and D

90, and 106, respectively. It should be noted that the curves
shown in Fig. 11 are calculated by simulating damage at one
segment at a time. For example, for monitoring the change
in Relative Angle 58 with respect to damage level (the blue
curve), it is assumed that there is damage at Segment A only
and that other segments B, C, and D are intact. These curves
are then used as Reference Damage Curves for evaluating the
results of further analyses and simulations.

In order to validate that the Relative Angle calculated for
a blade segment does only change depending on the health
condition of this particular segment and is not affected by the
damage that happens at other locations, the variation in the

(a) Variation of Rel. Angle 58 in Multiple-damage Scenarios
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Fig. 12 Change of relative angles in several multi-damage simulations

abovementioned Relative Angles is monitored during simul-
taneous multiple damage simulations. The results of these
analyses are presented in Fig. 12.

Figure 12a shows how Relative Angle 58, which is the
damage indicator for Segment A, changes in several analy-
ses. As can be seen in the figure, the curves calculated for
different damage cases overlap almost completely. Relative
Angle 58 calculated for a case, where there is damage at
Segment A only, is almost the same as the Relative Angle 58
calculated for a case, where there is simultaneous damage at
Segments A—B—C-D. Similarly, in Fig. 12b, it can be seen
that Relative Angle 74 is dependent on the health condition of
Segment B only. Even if Segments A, C, and D are damaged
simultaneously as well, they do not affect Relative Angle 74.
The same tendency can also be seen in Fig. 12c, d.

Once it is demonstrated that the proposed mode shape
angle method allows linear superposition of damage lev-
els calculated for different segments, a more complicated
scenario involving simultaneous damage at multiple blade
segments is analyzed. As a validation test, a case where all
four elements (A—-B—C-D) are damaged simultaneously is
simulated. For this purpose, modulus of elasticity values of
the segments A, B, C, and D is reduced to represent dam-
age levels varying between 20 and 35% stiffness losses. The
mode shape of the damaged structure is extracted and com-
pared with the reference healthy state to calculate Relative
Angles.

(b) Variation of Rel. Angle 74 in Multiple-damage Scenarios
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(d) Variation of Rel. Angle 106 in Multiple-damage Scenarios
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Table 2 Reference damage levels

(single damage at a time) used Damage level Rel. Ang58 Rel. Ang74 Rel. Ang90 Rel. Angl06
for the validation test (% stiffness loss) (Segment A) (Segment B) (Segment C) (Segment D)
20 *0.157 0.124 0.096 0.069
21 *0.167 0.135 0.103 0.075
22 0.173 0.141 0.108 0.079
23 0.183 0.148 0.112 0.086
24 0.199 0.158 *0.124 0.089
25 0.209 0.168 *0.129 0.096
26 0.214 0.175 0.138 0.099
27 0.230 0.185 0.140 0.105
28 0.240 0.192 0.149 0.110
29 0.256 0.202 0.156 0.115
30 0.272 *0.212 0.165 0.122
31 0.277 *(0.222 0.170 0.125
32 0.293 0.232 0.177 0.132
33 0.309 0.246 0.188 0.137
34 0.319 0.256 0.197 *0.146
35 0.335 0.266 0.207 *0.154
Table 3 Comparison of
simulated and estimated damage Element  Distance to the root ~ Simulated Damage Calculated Estimated Estimation
for multi-damage scenario [m] damage %  indicator  angle damage %  error (%)
(simultaneous damage at [Deg]
segments A, B, C, and D)
A 26.6 20 Rel Ang 0.161 20.4 2.0
58
B 349 30 Rel Ang 0.213 30.1 0.3
74
C 43.1 25 Rel Ang 0.126 24.3 2.8
90
D 51.3 35 Rel Ang 0.147 34.1 2.6
106

Table 2 shows the % stiffness losses and the correspond-
ing Relative Angles, which are displayed in Fig. 11, in more
detail. The values presented in Table 2 are obtained from sin-
gle damage analyses and will be used as a reference for the
multiple damage validation test described below. For sim-
plicity, only the damage range considered in the validation
test, namely the values between 20 and 35%, is displayed
in the table. Similarly, the relative angles calculated for the
multiple damage validation test are summarized in Table 3.
By using linear interpolation of the reference values shown
in Table 2, the damage at Elements A, B, C, and D are esti-
mated. The Relative Angle values used for the interpolation
are marked with the * symbol in the table.

As can be seen in Table 3, stiffness losses can be calculated
with very high accuracy even for complicated simulations
involving simultaneous damage at four different locations on
the blade. In the table, the term “simulated damage” refers to
the stiffness loss assigned to some predetermined elements

S @ Springer

on the SAP2000 model. Since generated on the numerical
model, the exact value and the location are known very accu-
rately. Estimated damage, however, is obtained by reverse
calculation or more specifically, the dynamic analyses of the
vibration response acquired on the structure. As shown in the
table, the maximum estimation error is 2.8% which can be
considered to be very promising. The same values are also
presented in graphical format in Fig. 13.

5 Dynamic Tests and Damage Analyses
on the Blade and the Scaled Turbine Model

This section aims at discussing whether the location and the
degree of the damage on a structural component can be deter-
mined through laboratory experiments and outdoor vibration
measurements. For this purpose, before starting the outdoor
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Fig. 13 Comparison of Simulated and Estimated Damage for Multi-
damage scenario

tests shown in Fig. 3, first, a turbine blade is tested in the lab-
oratory as a single component. Testing the component under
controllable boundary conditions enables FE models to be
used in estimating the damage level. In order to simulate the
boundary conditions selected in the FE model, the root of the
blade is firmly fixed by a press. Vibration measurements are
taken on the healthy component, and the mode shapes shown
in Fig. 14 are extracted.

Following the tests performed on the healthy reference, the
blade is physically damaged by cutting the pre-determined
sections with a saw. The most important drawback related
to this operation is the quantification of the flaw made on
the element. Therefore, some supplementary static tests are
decided to be performed to validate the degree of the damage
on the tested component.

As demonstrated in Fig. 15, the blade is divided into 240
sections and the segments 60 (yellow), 100 (orange) and,
160 (green) are damaged both on the FE model and on
the real blade. First, segment 60 is damaged by cutting. In
order to quantify the flaw made on the blade, a single point
mass is attached to the tip and the corresponding static tip
deformation is measured by a laser distance meter. Then,

Fig. 14 Mode Shapes calculated
for the healthy reference blade

FLP-1

FLP-2

Fig. 15 Damaged blade segments (SAP 2000 model)

by adjusting section properties (e.g., modulus of elastic-
ity) in the SAP2000 program, the stiffness of segment 60
is reduced gradually until the same tip deformation value is
also obtained from the FE model. In other words, the reduc-
tion in the stiffness of segment 60 is determined by reverse
calculation by using measured static deformation.

The same approach is applied step by step to calculate
the degree of the damage at other sections. Similarly, seg-
ment 100 is damaged, the aforementioned static tests are
performed and the corresponding tip deformation is mea-
sured. However, in this case, the obtained tip deformation is
due to the combined effect of the damage at Segments 60
and 100. Since the stiffness loss in segment 60 is already
calculated, the damage at Segment 100 can be obtained by
changing only the properties of Segment 100 in SAP2000.

As the third step, Segment 160 is cut and the abovemen-
tioned static test procedure is repeated. The deformation
obtained from the third static test is caused by the simul-
taneous damage at Segments 60, 100, and 160. Since the
stiffness losses at segments 60 and 100 are known previously,
the damage at segment 160 can be estimated by fine-tuning
the section properties of Segment 160 only on the FE model.

S

EDG-1

FLP-3 >
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Table 4 Comparison of Theoretically and Experimentally Calculated
Damage Levels

Element % Damage % Damage Error
static test dynamic test dynamic versus
static
Seg 60 382 41.0 7.4%
Seg 100 514 56.3 9.6%
Seg 160 62.5 69.4 11.1%

Once the static tests are completed, dynamic parameters
of the damaged blade are extracted through vibration mea-
surements. The mode shape of the blade, which is damaged
at three different segments simultaneously, is calculated and
compared by the mode of the reference healthy blade. As
mentioned before, a reference accelerometer signal is neces-
sary to scale and then combine the laser measurements taken
at different times and locations. It should be noted that dur-
ing the static tests, the accelerometer [30] was already placed
on the blade. Table 4 summarizes the corresponding damage
estimations.

As can be seen in the table, the damage levels estimated
by static and dynamic tests are very close. The estimation
error is proportional to the damage level and has a maximum
value of 11.1%. The observed difference can be attributed to
both static and dynamic tests. As mentioned before, calcula-
tion of the damage by static tests is based on a step-by-step
procedure. First, the damage at Segment 60 is calculated by
using the results of first static test. Then, the residual stiff-
ness value calculated for Segment 60 and the results of the
second static test are together used to estimate the damage
at Segment 100. Finally, the values obtained for Segment 60
and 100 are both used with the results of the third static test
to estimate the damage at Segment 160. Such an approach
may result in a propagating systematic error. The uncertainty
related to Segment 60 affects the other results directly. This
tendency can be seen in the table. The error calculated for
one segment is always greater than the error obtained for the
Previous ones, i.€., errseg160 > €rrsegl00 > €7 Seg60-

When the theoretical results presented in Table 3 are com-
pared with the experimental results shown in Table 4, it can
be seen that the estimation error obtained from the experi-
mental analyses is larger. While the max. error in Table 3 is
2.8%;,itis 11.1% in Table 4. As described below, a major part
of the experimentally calculated estimation error is attributed
to the practical difficulties in the quantification of the flaw
made on the blade or similar practical limitations related to
the experiment.

A part of the error can also be related to the mathematical
uncertainty related to the method. As can be seen in Fig. 14,
for high damage levels (65-70%), there happens some scat-
ter between the relative angles calculated for single damage

%% @ Springer

and multiple damage scenarios resulting in some decrease in
accuracy. In Table 3, the maximum damage is 35%. However,
Table 4 includes the cases where damage changes between 41
and 69.4%. Damage levels of 40% or higher may not be rea-
sonable in practice. Most probably, a possible damage (e.g.,
crack) will be detected much earlier before it reaches such a
critical state and causes 40% stiffness loss. Therefore, it can
be concluded that the damage levels considered (20-35%
loss) in Table 3 are more reasonable. It is expected that the
estimation error would be in the range of 5—6% in practical
applications. Even an 11.1% error, which corresponds to an
extreme case of 69.4% stiffness loss, is a very satisfactory and
promising result to implement this method for the structural
health monitoring of large wind turbines.

Following the component tests, the damaged blade is
mounted to the rotor to be used for the outdoor tests. Vibra-
tion measurements are taken on two different blades on
the turbine, namely the healthy reference and the damaged
blade. These two blades are supposed to be identical in
terms of material properties, geometry, and boundary con-
ditions, so the mode shape extracted for the healthy blade is
expected to be used as a reference for the damaged one. The
above-mentioned dynamic test and measurement procedure
is repeated and the corresponding modal properties are cal-
culated. Damage parameters are identified by comparing the
mode shapes obtained for the flawed and the healthy blade.

As previously mentioned, the methodology proposed in
this work does not require using a FE model to determine the
location of the damage. The damaged segments can always
be identified very accurately by just comparing the modes of
the healthy and damaged components. However, some sup-
plementary calculations should be performed on a FE model
to understand what the observed shape changes correspond
to.

Unfortunately, it is not possible to accurately determine
the stiffness values of blade-rotor, nacelle-tower, and tower-
foundation connections for the scaled wind turbine model
shown in Fig. 3. Since a FE model, which shows all the com-
ponents (e.g., blade, rotor, and tower) together as a whole
system, is not available, the outdoor measurements are only
used to determine the location of the damage. For future stud-
ies, using a validated FAST model is expected to overcome
this drawback and make it possible to apply the proposed
method for dynamic testing of full-scale wind turbines more
efficiently. There is no need for a FE model for damage local-
ization purposes. However, in calculating the extent of the
damage, where FAST models will be needed, the reliability
of the method will depend on how accurate those models
represent the real turbines.

By using the vibration data acquired through outdoor
dynamic tests, the condition of the flawed component is ana-
lyzed. Figure 16 shows the damage locations estimated for
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Fig. 16 Damage location estimates for the blade of the scaled turbine
model

the monitored blade. The figure clearly reveals that by com-
paring the modal parameters obtained through experiments
only, the location of the damage can be determined with very
high accuracy. In Fig. 16, the horizontal and vertical axes
represent the segment ID number and damage state, respec-
tively. Since a complete FE model is not available, it is not
possible to quantify the damage. Therefore, there are only
two states to define the current condition of a blade segment,
namely the healthy and damaged states. If the relative angle
calculated for a segment is zero, it is considered to be healthy.
A change observed in the angle indicates that the component
is damaged.

As can be seen in Fig. 16, the method can successfully
detect which segments are damaged (60, 100, and 160).
However, for segment 100, the algorithm estimates that the
neighboring segment 101 is also damaged. Similarly, for
segment 160, the results indicate some damage at nearby
segments 159 and 161. This error can be attributed to two pos-
sible reasons. As one of the reasons, the healthy blade used
as a reference may not be exactly representing the healthy
state of the damaged blade. Even if they are considered to be
identical, some very slight differences may exist, which can
affect the results. Secondly, the error can also be considered
as a side effect of having a very high spatial resolution. In
this study, the blade is divided into 240 cells in the longitu-
dinal direction and the average length of the sections is in
the range of 5 mm. Even if the laser always targets the same
location in space throughout the measurement, during vibra-
tion, different segments may cross over the laser spot. Since
the vibration amplitude is directly proportional to the dis-
tance from the root (rotor hub), the problem becomes more
evident as the point gets closer to the tip. It is believed that
this problem can easily be solved by using larger segments
and by reducing the number of measurement points. Such an
approach can ensure that the laser spot will remain within
the same segment during the test.

If the accuracy used in this analysis is applied to the 61.5 m
long blades of the NREL 5 MW wind turbine, the corre-
sponding spatial resolution would be 25 cm approximately.
Finding the location of the damage with such a high accu-
racy will help the maintenance staff to detect and solve the
problems more easily and efficiently.

An important issue to be considered related to the applica-
bility of the proposed system to monitor large size structural
components, such as the blades and tower of MW scale wind
turbines, is the maximum measurement range of the utilized
IR laser beam. Conventional IR laser vibrometers can take
very accurate measurements from very long distances such
as 300—400 m [31]. Since the water droplets suspended in
the air act like very small size lenses and refract the laser
beam, humidity is the key parameter which affects the max-
imum range of the measurement system. Under optimum
environmental conditions (e.g., very low humidity level), the
maximum range of the laser can extend up to 1000 m. How-
ever, these optimum conditions may not always be satisfied
due to the challenging environmental factors encountered the
field. The maximum measurement ranges reported by some
laser source manufacturers (300-400 m) represent an aver-
age value which is valid for almost all weather conditions
except rain and heavy fog [31].

6 Conclusions

This study aims to develop an innovative damage detection
and preventive maintenance system, which can be used for
continuous or periodical monitoring of wind turbine com-
ponents. The main features of the proposed system, such as
the measurement technique, the data analysis procedure, and
the damage estimation methodology, are described in detail
throughout the text.

The proposed system utilizes a ground-based IR laser
scanner as the main sensor. Since conventional IR laser
vibrometers cannot be used in scanning mode, a new con-
trol and guidance system is developed to be able to use these
devices for scanning large objects from remote distances
efficiently. The feasibility tests conducted in the laboratory
clearly show that the new scanning platform allows the user
to monitor and control all important measurement parame-
ters by a computer through a user interface. A specialized
software program enables complicated measurement paths
or grid-like patterns to be described very easily.

Similarly, outdoor feasibility tests reveal that very com-
plex geometries can be measured within short periods. If the
same precision can be reached in scanning large structures, it
is expected that the measurement points on MW scale wind
turbines can be targeted with an accuracy of £ 5 cm.

Within the scope of the study, a novel and efficient damage
detection algorithm is developed for the rapid analysis and
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interpretation of the acquired vibration data. The applicabil-
ity of the proposed methodology is demonstrated ona 61.5 m
long Benchmark blade model designed for the 5 MW NREL
reference wind turbine. The results of the analyses clearly
show that the proposed method can estimate the location and
the degree of the damage with a maximum error of 2.8%.

The developed algorithm also allows linear superposition
of damage levels calculated at different segments. Therefore,
it enables complicated damage scenarios involving simulta-
neous damage at multiple locations to be analyzed. Obtained
results can be stored in a database and used to monitor the
health condition of the structure regularly or after extreme
events such as earthquakes or hurricanes.

The results of the outdoor vibration measurements and
laboratory experiments show that the utilized methodology
does not require using a FE model to determine the location of
the damage. The damaged segments can always be identified
very accurately by just comparing the modes of the healthy
and damaged components.

The validation tests conducted in the laboratory show that
the max error made in estimating the damage level is in the
range of 11%. However, this value is reached for the analy-
sis of the extreme case corresponding to approximately 70%
stiffness loss. Since such a severe damage level may not be
realistic, it is expected that the maximum estimation error
would be in the range of 5-6% in practical applications. A
major part of the observed error is considered to be related to
the uncertainties in creating the physical damage on a mem-
ber, not to the mathematical methodology applied. Damaging
a component physically is not a fully controllable process.
The acquired accuracy is considered to be very promising for
implementing the proposed system for the health monitoring
of large wind turbines.

The proposed damage detection system can easily be
applied to existing turbines. If there are some vibration sen-
sors, which are already installed on the turbine (accelerom-
eters or strain gauges), they can easily be synchronized and
integrated with the developed monitoring system. These sys-
tems can be used to provide the reference signal required
to scale the laser measurements taken under varying excita-
tion levels. Since the IR laser is used as a moving sensor,
which scans different target points throughout the structure,
the corresponding instrumentation cost is much lower com-
pared to the conventional measurement systems. A single
monitoring system can be used for the regular survey and
the control of all the turbines in a wind farm. In addition, the
obtained spatial resolution would absolutely be much higher.
Such a high spatial resolution allows the turbine maintenance
staff to detect the location of the flaws very rapidly and effi-
ciently and take the required precautions before these flaws
expand and cause irretrievable damage on the structural com-
ponents.
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