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Condition Monitoring and Damage Location of Wind
Turbine Blades by Frequency Response
Transmissibility Analysis

Abstract — Incipient defects occurring in long wind turbine
(WT) blades are difficult to detect using the existing condition
monitoring (CM) techniques. To tackle this issue, a new WT
blade CM method is studied in this paper with the aid of the
concept of the transmissibility of Frequency Response
Functions (FRFs). Different from the existing CM techniques
that judge the health condition of a blade by interpreting
individual CM signals, the proposed method jointly utilizes the
CM signals measured by a number of neighboring sensors.
This offers the proposed technique a unique capability of both
damage detection and location. The proposed technique has
been experimentally verified by using the real CM data
collected during the fatigue and static tests of a full scale WT
blade. Experiment has shown that the new technique is
effective not only in damage detection but in damage location
when either Fiber Bragg Grating (FBG) strain gauges or
accelerometers are used for data acquisition.

Index Terms—wind turbine, blade, transmissibility analysis,
condition monitoring.

I. INTRODUCTION

Wind turbine (WT) blades capture energy from wind and
convert it to mechanical energy for electricity power
generation. They are therefore one of the most critical
components in a WT system. However, WT blades are
exposed to direct harsh environment, suffering constantly
varying loads, experiencing temperature and humidity
changes, erosion, and corrosion in operation. They are also
the most vulnerable component in a WT. The long-term
practice has shown that blade failures account for about
10% of all WT failures that have been reported [1]. These
blade failures lead to over 15% of total downtime [2], which
means a significant revenue loss to the operator. Moreover,
a catastrophic failure of blade could result in the loss of the
whole turbine or even casualty and damage to neighboring
facilities in the wind farm. Thus, blade failures have a
profound impact on the cost of energy from wind [4]. For
this reason, to detect the failure of blade as early as possible
and take measures to protect those being defective is of
great significance in increasing the availability and therefore
the economic return of WTs.

As mentioned in [5], at present onsite visual inspections
at regular intervals are being popularly used for blade
condition monitoring (CM). Such an approach can provide
‘snapshots’ of the actual health condition of the blades. It is

however unlikely to carry out in unfavourable sea and
weather conditions. Moreover, onsite inspection of blade
requires specialized equipment (e.g., cranes and working
platforms) and expert personnel, which will consume lots of
time and money. In offshore circumstance, onsite inspection
will become more problematic and expensive due to the
limited access to rough sea and additional costs on vessels
and other tools specially required in the work on sea. For
these reasons, online CM is strongly recommended.

In the last decades, efforts have been made to develop
various online CM techniques dedicatedly for WT blades
[6][7][8][9]1[10][11], some of which are already
commercialized (e.g., Moog Insensys’ rotor monitoring
system designed based on optical fibre sensors [12]) while
others are still in research (e.g. vibration analysis [5],
electrical resistance [6], acoustic emission [13], Ultrasonic
wave [14], etc.). Recently, a few cost-effective blade CM
techniques were reported, for example [15] used the
generator stator current signal to monitor the health
conditions of blades in a permanent magnet direct-drive
WT; [9] and [16] detected blade failure by interpreting the
data collected by WT SCADA system. All these efforts
have advanced the blade CM technology to certain extent.
However, they have not provided a fully successful tool for
predicting the actual health condition of WT blades
particularly those with large sizes. The reasons can be
various, but the major ones can be summarized as follows:

e The incipient defect cannot lead to significant change in
the structural integrity of the blade. As a consequence, the
bending moment measured at the root section of a blade
[12] or the dynamic response indicated by WT SCADA
data [16] is not sensitive enough to the defect when the
defect is in its infancy. Owing to this reason, the available
blade CM techniques that rely on interpreting the root
bending moment signals have limitation in detecting
incipient defects in addition to their inefficiency in
damage location;

e Because of the high damping of the composite materials
used in blades, the acoustic emission and ultrasonic waves
are significantly damped in the process of wave
transmission. Consequently, the acoustic emission and
ultrasonic sensors cannot receive effective CM signals if
they are mounted far from the position of the defect. In
addition, both acoustic emission and ultrasonic CM
signals need to be collected by using a high sampling
frequency (usually =220 kHz). This means that a large



amount of data will be collected by the data acquisition
system within a short time, and consequently a big data
‘mountain’ will be formed in the end of the 20 to 30 years
service life of a blade. Then, how to manage and analyze
these data becomes a big challenge to the operator;

e WT blades are subjected to constantly varying loads in
operation. The varying loads and structural damage are
always coupled together to take effect on the dynamic
response of the blade [9]. As it is unlikely to decouple
their effects, the varying loads can modulate the CM
signals and consequently lead to false alarms, which not
only discount the added value of the CM systems but
increase the unnecessary site visit, prolong the downtime,
and enlarge the revenue loss [17]. So, how to develop a
load-independent blade CM technique is one of the tough
tasks in wind power industry today;

e The energy capturing performance/efficiency is often
used as an indicator of the structural health condition of
WT blades [9][18]. However, the degeneration in
performance/efficiency does not necessarily mean the
presence of structural damage in a blade. For instance, the
ice and snow built up on blade surfaces can change the
surface roughness, thus decrease the energy capturing
efficiency of the blade. In such a circumstance, the
degenerated  performance/efficiency can  recover
automatically once the ice and snow on the blade melt at
warm air temperatures. But the degeneration caused by
structural damage or the poor surface roughness due to
erosion and corrosion will be permanent and
unrecoverable. Up to date, how to distinguish the true
reason of the performance/efficiency degeneration of a
WT blade and determine whether it is necessary to take
action to deal with the change is a challenging issue to
solve.

The aforementioned limitations do challenge the
reliability of blade CM results. However, in view of the
potentially significant contribution of reliable CM in
improving the economic return of WTs, it is of significance
to make effort to achieve such a technique particularly
before the massive deployment of WTs in the following
years. The work presented in this paper is part of the effort
for reaching such an objective.

The paper proposes a new blade CM method based on the
concept of the transmissibility of Frequency Response
Functions (FRFs) [19][20]. The novelties can be briefly
summarised as follows: (1) the ratios of the frequency
responses are used for the calculation of CM criterion,
which, to certain extent, can mitigate the effect of varying
loads and therefore improves the reliability of blade CM
result; (2) damage location can be easily achieved via the
proposed technique thanks to the advantage of the FRF
transmissibility analysis; consequently, the value of the CM
criterion is not only a reliable indicator of the actual health
condition of the blade but a useful tool for accurate damage
location; (3) since the proposed CM criterion responds only

to the degenerated performance/efficiency caused by
structural damage, the false alarms due to the ice and snow
built up on blade surfaces can be fully avoided; and (4) the
proposed technique is able to work very well despite the
types of the sensors that are used for data acquisition. In this
study, the effectiveness of the proposed technique in blade

CM and damage location has been verified by applying the

technique to monitoring the structural integrity of a full

scale WT blade during its fatigue and static tests. More

details about this work are depicted in Sections II and III.
Potentially, the CM technique developed in this paper is

applicable to two scenarios in wind power practice:

(1) Laboratory test of WT blades. Nowadays, a number of
WT blade testing centres, such as NREL, Narec, VMC,
SGS, and Denmark’s National Test Centre, are operating
commercially to accelerate the design and development
of long blades for giant WTs with the capacity of
>5SMW. In blade tests, visual inspection is often used for
structural health assessment, which consumes time and
moreover is difficult to find incipient defects occurring
in the blades [21]. The technique proposed in this paper
can help to accomplish the blade CM and fault detection
efficiently via interpreting the measured signals online;

(2) CM WT blades in operation. The technique proposed in
this paper is superior to the existing WT blade CM
techniques in both fault detection and fault location as
long as the required CM information along blade span
can be collected properly. For those WT blades in
operation, the kind of information along blade span can
be collected by various means, such as distributed
strain/stress transducers [22]. However, it is aware that
the installation of distributed strain/stress transducers on
operational blades will be a tough issue. To allow an
easy data acquisition, a non-contact measurement
method with the aid of stereo imaging camera is being
studied by the authors. The relevant research
achievements will be reported separately.

II. METHODOLOGY

WT blades are typically constructed using fibre-
reinforced polymeric composites and sandwich structures.
Moreover, their geometries (e.g. the aerofoil chord length)
vary gradually along span-wise direction. It is therefore a
challenging task to develop an accurate analytical model for
WT blades. For simplification, in the present study, we
regard a WT blade to be a multi-degree-of-freedom
(MDOF) system consisting of a number of sections, as
shown in Fig.1.

In Fig.1, three neighbouring sections are denoted as
sections i—1,iandi+ 1 with masses m;_;, m; and m;, 4,
respectively. The sections i —1 and i are connected via
stiffness k;_, ; and damping c;_; ;; and the sections i and i +
1 are connected via K;;4; and c;;;1. Consequently, when an
external load, either distributed or concentrated, is applied



to the blade, the dynamic response of the blade can be
expressed by the following equation:

h |
1 i N 1
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mi_q | m; | Myt
Fig.1 The model of a wind turbine blade.
MX(t) + CX(t) + KX(t) = F(¢t) 1)

where, X(t) represents the vector of displacement responses
along the blade, M, C and K denote the mass, damping and
stiffness matrices, respectively, F is the matrix of external
forces.

It can be inferred that when a local defect occurs in
section i, the values of ¢;_q;, Cjj41, Kj—1; and K4 will
change correspondingly; whilst the damping and stiffness in
other blade sections may not change. This inspires the
thought of this paper to develop a damage detection and
location technique for WT blades by the approach of FRF
transmissibility analysis. Since the corresponding values of
damping and stiffness are dependent only on the structural
integrity of the blade, the CM technique developed based on
this idea will respond only to those changes caused by
structural damage. Thanks to this merit of the technique, the
false alarms due to the ice and snow built up on blade
surfaces can be fully avoided.

Assume when an external force f(t) is applied to the
blade, x;(t) and x;(t) (t =ty t1,...,ty_1) are the data
series measured by two neighboring sensors mounted on the
blade. The frequency spectra of f(t), x;(t) and x;(t) can
be readily obtained by performing the following Discrete
Fourier transforms (DFT):

Fr(jw) = INZa f(t)e me/Ss
Txi(jw) = ‘IVVI.;(} Xi (tn)e—jnw/fs (2)
Fo o) = INZ3x, (t,)e e/ fs

where f; refers to sampling frequency, and N is the total
number of data used for the DFT analysis.

Denote the FRFs of the i-th and k-th blade sections with
respect to the external force f(¢) as Ry, (jw) and Ry, (jw),
then the frequency component of %, (jw) and F, (jw) at
the r-th frequency w,- can be written as

{Txi(jwr) = in(jwr)Tf(jwr)
Txk(jwr) = ka(jw‘r)j:f(jwr)
then in accordance with the concept of the transmissibility

of the FRFs [19], the transmissibility of the FRFs at
frequency w, can be described as

Ti,k (jwr) =

3)

Rxl-(jwr)
ka (owr)

_ Txi(ja)r)/ff(]'wr)
T Fa o) [Frlior)
_ Txi(ja)r)
N ka(j(ﬂr)

“

This indicates that T; , (jw,) can be estimated directly from
the spectra Fy, (jw,) and Fy, (jw,). In order to minimize the
negative effects of measurement errors, multiple tests are
often carried out for reaching an average transmissibility,
ie.

. 1 .
Ti,k(]wr) = M %:1 Tir,'lz(]wr)
1 T)rcr}(jwr)
= 2y (Ghn) ®)

M Tygr,;(jwr)

where, the superscript m = 1,2, ..., M indicates the number
of tests.

Use the transmissibility of the FRFs obtained when the
blade has perfect structural integrity as benchmark, then a
new CM criterion C;j, can be defined as

Cope = 7 2| T Gor) = T Geoy)] (©)

where T} (jw,) refers to the transmissibility of the FRFs at
frequency w, obtained when the blade is perfect in integrity.

From the above equations, it can be inferred that:

e Instead of investigating the variation tendencies of
individual CM signal in either frequency or amplitude, the
transmissibility analysis realizes blade CM by monitoring
the correlation of different blade sections in dynamic
response. Since the correlation between the measured
responses of different sections relies on the local material
and structural properties of the blade, the C; ; will respond
as long as the damage results in changes in these local
properties of the blade;

¢ An evident change in the value of CM criterion C;; will
indicate the presence of structural defect in the vicinity of
either sensor s; or s, . The further development of the
defect will be characterized by the increasing tendency of
the value of C;;

e As the transmissibility of the FRFs reflects the
relationship between the frequency responses of
neighbouring blade sections, the simultaneous increase of
the values of C,;, and Cp. suggests that a defect is
present in the blade section where the sensor ‘b’ is
installed. This implies that the proposed CM criterion has
an attractive damage location capability. Moreover, the
comparison of the values of C,, and Cp. can further
enhance such a capability and lead to a more accurate
prediction to the position of the defect. As Fig.2
shows, C, ,, > C,, . indicates that the defect locates at the
left side (i.e. the side of sensor ‘a’ ), while C, . > Cy)
indicates that the defect locates at the right side (i.e. the
side of sensor ‘¢’).
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Fig.2 The prediction to the damage location.

III. VERIFICATION EXPERIMENTS

To verify the proposed technique, experiments paired
with the fatigue and static tests of a full scale WT blade
were conducted. The blade being tested was over 40 m long.
Its natural frequency in flap direction was 0.83 Hz. As Fig.3
shows, part of the tip section of the blade had been cut off in
advance before the test, so that the blade would not touch
the ground at large deflections.

ACCO—ACC1—ACC2—ACC3—ACC4——ACC
FBGO=——FBG1—FBG2-—FBG3-—FBG4—FBG5—FBG6—FBG7—FBG8

Fig.3 Transducers installed on the blade.

In the experiments, two sets of sensors were mounted on
the blade. The first set consists of 9 Fibre Bragg Grating
(FBG) sensors; and the second comprises 6 accelerometers.
Both sets of sensors were installed along the span-wise
direction of the blade. In view of defects are most likely to
occur in the loading area of the blade, the sensors were
deployed mainly in this area (see Fig.3). In addition, for
facilitating data management two separate data acquisition
systems were used in the test. One was for collecting data
from FBG strain gauges by using a sampling frequency of
20 Hz; another for collecting data from accelerometers by
using a sampling frequency of 100 Hz.

It is worth noting that the fatigue test of a full scale blade
usually lasts for a few weeks. During the period, regular
breaks are often arranged for visual inspection and system
maintenance. During the period of the test, data were
collected from the FBG strain gauges when the fatigue test
was running; while the accelerometer data were collected
only when the hammer-striking tests were conducted during
the break of fatigue tests for checking blade health status.

As the purpose of the tests was to verify the long-term
reliability of the blade being tested and assess its capability
of withstanding ultimate loads, a static test of the blade was
accordingly conducted after the blade experienced 10®
fatigue cycles in flap direction. Following the static test,
more fatigue tests were performed again so that the extreme
life cycle of the blade could be acquired. Fig.4 is an
illustration of the static test and relevant facilities.

From Fig.4, it is seen that the section of the blade where
the sensors FBGS and ACC3 were mounted suffers large
tension and compressive stresses in the static test, which
directly resulted in the de-bonding of the adhesive joint

between the spar beam and the aero-shell of the blade.
Accordingly, defects were observed first in this area in the
subsequent fatigue tests.

wooden
saddle FBG4 FBG5 FBG6
ACC2

i I| \

T >
N\

&

4

1 wooden
saddle
1

1
U
winches ﬁ ﬁ

Fig.4 Schematics of static test of the blade.

ACC4

The observation shows that in the experiments, the
incipient defect was characterized by a number of swells
and ripples emerging in a local region of the surface of the
blade. Then, these swells and ripples evolved to be cracks,
which propagate along the fibres of the composite material,
as shown in Fig.5.

a) b) )
</
G > G >
d) e)
N N

Fig.5 Demonstration of surface cracks. (a) Perfect blade; (b) Severity level
1; (c) Severity level 2; (d) Severity level 3; (e) Severity level 4.

As a consequence of the growth of these cracks, the
structural integrity of the blade starts to degenerate
gradually. However, when the degeneration is minor it can
hardly be detected through observing the time waveforms or
the frequencies of the CM signals. This is why available
blade CM methods often show inefficiency in detecting
infantile defects. For this reason, the research reported in
this paper is an effort to detect the incipient blade defect
thus protects the defective blade early and avoids
catastrophic failure.

Considering a large amount of data collected from both
sets of sensors FBGO-FBG8 and ACCO0-ACCS5 (see Fig.3)
will be used to calculate the CM criterion C;; in this
verification experiment and it is unlikely to present all these
data in the limited context of this paper, an illustrative
example of these data are shown in Fig.6 for the purpose of
demonstration. Where, Fig.6a shows the example data
collected from the strain gauges FBGO-FBGS, and Fig.6b
shows the data from the accelerometers ACCO-ACCS. The
corresponding frequency spectra of these signals obtained
by the DFT are shown in Fig.7 in order to disclose the
frequency compositions of these CM signals.
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Fig.6 Sample data. (a) Data from the FBG strain gauges; (b) Data from
accelerometers.
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Fig.7 Frequency spectra of the sample data. (a) For data from the FBG
strain gauges; (b) For data from accelerometers.

Herein, it is worth noting that in the hammer-striking
tests, the region near the sensors FBG7 and ACCS5 was
selected as the hammer-striking position based on the
assumption that the slim section near blade tip can produce
better response to the strike than the thicker section at blade
root does.

From the example data shown in Figs. 6 and 7, it is seen
that the FBG strain gauge signals collected from different
locations are different in amplitude. But their oscillations
are dominated by the same frequency, which is pre-set in
the control system for controlling the flapping period of the
blade in the fatigue test. Since resonant testing [21] was
adopted in the fatigue test. The frequency observed from
Fig.7a should be the same or at least close to the natural
frequency of the blade. The value of the frequency can be
also perceived from the results shown in Fig.7b, although
the acceleration signals collected from the far locations from
the hammer-striking position (i.e. AccO, Accl, and Acc2)
are unable to indicate this frequency very well.

To verify the CM capability of the proposed technique,
105 sets of FBG strain gauge data and 20 sets of
acceleration data collected in different structural integrity
circumstances were selected to fulfil the purpose of
verification, see Table 1. As defect was never observed
before the static test, the data collected before the static test
was used for calculating the benchmark transmissibility of
the FRFs T} (jw,) in (6), the data obtained after the static
test were used for calculating the transmissibility function

Tk Jw,).

Table 1. The data used for verification.

Health condition Number of data sets Number of data sets
collected from FBG collected from
of the blade f
strain gauges accelerometers
Health blade 40 4
Blade with the
defect of level 1 20 4
Blade with the
defect of level 2 20 4
Blade with the
defect of level 3 10 4
Blade with the 15 4
defect of level 4
Total 105 20

As Table 1 shows, the selected data cover the entire
development process of the defects (i.e. a cluster of cracks
emerging on the surface of the blade) from their initial to
further propagation. The cracks were located near the
sensors FBG5 and ACC3 and at the side of sensors
FBG4/ACC2 (see Fig.8).

the area where the cluster of cracks developed

N
ACCO—ACC lfACCZJH’ACCS*ACCLl—AC
FBGO = FBG1-—FBG2— FBG3—FBG4—FBG5—FBG6—FBG7——FBG8

Fig.8 The location of the defects.



Assume the blade is perfect in structural integrity before
the static test and use the data measured at the early fatigue
and hammer-striking tests as benchmark data. Set the
number of tests defined in (5) to be M = 2, then the 105
FBG strain gauge data and 20 accelerometer data listed in
Table 1 were calculated by using the methodology described
in Section II. The calculation results are shown in Fig.9.

a) 0.015 ; T : : ;
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Fig.9 Blade condition monitoring results. (a) from the FBG strain gauge
data; (b) from the acceleration data.

From Fig.9, it is found that:

e The proposed technique works very well whatever the
FBG strain gauges or the accelerometers are used as the
sensors for data acquisition. In the absence of the
defects, the CM criterion C;; does not show evident
change in value;

e The CM criterion C;j is alert to the presence of the
defects. Its value shows a significant increase
immediately as soon as the defects are present.
Moreover, the value increases gradually with the
continual propagation of the cracks;

e The resultant C;; shown in Fig.9a suggests that the
defects are located near the sensor FBGS5; and the
resultant C; , shown in Fig.9b suggests that the defects
are near accelerometer ACC3. By referring to Fig.g, it is

found that both sets of CM data give a correct prediction
to the position of the defects;

e In the presence of the defects, C45 > C5¢ in Fig.9a and
C,3 > C3,4 in Fig.9b. This indicates that the defects are
located near the sensors FBG5/ACC3 and at the side of
the sensors FBG4/ACC2. Obviously, such a prediction
very well matches the observation shown in Fig.8.

IV.CONCLUDING REMARKS

Large modern WTs require reliable CM techniques to
assure their long-term reliability, availability and economic
return. The research depicted in this paper is part of the
effort for meeting such a need. With the aid of the concept
of the transmissibility of FRFs, a new CM technique has
been developed dedicatedly for monitoring long WT blades.
Experimental data analysis has shown that the proposed
technique is effective not only in detecting the defects
occurring in a blade but in locating their positions when
either FBG strain gauges or accelerometers are used as the
sensors for data acquisition. However, since the proposed
CM  criterion responds only to the blade
performance/efficiency degeneration caused by structural
damage, the proposed technique cannot be applied to detect
the ice and snow built up on blade surfaces. In addition, as a
long WT blade is essentially a complicated nonlinear
MDOF system, the system nonlinearities would
significantly amplify the effect of external loads on the CM
results. Therefore, how to apply the Ilab research
achievements to the practical CM of long WT blades in
operation is still an issue worthy to further study. To address
these issues, further researches are undergoing. The relevant
achievements will be reported in future publications.
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