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Abstract

Wind turbine rotors in operation are subject to fatigue which is reflected as cracks and
delamination in composite blades. Blade condition monitoring is becoming important to
operators and insurers alike as the cost of damaged-blade repairs or replacement is very high
and hence, the need for cheaper long-term solutions in the current strives for sustainable
energy. In this paper, vibration/modal analysis non-destructive testing (NDT) method was
used in conjunction with Signal Processing techniques to investigate the feasibility of
integrating low-cost micro electro-mechanical systems (MEMS) accelerometers for blade
condition monitoring as an alternative to the conventional piezoelectric accelerometers which
are bulky and expensive. A rig-mounted 4.5m long blade from a 25kW Carter wind turbine
was retrofitted with five MEMS accelerometers of type ADXL335 and vibration response
measurements were recorded and analysed as the blade’s angle of orientation was changed by
10° from 0° to 180°. Results showed that the MEMS accelerometers are capable of measuring
the blade response at each set angle of orientation. This shows potential for MEMS
accelerometer integration for condition monitoring as in reality, wind turbine blades will
continuously be in rotation in order to generate energy. Thus these accelerometers can
perform as normal when there is a change in the blade’s orientation. In conclusion, MEMS
accelerometers have a great potential to be integrated easily either retrofitted externally or
embedded in blades at manufacture for condition monitoring at marginal cost.

Keywords-component; condition monitoring, micro electro-mechanical systems (MEMS)
accelerometers, non-destructive testing (NDT), vibration, modal analysis, wind turbine blades,
fast Fourier transformation (FFT).



1 Introduction

Condition monitoring (CM) which triggers subsequent maintenance actions is an important
strategy for minimising breakdown whilst avoiding periodic assessment and associated
downtime. It is a preventive type of maintenance based on the actual health of the system [1]. At a
general level, condition monitoring can be described as a management tool which provides
information about the likely future performance-or lack of it-of a component of a wind turbine
such as the blade, or even the entire wind turbine system [2]. The reason for introducing
condition monitoring of the blades is that there is a high-level of uncertainty in predicting the
health of a wind turbine blade during its lifetime. This uncertainty stems from manufacturing
tolerances and the different stresses and strains experienced by the blade in its lifetime. It is
difficult to predict damage development within the blade structure and in which of the rotor
blades on a given turbine the damage will occur. It is therefore desirable to monitor all of the
blades separately and respond by performing detailed inspections of the blades when
condition monitoring systems implemented indicate [3], [4] .

Experiments conducted in this paper are a continuation of work recently carried out by Esu et
al. [5] which showed that MEMS accelerometers have the potential to detect defects and
variations in the health of small wind turbine blades when measurements were conducted in
the flapwise orientation (0°). As demonstrated in [5], modal analysis (impact testing) [4], [6—
10] was used. This is mainly because resonant properties like mass, stiffness and damping
properties of mechanical structures such as turbine blades, are directly influenced by its
physical properties and hence any changes in its modal parameters such as its natural
frequency is potentially useful information for condition monitoring [6], [8].

Measuring vibration is a well-established method for detecting and diagnosing any deviation
from normal conditions in rotating mechanical structures which has now being extended to
wind turbine blades. However, the use of conventional piezoelectric accelerometers to
measure these vibrations is the predominantly used and accepted technology. This paper
explores the use of MEMS accelerometers as an alternative to these piezoelectric
accelerometers as there are high costs generally associated with the piezoelectric
accelerometers especially if simultaneous multiple data collection points are required. These
costs are mainly because of the cost of piezoelectric accelerometers and the price of the
associated electronic signal conditioning circuits necessary for its use [11], [12].

In order to reduce the cost of vibration-based condition monitoring and with the recent
advances in embedded systems technologies, Micro Electro-Mechanical Systems (MEMS)
accelerometers have been introduced. They have a built-in signal conditioning unit (in the
form of an amplifier and filter) unlike the conventional piezoelectric accelerometers currently
in use. They are of low-cost and are of a very small size. Miniaturisation of these MEMS
accelerometers has reduced its cost by decreasing material consumption during its
manufacture. It has also increased the applicability of MEMS accelerometers as it is possible
to place these MEMS accelerometers in places where conventional piezoelectric sensors for
this purpose do not fit physically. These characteristics make MEMS accelerometers suitable
for vibration monitoring and therefore offer a cheaper alternative to the conventional
piezoelectric accelerometers used [11-15].



2 MEMS accelerometers

Although MEMS accelerometers are currently receiving attention for vibration monitoring
purposes, they have been in existence for quite some time and are extensively used in other
applications such as navigation systems in the automotive industry and in the
telecommunications industry for mobile telephones [13], [14]. In fact, the current availability
of MEMS accelerometers is as a result of their widespread use in these applications and this
has dramatically pushed down their cost [5].

MEMS accelerometers are usually classified as piezoresistive and capacitive based
accelerometers.

2.1 The piezoresistive MEMS

Conventional piezoelectric accelerometers generally consist of a single-degree of freedom
system of mass suspended by a spring. In piezoresistive MEMS accelerometers, there is
typically a cantilever beam with a proof mass located at the tip of the beam and a
piezoresistive patch on the beam web. The schematic of a piezoresistive MEMS
accelerometer is shown in Figure 1. The movement of the proof mass when subjected to
vibration, changes the resistance of the embedded piezoresistor. The electric signal generated
from the piezoresistive patch due to change in resistance is proportional to the acceleration of
the vibrating object [11], [12], [16], [17].
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Figure 1 A typical MEMS piezoresistive accelerometer using cantilever design adapted from [11] .

2.2 The capacitive based MEMS

The capacitive based MEMS accelerometers measure acceleration based on a change in
capacitance due to a moving plate or sensing element. This is the most commonly
implemented MEMS accelerometer because they generally offer more sensitivity (more mV/g)
and more resolution than equivalent piezoresistive accelerometers [18]. A capacitive-based
MEMS is therefore chosen for the experiments in the current paper. The schematic of a
capacitive MEMS accelerometer is shown in Figure 2 below [11], [12], [14], [16], [19].
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Figure 2 A typical capacitive based MEMS accelerometer based on membrane design adapted from [12].

3 Testing and results

Five printed circuit board mounted ADXL335 [20] accelerometers were glued to a 4.5m long
tapered blade taken from a 25kW Carter wind turbine [21] along its flat horizontal surface
ensuring that at least one accelerometer was placed at one of the three defined degrees of
freedom of turbine blades. A specialist support was constructed from steel box-section beams
which allowed the blade to be supported above the ground using its usual mechanical fixings.
The support also allowed the blade to be rotated about its axis.

3.1 Accelerometer fixing positions

Degrees of freedom (DOF) describe the number of possible motion and direction; and each
DOF is characterized by a direction and position. The mode shapes of a blade are generally
assumed to be described by deflection in the flapwise and edgewise directions. Torsion is
assumed to be described by rotation of the chord about the pitch axis. The rigid body motion
can therefore be described by three degrees of freedom (DOFs) on the turbine blade; two
flapwise DOFs describe the flapwise and torsion, and one edgewise DOF describes the
edgewise deflection [9], [10]. Figure 3 below illustrates the three DOFs along the cross-
section of a turbine blade where accelerometers were placed during testing.
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Figure 3 Cross section of blade showing the three degrees of freedom.

Connection wires were taped to the blade surface to minimise unwanted vibrations. An
impact hammer (Type 8202) [22] manufactured by Briiel & Kjar which has a built-in force
transducer (Type 8200) was connected to a charge amplifier [23] and was used to strike the
4.5m long blade at a fixed-point close to the blade’s tip at all angles of orientation set. The



purpose of the charge amplifier was to convert the signal from the force transducer into a
useful voltage signal measurable by the 16-channel NI USB-6251 Data Acquisition system
[24]. This allowed for synchronised measurement of the input from the hammer and output
from the accelerometers to be conducted. Transducer sensitivity matching was achieved by
calibrating the amplifier using the sensitivity value provided in the calibration chart [22] for
the impact hammer force transducer. The DAQ system was set to read five seconds of data at
a rate of 20 ksamples/s using NI LabVIEW SignalExpress [25] software. Figure 4 below
shows the architecture of the measurement, experiment set-up and accelerometer positions
along the 4.5m long turbine blade.

Input to the blade and the vibration response were measured and recorded on the DAQ system.
The hammer head weighed 0.28kg, the plastic tip used weighed 0.0039kg and the additional
mass attached to the back of the hammer head weighed 0.122kg. This allowed for the pulse
duration on blade impact to be regulated. All measurements were post-processed in
MATLAB [26].
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Figure 4 Architecture of experiment, annotated picture showing the experiment set-up; zoomed-in section of one
of the ADXL335 accelerometers, point of impact and accelerometers, point of impact and accelerometer
positions along the 4.5m long blade.

3.2 The ADXL335 accelerometer

The ADXL335 [20] accelerometer used in experiments in this paper, is a surface micro-
machined device with signal conditioned voltage outputs. It is a small, thin, low power device
that can measure the static acceleration of gravity in tilt-sensing applications, as well as
dynamic acceleration resulting from motion, shock, or vibration. The accelerometers were
mounted on printed circuit boards (PCB) to allow wires to be connected easily, as the
accelerometer package itself measured only 4mm x 4mm x 1.45mm. Figure 5 below shows
the accelerometer size in comparison to a coin and its axes of sensitivity. It is worth
mentioning that the small size of the ADXL335 accelerometer is ideal for vibration
monitoring as it allows for possible integration during manufacture without greatly affecting
the blade design and vibration characteristics. The ADXL335 measures acceleration in 3-axes
with a full-scale range of +3g, (where g=9.81ms™) has a typical sensitivity of 300 mV/g, user
selective bandwidth with a range of 0.5Hz to 550Hz on the Z,,: and up to 1600Hz on the Xy



and Yy, to suit the application using external capacitors across each of the output pins Xoy,
Yout and Zy,;, has a 150 x107° g/\/Hz rms noise floor across Xy and Yoy and 300 ug/\/Hz rms
at Zout and resonant frequency of 5.5 kHz. The power supply is 3.6V maximum and 1.8V
minimum [20].
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Figure 5 The ADXL335 MEMS accelerometer: a) stand alone and PCB mounted in relation to a UK £1 coin and
b) axes of acceleration sensitivity.

3.3 Noise sensitivity

In the research described in this paper, to lower the noise floor and improve the resolution of
the ADXL335 accelerometer, low-pass filtering to a bandwidth of 500Hz was implemented
by soldering a 0.01 uF capacitor at each of the output pins. A 0.1 pF capacitor was also
soldered at the accelerometer supply pins to decouple the accelerometer from noise on the
power supply rails. 500Hz was selected as the largest common bandwidth for the 3 axes
outputs, not all of which are identical.

The noise floor of the ADXL335 has the characteristics of white Gaussian noise, which
contributes equally at all frequencies and is proportional to the square root of the
accelerometer bandwidth [20]. As the measurement bandwidth increases, the noise floor
increases and the signal to noise ratio (SNR) of the measurement decreases [27]. The typical
noise resolution for the ADXL335 with a single-pole was calculated from the following
formula given in the datasheet [20];

rms Noise (Xpyr and Y,ye) = 150 x 1076 g/VHz x (\/BW X 1.6) (D
rms Noise (Zyy:) = 300 x 107°g/VHz x (VBW % 1.6) (2)

where BW is the user set bandwidth. Hence, the minimum noise floor was calculated to be
4.24 x107 g at Xy and You and 8.49%x107 g at Zoy:.

The experimental RMS noise floor was measured in the laboratory at each angle of the blade
orientation from 0° to 180°. This was done by taking measurements of the initial DC level of
each accelerometer when the blade was stationary at each angle of orientation. These
measurements were averaged which gave the DC offset values at each output axis of each
accelerometer. This DC offset was then subtracted from each axis output taken when the



blade was vibrating in order to set the zero acceleration point and the RMS noise values were
calculated in MATLAB [26].

Figure 6 shows a plot of the RMS noise values at each accelerometer output axis against the
angle of blade orientation measurements were taken. It is worth noting that each
accelerometer position along the blade is not at the reference zero g acceleration position as
the blade profile structure varies along the turbine blade. Therefore, the blade angle
orientation is not the same as the accelerometer angle of orientation.

The trend observed in Figure 6 was that for all the graphs, the RMS noise tends to be stable
between 10° and 160°. However, as the accelerometer position on the blade relative to the
point of impact increases, the stability/uniformity of the RMS noise values between 10° and
160° decreases. In simpler terms, accelerometer 1 which is closest to the point of impact
appeared more consistent than accelerometer 5 which was the farthest from the impact point
between 10° and 160°.

Below 10° and above 160°, variations in RMS noise values were observed at each output axis.
However, this was more pronounced at the output axis, Zy,. This may be due to the fact that
the measurements along this axis correspond to the symmetric axis of the blade along which
the excitation/impact was injected. The peak in RMS noise value at 10° in accelerometer 2
may be a numerical or measurement error. However, overall it can be concluded that for the
devices measured, the noise was of the same magnitude as that quoted in the manufacturer’s
data sheet. It should be noted that quoted RMS noise is for a typical device and is not
guaranteed.
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Figure 6 Graph showing the relationship between the measured RMS noise value and angle of blade orientation.

3.4 Further analysis
Figure 7 shows the measured acceleration response from each accelerometer when the blade
was struck at a fixed point close to the tip. It also shows the magnitude of the force that was



applied impulsively to the blade. The responses are typically decay type responses as
expected for the impulse impact excitation.

At every angle of blade orientation, accelerometers 2 and 4 had the highest signal response
while accelerometers 1 and 3 had the lowest signal response. This is in agreement with the
logically expected output response, as accelerometers 1 and 3 were positioned along the main
spar and leading edge of the blade which has a thicker structure and profile than the trailing
edge where accelerometers 2, 4 and 5 were positioned.

Another observed feature of the time domain plots is that Z,, had the highest response as it is
in parallel with the excitation plane of the blade (see Figure 5).
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Figure 7 Measured acceleration responses of the MEMS accelerometers and impulse input response.

The resultant acceleration R, was calculated for each of the accelerometers using the equation;

R =x.2 + y,2 + 7,2 3)

where X, y and z represent the response measured at each corresponding accelerometer output
axis and n is the accelerometer position number. The resultant acceleration signal was
windowed and plotted to show the noise floor. Windowing reduces error due to limited
duration of the signal when computing the frequency content. Fast Fourier transformation was
conducted on the windowed resultant acceleration signals and Figure 8 shows the plots
created in MATLAB [26]. The magnitude of all the graphs is relative to a reference of 1g and
were normalised with respect to the maximum deflection at accelerometer 2, which had the
highest amplitude as shown in Figure 7 above.

The resultant acceleration signals show the frequency modes that were excited clearly above
the noise floor as the blade responds to the impulsive excitation from the force hammer. The
flapwise natural frequency of the blade was estimated to be 1.6 Hz using the ‘snap-back’



principle [9]. The snap-back method is where the turbine blade is deflected at its free-end,
from its rest position and a stop-watch is used to count the blade’s oscillations. Based on this
estimation, the next five frequency modes of the blade were calculated and compared with

measured values from Figure 7. Table 1 summarises results obtained.

Mode | Estimated frequency (Hz) | Measured frequency (Hz)
Ist 1.6 1.53
2nd 3.2 3.05
3rd 4.8 4.73
4th 6.4 5.95
Sth 8.0 7.78
Table 1 Estimated and measured modal frequencies.
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Figure 7 Frequency spectrum showing the resultant acceleration and noise measurements for each accelerometer
position on the 4.5m long blade for one second data read at a rate of 20 ksamples per second and plots
normalised with respect to maximum deflection at accelerometer 2.

4 CONCLUSION

MEMS accelerometers could potentially be good alternatives to standard piezoelectric
accelerometers mainly for low cost condition monitoring as they require little external
instrumentation and the purchase cost is low. However, the choice of the type of MEMS
accelerometer to be used should take into consideration factors such as; sensitivity, amplitude
limit, resolution, frequency range and possible environmental factors.

The data collected in experiments showed a significant level of noise contribution with visible
peaks in certain bands which are likely to be characteristics of the type of MEMS
accelerometer used. Regardless of the noise, which can be easily characterised, modal
frequencies were clearly visible above the noise floor within the set bandwidth of
measurements. More investigations with various MEMS accelerometers will need to be
conducted, with the final goal of a fully embedded instrument for a turbine blade.
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