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Abstract: Active and passive vibration control systems are of paramount importance in many
engineering applications. If an external load excites a structure’s resonance and the damping is too
low, detrimental events, such as crack initiation, growth and, in the worst case, fatigue failure, can
be entailed. Damping systems can be commonly found in applications such as industrial machines,
vehicles, buildings, turbomachinery blades, and so forth. Active control systems usually achieve
higher damping effectiveness than passive ones, but they need a sensor to detect the working
conditions that require damping system activation. Recently, the development of such systems in
rotating structures has received considerable interest among designers. As a result, the development
of vibration monitoring equipment in rotating structures is also a topic of particular interest. In this
respect, a reliable, inexpensive and wireless monitoring system is of utmost importance. Typically,
optical systems are used to measure vibrations, but they are expensive and require rather complex
processing algorithms. In this paper, a wireless system based on a commercial MEMS accelerometer
is developed for rotating blade vibration monitoring. The proposed system measurement accuracy
was assessed by means of comparison with a reference wired measurement setup based on a mini
integrated circuit piezoelectric (ICP) accelerometer adapted for data acquisition in a rotating frame.
Both the accelerometers were mounted on the tip of the blade and, in order to test the structure
under different conditions, the first four blade resonances were excited by means of piezoelectric
actuators, embedded in a novel experimental setup. The frequency and amplitude of acceleration,
simultaneously measured by the reference and MEMS sensors, were compared with each other in
order to investigate the viability and accuracy of the proposed wireless monitoring system. The rotor
angular speed was varied from 0 to 300 rpm, and the data acquisitions were repeated six times
for each considered condition. The outcomes reveal that the wireless measurement system may be
successfully used for vibration monitoring in rotating blades.

Keywords: MEMS; accelerometer; rotating frame; vibration monitoring

1. Introduction

A key problem in many engineering applications is the control of vibrations, because
if the damping is too low, they lead to noise and loss of performance. Moreover, if the
dynamic load which causes vibrations exceeds the fatigue limit, the safety operation of
the structure is undermined [1]. Vibration damping and control systems are commonly
found in industrial machines, vehicles, buildings, turbomachinery blades, and so forth. In
particular, turbomachinery is extensively deployed for electric power generation, nautical
and aeronautical propulsion, and wind turbines for renewable energy extraction; how-
ever, the pursuit of the most successful methods for vibration control in turbine blades
is still under extensive investigation. In this context, passive vibration damping systems,
such as friction dampers and shrouded blades, are still the most popular [2,3]. Neverthe-
less, several resonance conditions may be involved throughout the engine’s operations,
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and the possibility of adapting the damping effectiveness to each critical condition is
ensured by active damping systems. Several efforts are still being made to implement
such systems [4,5]. In this regard, the advent of smart materials, such as piezoelectrics,
has provided designers with new solutions. Several studies have focused on the imple-
mentation of active piezoelectric damping and control in beams and blades, both in fixed
and rotating frameworks [6–13]. For example, in Refs. [5,14], it was demonstrated that
an active damping system based on PZT actuator arrays can always operate at its maxi-
mum effectiveness if the voltage electrically is optimized according to the excited mode.
However, the proposed active controls require vibration detection systems to be effectively
implemented, and both the accuracy of the measurement device exploited to detect the
excited eigenmodes and the corresponding vibration amplitude play a key role. In this
regard, the development of online vibration monitoring equipments in rotating structures
is a topic of particular interest. Nowadays, there is an increasing demand for remotely
controllable devices, and thanks to the Internet of Things (IoT) paradigm, it is possible to
extend Internet connectivity to common objects. The availability of billions of connected
devices scattered around the world, each capable of acquiring and analysing data, opens up
new possibilities for the development of new data gathering systems and the development
of methods for the automatic management of such large data sets, enabling new digital
services [15]. In Refs. [16,17] the IoT for vibration monitoring and fault diagnostics of
rotating machinery was analyzed by using vibration analysis, and seemed very promising.
Traditional vibration monitoring techniques involve the deployment of accelerometers to
detect the modal characteristics of the blade, that is, eigenfrequencies, mode shapes, and
so forth [18–20]. Recently, contact vibration monitoring systems, such as strain gauges,
were investigated; however, due to their complex implementation, limited operating life,
and low reliability, their practical application remains unfeasible [21–24]. A wireless vi-
bration monitoring system based on acceleration measures in an operating wind turbine
was proposed in Ref. [25], while in Ref. [26] a wireless inertial measurement unit capable
of sensing angular speed and tri-axial accelerations was experimentally investigated on a
3 MW wind turbine. Lately, a contactless measurement method denoted as the blade tip
timing (BTT) has been proposed. The BTT detects the deflection of the blade tip by means
of optical probes located in the machine case [27,28]. However, the probes’ placement
around the casing internal surface is non-trivial, since the surface is also filled with struc-
tural elements and nozzles. Moreover, the number of deployable optical probes is usually
limited, thereby the vibration data acquired with the BTT method showed non-uniform
and sub-Nyquist sampling [29]. For these reasons, the identification of the vibrations of
the blades involves highly demanding data processing software, but the hardware cannot
always comply with the requirements of the processing algorithms [30]. Currently, this
technology still remains immature for its practical implementation in gas turbines. Other
recent studies reported new contactless vibration measurement systems based on laser
scanning and ground-based radars [31–33], but they can only be used for detecting large
vibration amplitudes in operating blades. The recent development of MEMS-based fabrica-
tion techniques has provided an alternative for designers owing to their cost-effective and
lightweight features that make them particularly attractive for the vibration monitoring
in rotating structures. Notably, analog or digital signals of MEMS accelerometers can be
easily acquired, even with inexpensive microcontrollers. This represents the major advan-
tage over traditional ICP accelerometers which are more accurate and reliable, but would
require wired data transmission, such as slip rings or expensive and bulky integrated
charge amplifiers and wireless data transmission modules. In the last decade, several
studies have been performed on the on-rotor acceleration measurement by means of MEMS
accelerometers [34]. Arebi et al. [35] deployed a MEMS accelerometer on a rotating shaft
to measure the shaft misalignments and compared the results with those measured by an
optical encoder, and an excellent agreement was found. A lightweight MEMS accelerometer
was successfully exploited by Ref. [36] for studying a shaft’s critical speeds during the
start-up of a machine and the instantaneous torque measurement in induction motors [37].
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Thompson [38] explored the viability of using a high-range (9810 m/s2) and low-sensitivity
MEMS accelerometer to measure the centrifugal acceleration on a five-blades rotor fan disk.
The outcomes demonstrated the potential for MEMS accelerometers implementation in fan
and compressor rotor blades for structural health monitoring and vibration monitoring.
A spectrum analyser using the Raspberry Pi and a tri-axial digital MEMS accelerometer
for vibration monitoring in rotating machinery was also developed by Ref. [39]. A disad-
vantage of employing digital output MEMS accelerometers lies in the evaluation of the
amplitude and phase of vibration, since a frequency shift in the sample clock affects the
accuracy of the sensor [40]; although, a theoretical model was proposed by Cheung [41]
to resample the acceleration data and compensate the frequency shift error. However,
the recent optimization and refinement of MEMS-based manufacturing technologies al-
lowed to improve the performance of such sensors without significantly increasing their
fabrication cost [42]. This paper explores the possibility of using a commercial MEMS to
monitor vibration. A wireless system is developed for real-time rotating blades vibration
monitoring by exploiting a commercial MEMS analog accelerometer. Its characterization
was carried out by comparing the simultaneously acquired data with a more accurate and
reliable reference system, based on an ICP accelerometer, that has been adapted to operate
on rotating structures. Both the accelerometers were mounted on the tip of the blade, and
the first four blade resonances were excited by means of piezoelectric actuators with the
aim of replicating the most severe loading conditions. The frequency and amplitude of
acceleration, simultaneously measured with both reference and wireless systems, were
compared with each other in order to investigate the viability and accuracy of the proposed
system. The data acquisitions were repeated six times for each considered resonance, and
the measurement error was estimated by calculating the Mean Absolute Percentage Error
(MAPE). It has been seen that this is always less than 5%, indicating a fair accuracy of the
proposed wireless setup. The influence of angular velocity was also studied by repeating
all the measurements with angular velocities between 0 and 300 rpm. The wireless system
power consumption was always lower than 6 W during the whole measurement campaign.
An active vibration damping system in rotating blades might benefit from the proposed
wireless system, since it would allow not only for the real-time and remote monitoring
of vibration, but also optimize the effectiveness of the damping system according to the
resonance excited by the external load. The paper is organized as follows: the wireless
vibration monitoring system and the measurement setup of the reference accelerometer
are described in Section 2 alongside the adopted measurement procedure. Experimental
results are provided and discussed in Section 3.

2. Materials and Methods

An actual fan blade from the second fan stage of the Pratt&Whitney JT8D-9 turbofan
engine was used as a rotor for the experimental tests. Fourteen customized lead zirconate
titanate (PZT) flexible actuators, based on PIC 255 material, were evenly distributed in seven
pairs along the pressure surface (PS) of the blade, as depicted in Figure 1. The materials and
geometric specifications of both the blade and PZT actuators are listed in Table 1.

Table 1. Material and dimensions of the blade and PZT actuators.

PZT Material Density (kg/m3) (d31, d33, d15) (10−12 C/N) Poisson Ratio

PIC 255 7800 (−180, 400, 550) 0.34

Blade Material Density (kg/m3) Elastic Modulus (GPa) Poisson Ratio

Ti-6Al-4V 4430 113.8 0.342

Dimension Length (m) Width (m) Thickness (m)

PZT actuators 0.035 0.025 0.0005

Blade 0.245 0.075 0.002
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Figure 1. Functional scheme of the wireless vibration monitoring system. The shaft rotating speed is
set with an inverter that drives the electric motor. The PZT’s driving voltage VPZT(t) is generated
by a waveform generator and, by means of a slip ring, is amplified within the rotating system for
PZT actuation and data acquisition. The amplification stage provides both V(t) and −V(t), which
are distributed on each PZT actuator’s pair in order to excite the resonance of the blade. The MEMS
accelerometer data were acquired with an on-board data acquisition and storage system that sends
data to a remote PC via wi-fi communication. The MEMS accelerometer is battery-powered at 3.6 V.

2.1. Wireless Vibration Monitoring System

The wireless system for vibration monitoring consists of four main sub-systems (Figure 1):

• Electric motor: the electric motor is driven by an inverter to adjust the blade angular speed.
• Fan blade coupled with seven pairs of PZTs, shaft and interlocking system: the fan

blade is covered with 14 PZT actuators evenly distributed along the pressure side
of the blade. An ad hoc interlocking was realized to couple the shaft with the blade.
A counterweight was fixed to the interlocking to balance the weight of the blade.

• Rotating system for electric voltage amplification and distribution: the waveform
generator Yokogawa FG420 provides VPZT(t) = a cos(2π f t) with −10 ≤ a ≤ 10 V and
1 ≤ f ≤ 100 kHz. The PZT’s driving signal from the waveform generator was magni-
fied by in-house developed amplifiers, which are located within the rotating system
for PZT actuation, by means of a slip ring (SENRING SNG025-06S). The amplifiers
were supplied with batteries and DC–DC boost converters, that allows to obtain up
to 300V peak-to-peak. One amplifier is set in inverting configuration, whereas the
other is in non-inverting configuration. Thereby, two actual driving voltages V(t) and
−V(t) can be used to drive the PZT actuators [43]:

±V(t) = ±βVPZT(t) = ±βa cos(2π f t) (1)

with β = 20 being the gain of the amplifiers. The PZT’s driving voltage distribution
was accomplished via mechanical relays handled by Arduino Uno. Each relay was
electrically coupled to a pair of actuators which occupy the same radial gap on the
blade’s surface.

• Wi-fi data acquisition system.
This system is connected directly to the rotating shaft (on board). A battery-powered
real-time data monitoring and acquisition system was developed to measure the
acceleration exerted by PZT actuators. A MEMS accelerometer (ADXL356) was
glued on the PS blade’s tip, and its signal was acquired by means of a commer-
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cial DAQ hat (MCC118). The DAQ is capable of acquiring analog signals (±10 V) with
12-bit resolution, up to 100kS/s, and it is powered and handled by a Raspberry PI 4.
A remote PC was used to control the Raspberry PI 4 and visualize the accelerometer
signal in real time, exploiting wi-fi communication.

2.2. Reference Vibration Monitoring System

The acceleration measurement system taken as a reference consists of (Figure 2):

• An ICP PCB 352A56 accelerometer glued at the tip of the blade suction surface (SS) in
order to measure the same acceleration of the MEMS accelerometer;

• A PCB 482C signal conditioner that is wired to the PCB accelerometer using the
slip ring;

• A data acquisition board National Instruments NI USB-6341 for the reference accelerom-
eter data acquisition by means of an ad hoc developed LabView routine. The ac-
celerometer data were delivered to the DAQ by means of the SENRING SNG025-06S
slip ring.

The main specifications of both the vibration measurement systems are listed
in Table 2.

SHAFTElectric motor

Counterweight

Blade 

interlocking 

accelerometer

ICP

Slip ring

Signal conditioner

DAQ Board Remote PC

B

L

A

D

E

S

S
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Figure 2. Functional scheme of the reference vibration monitoring system. The reference accelerome-
ter mounted on the blade tip suction surface (SS) is powered by a signal conditioner via the slip ring
wires. The signal conditioner is wired to the data acquisition board that is controlled by a remote PC
by means of a LabView routine.
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Table 2. Main specifications of both the acceleration measurement systems.

Specification Reference System Wireless System

Accelerometer

Model PCB 352A56 ADXL 356C

Measurement range ±490 m/s2 ±98.1 or ±392.3 m/s2

Sensitivity 10.2 ± 5% mV/m/s2 8 ± 8% or 2 ± 8% mV/m/s2

Bandwidth 0.5–10,000 Hz (±5%) 0–2400 Hz

Resonant frequency ≥45 kHz (±5%) 5.5 kHz

Transverse sensitivity ≤5% (±5%) 1%

Mass 1.8 g 1.6 g

DAQ

Model NI USB 6341 MCC 118

Channels 16 single ended or
8 differential 8 single ended

ADC resolution 16 bit 12 bit

Sample rate up to 500 kSample/s up to 100 kSample/s

Input voltage range ±10 V ±10 V

Selectable input voltage range yes no

2.3. Measurement Test Protocol

In order to test the most structurally severe operating conditions, the measurements
were performed simultaneously with both the acceleration systems, while exciting the first
four eigenfrequencies of the blade and selecting different rotor angular speeds. The four
natural frequencies correspond to 80 Hz, 302 Hz, 818 Hz and 1220 Hz, and they were
used to generate the corresponding harmonic voltage VPZT(t), as reported in Section 2.1.
Experimental trials were carried out for the following conditions: 0 rpm (static), 120 rpm,
180 rpm, 240 rpm, and 300 rpm. Before carrying out the acceleration measurements by
inducing the resonance of the blade via PZT actuators, noise baseline measurements (with
de-activated PZT actuators) were carried out for every considered condition. In this way,
the sensor’s noise, due to any electromagnetic interferences and vibrations caused by the
rotating framework imbalances, was recorded. The measurement range of ±98.1 m/s2

was chosen for the MEMS accelerometer in order to exploit the sensor’s highest sensitivity
(Table 2). The overall measurement campaign consists of 20 test conditions, and each
one was repeated a minimum of six times. The trials were randomized in order to make
the experimental and control groups probabilistically equal with respect to all potential
confounding variables, and thus minimizing the bias due to the initial differences between
the treatment conditions. The data acquisitions were performed simultaneously for both
the measurement systems. A sampling rate of 16 k sample/s was set for both the DAQs
and each trial was acquired for 4 s. The data were subsequently processed with an in-house
routine developed in the MATLAB environment. In particular, a fast Fourier’s transform
(FFT) of all the signals was performed to analyze the accelerations in the frequency domain.
The spectral components of the baseline noise detected by the two accelerometers in each
test condition were filtered. Thereby, the acceleration amplitudes of both the accelerometers
were evaluated, and the MAPE was calculated between the reference accelerometer (con-
sidered as the actual value) and the MEMS accelerometer in order to estimate the proposed
wireless vibration monitoring system accuracy. The MAPE was evaluated as follows:

MAPE =
100%

n

n

∑
i=1

∣∣∣ xR,i − xM,i

xR,i

∣∣∣ (2)
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with n, xR and xM being, respectively, the number of trials and the acceleration measure-
ment obtained, respectively, with the reference and MEMS-based system.

3. Results and Discussion

In this section, the results obtained with both the vibration monitoring systems are
presented with the corresponding uncertainties expressed as standard deviations. Figure 3
illustrates the raw data of two signals acquired with the reference and MEMS accelerom-
eters in two different test configurations. It can be seen that the data acquisitions were
simultaneously performed. In particular, the first 10 oscillation periods are plotted for
both cases: Figure 3a,b show, respectively, the acceleration measured in the case of the first
resonant mode at a rotor angular speed of 180 rpm and the acceleration obtained by exciting
the blade at the second eigenmode for a rotor speed of 300 rpm.
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Figure 3. Plots of accelerations measured over time in the case of: (a) the first resonant mode at
a rotor speed of 180 rpm and (b) the second resonant mode at 300 rpm.

It can be seen that the signal acquired by the wireless system appears much smoother
than the reference one. This is mainly due to the slip ring used to bring back the reference
accelerometer signal that might introduce noise, and the 2.4 kHz bandwidth of the MEMS
accelerometer. Figures 4 and 5 show the spectra calculated from the reference and MEMS
accelerometers at two rotor angular speeds, namely 180 and 300 rpm, and by exciting
the first four blade-bending eigenmodes via PZT actuators. The spectral components
of the baseline noise were assessed in tests performed with de-activated PZT actuators
at each considered rotor speed and removed from the depicted spectra. The FFTs were
plotted within a 0–1500 Hz frequency range in order to appreciate the components of
all the four resonant modes with the same frequency scale. From a closer inspection of
the Figures 4 and 5, it can be seen that the frequency component corresponding to the
highest acceleration amplitude always corresponds to the excited eigenmode, considering
a standard uncertainty of ±0.14 Hz due to the frequency resolution given by the time
window for acquisition (4 s).

The peak values, expressed in m/s2, were then compared to evaluate the accuracy of
the wireless vibration monitoring system. Table 3 summarizes the results obtained for all
the considered rotor angular velocities and resonant modes. The proposed wireless system
always showed an overall maximum error less than 5%, while the maximum difference
between the average acceleration values measured by means of both systems was 0.39 m/s2

in the case of the third resonant mode at an angular speed of 240 rpm. Figure 6 reports the
results expressed in terms of mean and standard deviation, obtained by comparing the FFT
peaks derived from each accelerometer and evaluating the MAPE. It appears that the
MAPE grows with the rotor angular speed; this behaviour could be due to the increasing
centrifugal acceleration, which affects the MEMS accelerometer accuracy.
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Figure 4. FFT of the reference and MEMS accelerometer signals at a rotor speed of 180 rpm consider-
ing: (a,b) the first resonant mode, (c,d) the second resonant mode, (e,f) the third resonant mode, and
(g,h) the fourth resonant mode.

Figure 6 also shows the results obtained by comparing the peaks of the spectra which
have been used for the evaluation of the MAPE (Equation (2)). It is worth noting that, for all
the test configurations, both the acceleration amplitude and the corresponding frequency
evaluated through the MEMS-based wireless system are compatible with the ones assessed
with the reference monitoring system. According to the presented outcomes, the proposed
inexpensive vibration monitoring system may be deployed both in wind turbine and
turbomachinery fan blades by positioning the accelerometer at a proper distance from the
rotation axis. The power consumption of both the reference and MEMS-based wireless
systems is another critical feature that should be compared. In fact, while the reference
system includes benchtop instruments that require hundreds of watts, without considering
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the remote PC power consumption, the wireless system must be able to operate in a rotating
framework, thereby a low power consumption is entailed. Table 4 summarizes the key
characteristics of both setups in terms of power supply requirements. The wireless system
power consumption was always lower than 6 W during the whole measurement campaign.
This power demand can easily be met from small-size solar panels, as reported in Ref. [44],
eliminating the need for a slip ring to supply the proposed device.
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Figure 5. FFT of the reference and MEMS accelerometer signals at a rotor speed of 300 rpm, consider-
ing: (a,b) the first resonant mode, (c,d) the second resonant mode, (e,f) the third resonant mode, and
(g,h) the fourth resonant mode.
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Table 3. Mean acceleration amplitude ± standard deviation calculated from both the acceleration
measurement systems (Reference and MEMS-based system).

Rotor Angular Speed
(rpm) Resonant Mode Reference (m/s2) MEMS (m/s2) MAPE (%)

0

1 30.6 ± 0.4 30.4 ± 0.3 0.47
2 56.4 ± 0.9 56.3 ± 0.9 0.17
3 16.9 ± 0.2 16.8 ± 0.2 0.61
4 9.7 ± 0.1 9.7 ± 0.1 0.28

120

1 25.7 ± 0.3 25.4 ± 0.3 0.85
2 45.8 ± 0.8 45.8 ± 0.8 0.14
3 16.5 ± 1.4 16.5 ± 1.3 0.59
4 9.6 ± 0.4 9.5 ± 0.4 1.11

180

1 26.1 ± 0.5 26.0 ± 0.4 0.57
2 39.1 ± 0.5 39.0 ± 0.5 0.23
3 16.2 ± 0.8 16.5 ± 0.7 1.95
4 10.6 ± 0.2 10.6 ± 0.2 0.33

240

1 24.1 ± 0.2 24.0 ± 0.2 0.67
2 44.1 ± 0.1 44.1 ± 0.1 0.1
3 15.6 ± 0.9 15.2 ± 0.9 3.97
4 11.2 ± 0.3 11.1 ± 0.2 0.57

300

1 21.7 ± 0.2 21.5 ± 0.2 0.82
2 38.8 ± 0.1 38.7 ± 0.1 0.38
3 12.4 ± 0.9 12.0 ± 0.9 2.96
4 11.4 ± 0.3 11.3 ± 0.2 1.1

Table 4. Main power supply requirements for each considered vibration monitoring system.

Component Voltage Range Current

Reference System

NI 6341 11 to 30 VDC 1 A
PCB 482C 100 to 240 VAC ≤0.7 A

PCB 352A56 22 to 30 VDC 2 to 20 mA

Wireless System

Raspberry PI 4 5 V 3 A
MCC 118 3.3 V 35 mA
ADXL356 2.5 V 150 µA

The proposed vibration monitoring system appears to be capable of accurately detect-
ing vibrations at a resonance within 2.4 kHz. This bandwidth is much wider than 1–150 Hz,
which would be required to monitor the first nine resonances in axial wind turbine blades
longer than 2.5 m [45]. Moreover, the MEMS-based system offers the remarkable advantage
of real-time and remotely controllable monitoring. This is critical for the viability of the
proposed device, since it is essential to accurately assess both frequencies and accelerations
to evaluate whether the rotating structure is safely operating or the vibration level exceeds
the warning threshold and activate, if present, an active control system.



Appl. Sci. 2023, 13, 5070 11 of 14

0 120 180 240 300

Rotor angular speed (rpm)

20

22

24

26

28

30

32

A
cc

el
er

at
io

n 
(m

/s
2 )

Resonant mode 1 - 80 Hz

Reference
MEMS

(a)

0 120 180 240 300

Rotor angular speed (rpm)

0

0.2

0.4

0.6

0.8

1

M
A

PE
 (%

)

Resonant mode 1 - 80 Hz

(b)

0 120 180 240 300

Rotor angular speed (rpm)

35

40

45

50

55

60

A
cc

el
er

at
io

n 
(m

/s
2 )

Resonant mode 2 - 302 Hz

Reference
MEMS

(c)

0 120 180 240 300

Rotor angular speed (rpm)

0

0.1

0.2

0.3

0.4

0.5

M
A

PE
 (%

)

Resonant mode 2 - 302 Hz

(d)

0 120 180 240 300

Rotor angular speed (rpm)

10

12

14

16

18

20

A
cc

el
er

at
io

n 
(m

/s
2 )

Resonant mode 3 - 818 Hz

Reference
MEMS

(e)

0 120 180 240 300

Rotor angular speed (rpm)

0

1

2

3

4

5
M

A
PE

 (%
)

Resonant mode 3 - 818 Hz

(f)

0 120 180 240 300

Rotor angular speed (rpm)

9

9.5

10

10.5

11

11.5

12

A
cc

el
er

at
io

n 
(m

/s
2 )

Resonant mode 4 - 1220 Hz

Reference
MEMS

(g)

0 120 180 240 300

Rotor angular speed (rpm)

0

0.5

1

1.5

M
A

PE
 (%

)

Resonant mode 4 - 1220 Hz

(h)

Figure 6. Comparison between wireless and reference acceleration measurement systems within
the considered rotor angular speeds. Mean acceleration amplitudes are reported alongside their
corresponding error bars representing the standard deviation for: (a) the excitation of the first bending
mode, (c) the excitation of the second mode, (e) the excitation of the third mode, and (g) excitation
of the fourth mode. (b,d,f,h) show, respectively, the values of the mean absolute percentage errors
(MAPE) for the first four bending modes excitation within the considered rotor speed range.

4. Conclusions

An inexpensive wireless vibration monitoring system based on Raspberry PI and a
MEMS accelerometer has been proposed, and its accuracy in acceleration measurements
was evaluated by means of comparison with a reference measurement system. An actual
fan blade from a gas turbine engine was used as a rotating framework, and its eigenmodes
were excited by means of an in-house prototype for PZT actuator control. The blade was
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rigidly coupled to a rotating shaft and the first four bending modes of the blade were
excited by means of the PZT actuators to experimentally replicate its resonance conditions.
The accelerations detected by both vibration monitoring systems were processed and
compared to estimate the accuracy of the proposed wireless system under several rotor
angular speeds (0, 120, 180, 240 and 300 rpm). The MEMS-based system showed fair
accuracy for both frequency and acceleration amplitude evaluation with respect to the
reference system. The mean absolute percentage error (MAPE) was always less than 5%,
indicating the fair accuracy of the proposed wireless setup. Furthermore, the wireless
system power consumption was always lower than 6 W during the whole measurement
campaign. Such power demand can easily be provided from small-size solar panels.
This suggests that the proposed wireless system may be exploited for wind turbine and
turbomachinery fan compressor blade vibration monitoring.
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