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Abstract — Nowadays a large number of studies are
being carried out on active vibration control,
especially in the aeronautical gas turbine industry.
Indeed, uncontrolled vibration in aeronautical
engine blades can lead to fatigue failure with
catastrophic consequences. For this reason, many
efforts are made to implement an embedded active
vibration control on rotors. Furthermore in this
particular Kkind of application a compact, integrated
and robust system, controlled by a wireless remote
system, is necessary. Before designing the vibration
active control it is mandatory to characterize the
vibration monitoring system of the blade in order to
develop a feedback system for active damping. To
this regard a MEMS accelerometer for mobile
applications (MEMSwmaa) may be considered a good
choice, since the wireless features are relevant in a
rotor vibration monitoring application, its cost is
usually low and its size and weight allow to obtain a
lower insertion effect. However, the metrological
limits of this type of sensors are not well investigated.
In this work a preliminary characterization of a
MEMSwmaa for blade vibration monitoring
application is proposed. In particular the authors
evaluate the actual performance of MEMSwwmaa by
means of a direct and simultaneous comparison with
a reference sensor. The frequency range of
investigation (10 Hz up to 1080 Hz) includes the first
three resonant frequencies of a cantilever beam that
will be used in a future work to experimentally
validate the vibration control algorithm.

Keywords — acceleration, measurements, MEMS,
vibration, frequency,
I.  INTRODUCTION

Many aspects in gas turbine optimization have been
studied in literature [1-4] nevertheless also in recent
years the vibration of blades has been one of the most
important topics: finding effective methods for vibration
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control is still a field in progress, and there are
ambiguous results. Piezoelectric actuators and sensors
are nowadays widely used to monitor and control
vibrations of different structures [5-11], due to their
ability to convert mechanical energy into electrical and
vice versa. There are several types of active vibration
damping. The active control allows to obtain consistent
damping of structural vibrations over a wide frequency
range, i.e. by means of piezoelectric elements that can
be used both as sensors and as actuators; there are many
works in the literature dealing with active control of
vibration by means of piezoelectric, such as the active
control of beams or plates [6,7,9,14-16]. The active
control has some drawbacks: it requires appropriate
amplifiers to drive piezo elements, electronic circuits to
amplify and filter the signal from sensors and a real-time
control of the system. It also may present instability
effects due to an imperfect modelling of high-frequency
vibration modes. In the application of our interest, active
damping is required to control vibration in aeronautical
gas turbine blades. To this regard a MEMS
accelerometer for wireless and mobile applications
(MEMSwmaa) may be considered a good choice, since
its wireless feature is relevant in a rotor vibration
monitoring applications and its cost is usually low.
However, performances of the above instrumentation
are often not well known, therefore a series of validation
tests are required [5,10]. In this paper a preliminary
validation of a MEMSwmaa for blade vibration
monitoring is conducted by means of a reference piezo
accelerometer. In particular, after some theoretical
considerations and a brief description of the
measurement system, we describe our measurements of
the first three experimental natural frequencies and of
the corresponding maximum acceleration amplitudes in
a simplified blade (thin rectangular plate). We then
compare and discuss the data from the MEMSwmaa and
from the reference transducer.



Il.  DESCRIPTION OF THE METHOD

The blade is a rectangular steel plate such that the
length is much greater than the width. The dimensions
of the blade are: 215 mm length, 36 mm width and 2 mm
thickness. The blade can be coupled to a shaft by a key
on one side, while a hole (diameter 2 mm) at its right end
has been made to allow the screw coupling with the
MEMSwwmaa. The blade mass is 147.72+0.03 g,
measured by means of a precision balance PCE LS3000,
while its density and flexural rigidity are p=7.8+0.4-10°
kg/m® and E-1=7.9+0.2 Nm?, respectively, where E is the
Young modulus and I the second moment of area of the
plate’s cross section. A simplified blade geometry has
been chosen in order to analytically and numerically
calculate the first three resonance frequencies, providing
the reference values for the transducer validation.

The analytical frequencies have been calculated with
Euler-Bernoulli beam theory [17] and expressed in (1)
in Sl units:
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Where j=1, 2, 3,4 ... and S is the cross section of the
beam, the coefficient k; can be obtained from the
solutions of the following equation:

cosh(kjL) + cos(kjL) =-1 2)

Where L is the beam length. Within the applicability
of the model here adopted, from (1) and (2) the first three
frequencies are estimated: f;=61 Hz, f,=384 Hz and
f3=1080 Hz with a relative uncertainty of about 6%.
Furthermore a finite element simulation by means of the
COMSOL Multiphysics software has been performed to
verify the above frequencies: a difference up to 2% only,
between the simulation results and the analytical values
has been found, confirming the suitability of the
cantilever beam model.

Measurement System
The measurement system for the validation of the
MEMSwwmaa is set in order to provide and measure the
first three natural frequencies of the cantilever and it is
made up of:
1. A mini uniaxial piezoelectric accelerometer
(PCB 352A56) mounted on the free end by
PCB wax. The accelerometer mass is 1.8 g so
its influence on the blade vibration can be con-
sidered negligible. It is the reference trans-
ducer.
2. An analog triaxial MEMS (Analog Devices
ADXL335) powered by a Data Acquisition
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Board (point 8). Since its mass is 2 g, the influ-
ence on the blade vibration can be considered
negligible. It is the MEMSwwmaa under valida-
tion and some of its features are reported in ta-
ble I.

3. An L.C.P. accelerometer power supply (Piezo-
tronics 482A05)

4. An electrodynamic shaker (Data Physics Cor-
poration Signal Force GW-V20)

5. A power amplifier (Data Physics Corporation
PA300E) for the amplification of the signal
coming from the function generator, and for the
drive of the electrodynamic shaker

6. A function generator (Hewlett Packard
33120A) to provide a sinusoidal waveform to
the shaker

7. A digital oscilloscope (Agilent Technologies
DS03202A) to display the output signal from
the accelerometers

8. A Data Acquisition System (National Instru-
ments NI USB 6251) to acquire (DAQ system),
process and store the measurement data. The
DAQ system settings and the processing of the
measurement signals from the two sensors are
performed by means of an in-house software in
a LabVIEW™ environment.

Table 1. MEMSwuuma specifications

Parameter Min Typical(?) Max
Measurement Range +3g +36¢g
Non linearity +0.3 % FS
Interaxis Alignment Error +0.1°
Cross-Axis Sensitivity (2) +1%
Sensitivity at each axis 270 mV/g 300 mV/g 330 mV/g
Bandwidth X, Y 1600 Hz
Bandwidth Z 550 Hz
Sensor resonant frequency 5.5 kHz
Operating Voltage Range 1.8V 3.6V
Supply Current 350 pA
Operating Temperature 40°C +85°C
Range

(1) TDypical specifications are not guaranteed
(2) Coupling between any two axes

A scheme of the whole measurement system is
reported in Fig. 1. Each test on the blade has been
conducted for 4s at 20kS/s sampling frequency. The
frequency spectra of both the measurement signals have
been obtained by software in a LabView environment.
Only one direction has been considered for the
acceleration, i.e. orthogonal to the blade longitudinal
plane (Z-axis, Fig. 1).
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Fig. 1. Scheme of the measurement system. Both the
accelerometers are placed at the free end of the blade (on
opposite faces) by using PCB wax.

I11.  RESULTS AND DISCUSSIONS

In a future work, the authors intend to evaluate the
blade vibrations in a rotating system, which properly
simulates the application of our interest. For this purpose
the MEMSwmaa becomes a good candidate with the
wireless data transmission feature [18,20-21].
Nevertheless, a preliminary test has been carried out by
means of the system in Figure 1, in order to verify the
measurement uncertainty related to the use of the
MEMSwmaa and to confirm its suitability for our
application. Moreover, the same system is used to
estimate the goodness of matching between
analytical/numerical and experimental frequencies of
the first three modal shapes. In particular the
MEMSwwmaa performance are verified in terms of
frequency and acceleration measurement uncertainty by
means of a comparison with a reference measurement
system [5,19] as done in other dynamic applications [22-
26].

In Table Il the measurement results for the two
sensors are reported: for the first three modal shapes, the
first three columns are the analytical and experimental
frequency values respectively, while the last two
columns are the corresponding peak-to-peak
accelerations agp. No significant differences have been
found in the experimental modal frequencies between
the two transducers. On the other hand, for increasing
frequency, the magnitude of the acceleration differs
significantly between the transducers. Uncertainties are
expressed in terms of repeatability as standard deviation
of the measurement data collected over 4s at 20 kS/s.

Table 2. measurement results by means of the MEMSwumaa
and the reference accelerometer.

Ref.

Analytic Ref. acc. MEMSwma acc. MEMSwmaa
Mode al freq. app
[Hz] Freq. [Hz] A freq. [Hz] app [m/s2]
[m/s?]
| 61 59.5+0.3 59.5+0.3 535 35.3+0.5
1} 384 356.3+0.3 356.3+0.3 2745 4.3+0.5
n 1080 887.5:0.3 Range 1565 Range

exceeded exceeded

As it can be seen from Table 2, MEMSwmaa
outcomes are very poor in regards to the evaluation of
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the peak-to-peak acceleration, if compared to the
reference accelerometer. Furthermore, its error is not
linear and its frequency response is similar to a low pass
filter. In particular a spectral analysis of data has shown
that MEMSwwmaa accelerometer filters high-frequency
harmonic components so that some of them may be
attenuated or even not detected. Moreover it has been
found that the largest harmonic component detected by
the MEMSwwmaa is at 119.3 Hz, while the largest
harmonic measured by the reference accelerometer is at
357.5 Hz: this is likely due to the bandwidth limit of the
MEMSwwaa, since in other tests the MEMSwwmaa fails
to detect higher frequency components. In fact, although
the measurement signal from the reference
accelerometer confirms that the blade has not been
subjected to a perfect sinusoidal vibration, the signal
provided by MEMSwmaa Seems to be a perfect
sinusoidal signal. The vibration spectra at the third
resonance frequency are not reported since for the
MEMSwwmaa the signal app exceeds the measurement
range. This preliminary study on acceleration and
spectrum measurements substantially confirms the
analytical frequencies obtained from the cantilever
beam model. The percentage difference between
analytical and experimental frequencies can be
considered acceptable in regard to approximations
introduced with the physical model. The absolute
percentage differences A% can be expressed as

|fexperlmental fanalytlcal | 100

A% = (3)

fanalytical

From Table 2 A% is 2.8 % at the first resonance
frequency, 7.3 % at the second and 17.5 % at the third:
these differences A% are identical both for the
MEMSwwmaa and the reference transducer, except at the
third frequency where the MEMSwwmaa signal is not
available because the test exceeded its bandwidth and
measurement range limit. It comes out that the
MEMSwwmaa accelerometer cannot accurately measure
the amplitude of acceleration, in particular at the higher
frequencies (300-500 Hz): differences with the
reference transducer up to 83% of the reference value
are measured. Furthermore, the error of MEMSwmaa in
amplitude evaluation is frequency dependent.

IV.  CONCLUSIONS

The use of MEMS accelerometer for mobile
applications (MEMSwmaa for the monitoring of
vibrations in rotors is a potentially very promising field.
Taking into account the lack of information on this topic,
we have performed a preliminary validation of a
MEMSwwmaa for blade vibration control and monitoring.
A test system has been set and the first three natural



frequencies have been calculated and measured: no
significant discrepancy has been found between the
measured natural frequencies and the calculations. After
that the acceleration amplitude of the MEMSwmaa under
study has been compared with a reference piezoelectric
transducer: the MEMSwmaa can detect the first two
resonant frequencies with good approximation,
nevertheless its metrological characteristics are not
suitable to collect measurements of the blade
acceleration with an acceptable uncertainty for the
application requested.

REFERENCES

[1] Cerri G., Chennaoui L., Giovannelli A., Miglioli M. ,
Further developments of a variable fuel flow automatic
mixing valve for prescribed injection ratio (2009)
Proceedings of the ASME Turbo Expo, 1, pp. 331-340.

[2] Cerri G., Chennaoui L., Giovannelli A., Miglioli M.,
Salvini C., Fuel emulsification plants on board of gas
turbines (2010) Proceedings of the ASME Turbo Expo,
1, pp. 515-525.

[3] Cerri, G., Chennaoui, L., Miglioli, M., Botta, F.
Emulsification plant integrated into a diesel fuel feeding
system (2010) SAE Technical Papers,

[4] Cerri, G., Chennaoui, L., Miglioli, M., Botta, F.
Automatic mixing valve for prescribed injection ratio
versus variable fuel flow rate (2007) Proceedings of the
ASME Turbo Expo, 1, pp. 377-386.

[5] Albarbar A., Badri A., Sinha J. K., Starr A., Performance
evaluation of MEMS accelerometers, Measurement, vol.
42, issue 5, 2009, pp. 790-795.

[6] Botta F., Marx N., Dini D., de Lieto Vollaro R., Battista
G., Experimental results for optimal placement of
piezoelectric plates for active vibration control of a
cantilever beam International Journal of Engineering and
Technology, vol. 5, issue 5, 2013, pp. 4489-4494.

[7] Botta F., Marx N., Gentili S., Schwingshackl C. W., Di
Mare L., Cerri G., Dini D., Optimal placement of
piezoelectric plates for active vibration control of gas
turbine blades: experimental results Proc. of SPIE, vol.
8345, 83452H-1 —83452H-11 (San Diego -2012).

[8] Botta F., Marx N., Schwingshackl C. W., Cerri G., Dini
D., A wireless vibration control technique for gas turbine
blades using piezoelectric plates and contactless energy
transfer in Proc. of the ASME Turbo Expo, 2013, June 3-
7, San Antonio, Texas, USA.

[9] A.Hohl, M. Neubauer, S. M. Schwarzendahl , L. Panning
and J. Wallaschek, Active and semiactive Vibration
Damping of Turbine Blades with Piezoceramics in Proc.
of SPIE, vol. 7288, 2009 pp. 72881H1-72881H10.

[10] Orsini F., Scorza A., Rossi A., Botta F., Sciuto S.A., di
Giminiani R. (2016). A preliminary uncertainty analysis
of acceleration and displacement measurements on a
novel WBV platform for biologic response studies , In:
2016 IEEE International Symposium on Medical
Measurements and Applications (MEMEA 2016)
Proceedings, Benevento, Italy, 2016, pp.137-142

[11] Rossi A., Orsini F., Scorza A., Botta F., Sciuto S.A., di
Giminiani R. (2016). A preliminary characterization of a
Whole Body Vibration platform prototype for medical
and rehabilitation application , In: 2016 IEEE

183

International Symposium on Medical Measurements and
Applications (MEMEA 2016) Proceedings, Benevento,
Italy, 2016, pp.131-136

[12] D’Emilia G., Gaspari A., Natale E., Evaluation of aspects
affecting measurement of three-axis accelerometers,
Measurement, vol. 77, 2016, pp. 95-104.

[13]E.H.  Anderson, N.W. Hagood, Simultaneous
Piezoelectric ~ Sensing/Actuation: ~ Analysis  And
Application To Controlled Structures, Journal of Sound
and Vibration, vol. 174, Issue 5, 1994, pp. 617-639.

[14] Pietrzakowski, M., Active control of plates using
functionally graded piezocomposite layers, Mechanics
and Mechanical Engineering, vol 10, issue 1, 2006, pp.
117-125.

[15] zhi-Guang Song, Feng-Ming Li, Active aeroelastic
flutter analysis and vibration control of supersonic
composite laminated plate, Composite Structures, vol.
94, Issue 2, 2012, pp. 702-713.

[16] Duffy, K. P., Choi, B. B., Provenza, A. J., Min, J. B.,
Kray, N., Active piezoelectric vibration control of
subscale composite fan blades, Journal of Engineering for
Gas Turbines and Power, vol. 135, issue 1, 2013, pp.
011601-1 — 011601-7.

[17] Bauchau O. A., Craig J. I., Structural Analysis, Springer
Netherlands, 2009, ISBN 978-90-481-2516-6, DOI
10.1007/978-90-481-2516-6

[18] Matthew J. Whelan, Michael V. Gangone, Kerop D.
Janoyan, Ratneshwar Jha, Real-time wireless vibration
monitoring for operational modal analysis of an integral
abutment highway bridge, Engineering Structures, vol.
31, Issue 10, 2009, pp. 2224-2235.

[19] Thanagasundram, S., F. S. Schlindwein. Comparison of
integrated micro-electrical-mechanical system and
piezoelectric accelerometers for machine condition
monitoring. Proceedings of the Institution of Mechanical
Engineers, Part C: Journal of Mechanical Engineering
Science, vol. 220, issue 8, 2006, pp. 1135-1146.

[20] Lynch, J. P., Partridge, A., Law, K. H., Kenny, T. W.,
Kiremidjian, A. S., & Carryer, E., Design of
piezoresistive  MEMS-based  accelerometer  for
integration with wireless sensing unit for structural
monitoring, Journal of Aerospace Engineerin, vol. 16,
issue 3, 2003, pp. 108-114.

[21]Helal, I. A., Vuong, T. H., David, J., Bellaaj, N. M.,
Pietrzak-David, M., Vibration monitoring based on
MEMS accelerometers, Sciences and Techniques of
Automatic Control and Computer Engineering (STA),
2015 16th International Conference on (pp. 240-245)
IEEE

[22] Battista L., Scorza A., Sciuto S.A., Experimental
characterization of a novel fiber-optic accelerometer for
the quantitative assessment of rest tremor in
parkinsonian patients , (2012) Proceedings of the 9th
IASTED International Conference on Biomedical
Engineering, BioMed 2012, pp. 437-442.

[23] Francesco Orsini, Andrea Rossi, Andrea Scorza,
Salvatore Andrea Sciuto (2017), Development and
preliminary characterization of a novel system for the
force platforms dynamic calibration , In: 2017 IEEE
International  Instrumentation and ~ Measurement



Technology Conference (I12MTC 2017) Proceedings,
Torino, Italy, 2017, pp. 1082-1087

[24] Andrea Scorza, Francesco Orsini, Salvatore Andrea
Sciuto (2017), Use of phantoms and test objects for Local
Dynamic Range evaluation in medical ultrasounds: a
preliminary study , In: 2017 IEEE International
Instrumentation and  Measurement  Technology
Conference (12MTC 2017) Proceedings, Torino, Italy,
2017, pp. 1094-109.

[25] Sciuto S.A., Scorza A., Preliminary study on a remote
system for diagnostic-therapeutic postural measurements
, (2008) IFMBE Proceedings, 22, pp. 110-113.

[26] Carmen D’Anna, Silvio Scena, Andrea Scorza, Maurizio
Schmid, Francesco Orsini, Salvatore Andrea Sciuto,
Silvia Conforto (2017) A preliminary study on the
validation of an automatic measurement method for
Functional Reach assessment by stereophotogrammetry,
In: 2017 |IEEE International Instrumentation and
Measurement Technology Conference (I12MTC 2017)
Proceedings, Torino, Italy, 2017, pp. 962-966

184





