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MEMS-BASED WIRELESS VIBRATION TRANSDUCER FOR
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Background. When monitoring vibration of rotating machines, especially heavy ones, problems with cables of transducers
often emerge. Those cables are usually long, heavy and prone to damage.

Objective. The purpose of the paper is to develop a wireless vibration transducer, which is free of those problems, on the
base of MEMS accelerometer. Sensor developed should provide low power consumption, linear frequency response at least in
10...1000 Hz range, calculate vibration RMS and detect machine condition based on it.

Methods. Develop wireless sensor design based on 8-bit MCU. Develop method of MEMS frequency response correction,
based on spectral analysis. Compare sensor developed with industrial piezoelectric ones.

Results. Transducer developed can be used instead of the industrial piezoelectric vibration transducers. Moreover, MEMS-
based transducer allows one to move basic machine condition detection process from the high—level system to transducer level.
That, in turn, allows one to reduce network traffic and simplify condition monitoring system as a whole.

Conclusions. MEMS-based wireless vibration transducer for condition monitoring is developed. Tests conducted showed
that the transducer developed is well-behaved and its precision is comparable to one of industrial piezoelectric transducers.
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1. Introduction

In condition monitoring systems of heavy machinery
(steam turbines, generators, paper machines) connection
of  transducers poses a  problem. Classic
piezoaccelerometers with charge output currently are
not used, as their cable length (via cable capacity) and
even cable mounting (because of triboelectric noise)
have an impact on sensor’s output signal.
Accelerometers with ICP output are free of limitation of
classic ones, but use of shielded cable tens of meters
long is required when installing those transducers on
heavy machines. Use of such cabling because of its
length and mass is unhandy. Moreover, long cables, as
well as their connectors are often broken by the
personnel in the process of machine maintenance. One
of possible solutions of that problem is the use of
wireless communications to transfer measured vibration
data. However, measurement module with wireless
transmitter and ICP transducer requires heave-duty
power source in order to ensure its operation. As a
result, one has to consider use of microelectromechanic
system (MEMS) accelerometer-based sensors in order
to provide condition monitoring and diagnostic systems
with a small-sized, low-power consumption alternative
to classic industrial measurement systems. Except for
small mass and low power consumption, MEMS-based
transducer will be significantly cheaper than industrial
one, thus enabling use of condition monitoring systems

on machines, for which classic monitoring system is too
expensive to use. That, in turn, will improve safety of
operation of such machinery. Thus, development of
MEMS-based vibration transducer is an actual task.
2. Analysis of publications and problem
statement

Application of MEMS accelerometer as a vibration
transducer is studied from at least 2000’s. Pump
vibration measurement with piezoelectric accelerometer
and MEMS one were carried out by Thanagasundram
and Schlindwein [1] in 2006. Albarbar et al. (2008) [2]
compared data measured with MEMS and piezoelectric
accelerometer under the same test conditions (frequency
range 0...10 kHz, acceleration level 5g), and found, that
MEMS accelerometer doesn’t provide a stable
sensitivity coefficient and phase shift. The problem
stated is present even when even sine vibration signal is
measured; moreover, for the sensor used frequency
response unevenness was up to 6 dB in 300 Hz range.
Similar analysis, performed by Albarbar et al. (2009)
[3] confirms the results, presented in [2].

Wahid and Anuar (2008) in [4] presented
measurement of tilt of an object and its vibration in
0...500 Hz range using ADXL202 accelerometer.
Jagadeesh et al (2006) presented a MEMS-based
transducer with RMS detector in [5]; in that paper
transducer’s schematics is provided, but there are no
data about its tests. so one cannot estimate transducer’s
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efficiency. MEMS-based transducer, designed by Kwon
et al. (2006) [6] has a limited frequency range, so it can
be used only for structure health monitoring and
measurement  of  low-speed  machinery (e.g.
hydroturbines, paper mill equipment, etc.). Marne,
Nagmode and Komati (2014) developed MEMS-based
vibration transducer based on ARM7 microcontroller
[7]; main drawbacks of that transducer are its high
power consumption and noise.

Application of MEMS accelerometer for condition
monitoring of rotating machinery is studied in several
works. In [8], Loony (2014) described designs, created
by Analog Devices. Chaudhury., Sengupta and
Mukherjee  (2014) [9] developed  vibration
accelerometer based on ADXL322 accelerometer and
in order to increase signal-to-noise ratio used
autocorrelation function and adaptive rule-based filters.
The drawback of such a design is the rejection of both
noise and high-frequency vibration signal that contains
vital diagnostic information (e.g., information about
rolling bearing defects).

Huang, Tang and Deng (2015) described MEMS-
based condition monitoring system in [10]. Paper
mentioned is focused on synchronization of standalone
measuring modules and compensation of differences
between their clock frequencies. The solution proposed
by authors of [10] is rather complex; therefore,
monitoring system requires use of high-performance
controllers.

Holovatyy et al. (2017) created MEMS-based
monitoring system [11] based on ADXL435
accelerometer and Raspberry Pi 3 board. The main
drawback of the system is its narrow bandwidth
(0...100 Hz) and absence of frequency band correction;
that means that sensor can be used only on low-
frequency machines (e.g. paper mills). Moreover, use of
Raspberry Pi and custom board increases size of the
sensor and is more suitable for prototype than for
production system.

Suukenda et al. (2020) used SW420 MEMS
vibration sensor as a train detector for railway
monitoring [12]; the system proposed, however, cannot
be used for condition monitoring of rotation machinery
due to limitations of the SW420 sensor, which is
intended to be used in security and anti-hijack systems.

Ghazali and Rahiman (2022) tested an compared
SW420 and ADXL345 accelerometers as a base for

condition monitoring [13]. The pros and cons of their
systems are the same as in [11] and [12].

As one can see, development of MEMS-based
vibration transducer, which can be used in condition
monitoring, is a complex problem. To solve that
problem, several accompanying problems have to be
solved; those problems are related to both signal
processing and features of MEMS accelerometers
themselves. Up to now, the problem of development of
low-power  consuming MEMS-based  vibration
transducer which provides a guaranteed linear
frequency range of at least 10...1000 Hz and features
noise cancellation is not solved.

3. Objective and goals of the research

The aim of the work is the development of the
vibration transducer based on MEMS accelerometer
which could be used for condition monitoring of the
rotating machinery.

In order to achieve the objective, following goals
were set:

— to develop transducer design that will ensure
effective noise cancellation and frequency range of
10...1000 Hz;

— to develop simple and effective method of
correction of MEMS accelerometer’s frequency
response unevenness;

— to provide the solution of other problems,

including electromagnetic compatibility and
synchronization of measurements between many
transducers.

4. Schematics of the transducer and its
electronic components

As a starting point, analysis of available MEMS
sensors with analog output is made, along with their
comparison with industrial transducer (Bruel&Kjaer
8325 [14]). Digital MEMS sensors (e.g. ADIS16223)
were not considered, as their claimed characteristics are
lower than ones of industrial ICP accelerometers;
moreover, signal processing in those sensors is “hard-
coded” by the manufacturer, thus disabling any
correction by the system developer. Specifications of
the accelerometers according to their datasheets [14-17]
are shown in Table 1.
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Table 1. Specifications of accelerometers

Parameter Accelerometer

ADXL316 SD 1510L-050 LI1S344 ALH B&K 8325
Manufacturer Analog Devices ISrilclcon Designs ST Microelectronics Bruel&Kjaer
Measurement axes count | 3 1 3 1
Measurement range £160 m/s? +£500 m/s? +£20 / £60 m/s* £500 m/s?
Sensitivity 570 mV/(m/s?) 80 mV/(m/s?) 660 / 220 mV/(m/s?) 10 mV/(m/s?)
Frequency response | 3 dB, 3 dB, 3 dB, +10%,
flatness 0Hz-1,6 kHz 0 Hz -2 kHz 0Hz-1,4kHz 1 Hz— 10 kHz
Resonant frequency 4.2 kHz — 1.8 kHz 25 kHz
Transverse sensitivity 1 % 3% 2% <4 %
Shock (max.) 100000 m/s? 50000 m/s? 100000 m/s? 50000 m/s’
Operating temperature —40...+105 °C —40...+85 °C —40...+80 °C —=50...+125°C

Note: measurement range and sensitivity of LIS344 accelerometer is selected by connection of chip pins.

As one can see from Table 1, parameters of present—
day MEMS accelerometers are close to ones of
industrial piezoaccelerometers. The main drawback of
MEMS sensors is their significant frequency response
unevenness, which effectively narrows frequency range.
For example, B&K 8325 frequency response deviation
from the horizontal line of more than 10% starts at 10
kHz; at the same time ADXL001-70 MEMS
accelerometer [15] shows the same deviation at 5-6
kHz, in spite of the fact, that its resonant frequency is
22 kHz. Frequency responses of other MEMS
accelerometers are even worse. Moreover, MEMS
accelerometers are sensitive to static accelerations (e.g.
gravity), while piezoelectric ones are not. Therefore,
MEMS accelerometer requires not only frequency
response correction, but the use of high-pass analog
filter in order to be used for vibration measurement.

In condition monitoring system, vibration of bearing
is often has to be measured along three axes, so use of a

advantages of accelerometers with a wide frequency
range (ADXLO001-70 and the like), LIS 344
accelerometer was selected, as it provides high
sensitivity coefficient and transverse sensitivity as low
as 1%. In addition to that, price of the LIS 344 sensor is
lower than that of ADXL316.

A basis measurement of any condition monitoring is
the root mean squared (RMS) value of vibration
velocity in 10..1000 Hz frequency range. The higher
boundary of that frequency range is limited by built—in
LPF of the accelerometer itself. In order to eliminate
influence of any vibration below 10 Hz, active Sullen—
Key HPF with 10 Hz cut—off frequency is used. Use of
a higher-order filter is inappropriate, as data processing
algorithm allows one to eliminate low-frequency data in
the course of its operation.

Circuit diagram of the analog part of the transducer
developed is shown in Fig. 1; channels Y and Z aren’t
shown.

three-axis accelerometer is desired. In spite of
R2 3.3V
24k
(LIS 33V | t60
st ﬁz ﬁl TSV63 IILT+\T ?I 4 TiéDC of
l cylUF Lo /l luF | C8051F120
\ I 1.4nF [ 12‘411( 59 R4

Fig. 1. Analog part of the transducer (channels Y and Z aren’t shown)
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Cost of the transducer was a crucial factor during its
development, so in order to provide wireless capability
of the sensor, Espressif systems ESP8266 board [16]
was selected. That Wi-Fi board is available in several
modifications, including shielded modules and ones
with connector for an external antenna. ESP8266 allows
one to control its operation via serial interface using AT
commands, and features low power consumption (less
than 1 mA when connected to access point). Its
significant shortcoming is its ADC operation: when
transmitting data, built-in ADC is inoperable. That, in
turn, forced authors to use C8051F120 MCU for data
measurement, synchronization of measurement startup
and computations, leaving operation of network
protocol stack to ESP8266 board’s processor.

Transducer is powered by an external accumulator
of 2000 mA-h capacity (up to 8—10 hours of continuous
measurement), other power source may be used. On
heavy machinery, piezoelectric energy harvester [20]
may also be used as a power source. The effectiveness

of energy harvester, however, directly depends on the
machine vibration level, so additional study is required.
5. Firmware of the transducer developed

Transducer is controlled by a specialized firmware,
which does the following:

1) Synchronization of measurements in the whole
monitoring system (using PTP protocol).

2) Measurement and processing of measured data

(MEMS sensor frequency response correction,
calculation of RMS  of vibration acceleration or
velocity).

3) Detection of the vibration RMS value exceeding
the preset boundary levels and determination of state of
the machine.

4) Transfer of the measured data and determined
machine state to the condition monitoring system.

5) Setup and changes in the transducer
configuration.

Transducer’s firmware structure is shown in Fig. 2.

Data processing:
Accelerometer ADC frequency response Maclln.ne
i | correction, calculation of > condition
output signal control ition
acceleration or velocity determination
RMS P
\ AR
Measurement
synchronization [« c |
via PTP ontro
program
_’
y
y
Data exchange
with a high-level
Transducer system
configuration

Fig. 2. Transducer’s firmware structure

The heart of transducer's firmware is its control
program, which provides its operation in set-up mode,
data measurement and machine condition determination,
and also implements transfer of measured data to

higher-level system. In order to ensure measured data
delivery, TCP protocol is used; connection to the
higher-level monitoring system is fully automatic.
When transducer is powered on, it searches for the
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monitoring system’s wireless network according to the
preset identifier, connects to the monitoring system,
synchronizes its internal clock with master clock of the
system and switches into the measurement mode.

Measurement time synchronization is implemented
using Precision Time Protocol. Internal clock of the
transducer is synchronized with the master clock with
precision of up to 100 ps, and measurement is started
by monitoring system command with a preset
timestamp, which is sent beforehand. Such an approach
guarantees synchronous data measurement from all
transducers in the system. Clocks are synchronized
once every 10 minutes.

Frequency response unevenness can be corrected
using a digital filter. Such an approach is used in [21]
but attempt to use it in the transducer developed failed.
Computational power of the MCU proved to be
insufficient, as number of zeros and poles of corrective
filter is rather high (e.g., order of a filter, described in
[21], is equal to 21). As a result, following algorithm
was used to correct MEMS accelerometer’s frequency
response:

1) Measure data buffer of vibration acceleration
values, which is long enough to compute vibration
RMS.

2) Perform fast Fourier transform of the buffer and

calculate array of acceleration power spectrum lines &, .
3) Reject spectrum lines with medium frequencies
that are out of 10...1000 Hz range.
4) If needed, calculate acceleration RMS using

formula

A= > (aq) . ()

1

where ¢, is the corrective multiplier for spectrum

line with medium frequency fl .

5) If vibration velocity RMS is needed, calculate
velocity power spectrum as follows:

1
el Py @)

then calculate vibration velocity RMS using the

formula V = ’Zvlz .

Frequency response correction in the algorithm
proposed is done along with integration of measured
acceleration and calculation of acceleration and velocity
RMS according to formulae (1) and (2).

Corrective multipliers ¢, for spectrum lines are
estimated as follows. First, transducer without any
correction applied is installed on the shaker table “back
to back” with the etalon transducer (e.g. Bruel&Kjaer
8305) and its frequency response is measured.
Corrective multiplier for a spectrum line with medium

frequency fl is calculated as

‘4TRANS'
| = Aot s 3
g [ A3)

ETi
where ATRANSI. is the vibration acceleration magnitude,

measured by the transducer at frequency fl , AETI. is the

vibration acceleration magnitude, measured by the
etalon transducer at the same frequency.

To obtain corrective multipliers in the whole
10...1000 Hz frequency range, one can excite shaker
with a chirp signal (i.e. signal with linear frequency
sweep) and simultaneously measure data arrays of
output signals of the transducer developed and of the
etalon transducer. Then, spectra of the output signals
are taken and ratio of magnitudes of their lines
according to (3) is calculated, thus obtaining a spectrum

of multipliers () . However, spectrum of multipliers,
even calculated from averaged spectra of measured
signals, contains noise; thus, corrective multipliers g,
are obtained as a least-squares approximation of the
obtained () graph with a polynomial.

In Fig. 3, spectrum of multipliers (J obtained

during transducer development, and its least-squares

approximation with a 3-rd order polynomial () is

shown.
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Fig. 3. Spectrum of multipliers () (thin line) and its approximation with 3-rd order polynomial Q( f )
(thick line)

Corrective multipliers ¢, are obtained as values of a

polynomial Q(f) at corresponding medium following MATLab code:

frequencies of spectrum lines fl :
q;=0(f).

Approximation error of the experimentally found
spectrum with polynomial is not higher than 0.03 units.
In order to check the correction method errors,
modelling of correction of several spectra, which are
measured with piezoelectric transducer on real-world
machines and have different frequency content, was
performed. Spectrum of measured signal was multiplied

by frequency reference function spectrum () of the

pl=polyfit(Freq,Q,3);

Qs=polyval(p1,Freq);

Ampl_err=Ampl.*Q;
Ampl_corr=Ampl_err./Qs;
RMS=sqrt(sum(Ampl.* Ampl));
RMS_err=sqrt(sum(Ampl_err.*Ampl_err));
Err_err=abs(RMS_err—RMS)/RMS*100;
RMS_corr=sqrt(sum(Ampl_corr.*Ampl_corr));
Err_corr=abs(RMS_corr—RMS)/RMS*100.

4)

Results of modeling are summarized in Table 2.

developed transducer line by line (in order to take
LIS344 frequency response into account), then

Table 2. Results of modelling of the frequency response correction method proposed

Spectrum contents Output  signal | Signal with frequency response of Signal after correction
RMS, m/s? LIS344 taken into account
RMS, m/s? Error,% RMS, m/s? Error,%
Frequencies below 100 | 1.1040 1.1151 1.00 1.1060 0.18
Hz
Frequencies below 100 | 1.1415 1.1826 3.60 1.1495 0.7
Hz and higher than 500
Hz

From Table 2 one can see that relative error both for

spectra with and without high—frequency vibration
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corrected using expression (3), and after that RMS and
relative measurement errors were calculated using

1S
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several times lower when correction is applied. That
confirms that correction method is efficient.

In order to simplify operation of the vibration
condition monitoring system, each sensor after
calculation of RMS determines machine condition
according to ISO 10816-1 [22]. To that end, sensor
allows one to set three levels: “change” (boundary
between A/B zones), “alarm” (boundary between B/C
zones) and “breakdown” (boundary between C/D
zones). If RMS of vibration signal exceeds a specific
boundary level, machine condition (“change”, “alarm”
or “breakdown” correspondingly) is transmitted to
monitoring system; at that measured data may be
transferred to high-level system at the specific time
interval (e.g. once a minute for “alarm” state, once each
15 minutes in “change” state). Such an approach allows
one to further decrease power consumption and network
traffic. If boundary levels are not set, measured data are
transferred to higher level system with a preset period.
Further data processing is done by the high-level
condition monitoring system; it may include data
registration in database, data visualization, trend-
analysis and report creation.

6. Effect of the electromagnetic fields of the

transducer developed

Magnetic mounting of vibration transducer along
with stud mounting are two most widely used mounting
methods [23]. Thus, vibration transducer must be

INFORMATION AND TELECOMMUNICATION SCIENCES VOLUME 13 NUMBER 1 JANUARY-JUNE 2022

insensitive to influence of electromagnetic fields. In the
process of development, two problems related to
electromagnetic fields had to be solved. First,
transducer with plastic casing and non—shielded Wi—Fi
module could not send measured data when installed on
an industrial magnet with 150 N force. Second problem
was the fact, that Wi-Fi electromagnetic field during
transmission had influence on the accelerometer
readings in the form of peaks in the output signal. Both
those problems were solved when shielded FCC
certified Wi—Fi module was used.
7. Results of transducer tests

The transducer developed is calibrated using the
comparison method [23, 24] with the use of B&K8305
etalon transducer. Sensitivity of the analog part of the
transducer is 22.43 mV/(m/s?) or 0.036 (m/s*)/LSB
(least significant bit of ADC), frequency response
flatness in the measurement range of 10-1000 Hz is
10 %.

To test transducer functionality, measurement of
electric motor vibration was done. Histories of
measured vibration on the first engine’s bearing in
vertical (point 1V) and transverse (point 1P) directions
in the frequency range of 10...1000 Hz are shown in
Fig. 4; measurement was done once every 2 minutes.
For comparison, data measured with the use of
industrial piezoaccelerometer B&K 8325 are also
shown.
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Fig. 4. Electric motor vibration measurement results (blue squares — transducer developed, violet circles —
vibrometer with B&K 8325 transducer): a — acceleration in 1V point; b — velocity in 1P point.
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It’s evident from Fig. 4, that measurement accuracy
of the transducer developed is comparable to one of the
industrial transducer; the difference between the
readings of those transducers is not higher than 7 %.

8. Results of transducer development and
discussion

From results of the tests one can see that the
transducer has an acceptable precision and is suitable
for use in condition monitoring systems of rotating
machinery.

The transducer developed has many advantages:

— low power consumption;

— simple method of frequency response correction,
which can be implemented using a cheap 8-bit
processor with low computational power;

— measurement precision, comparable with industrial
piezoaccelerometers;

— moving of the machine condition detection process
to the transducer level allows one to simplify
monitoring system as a whole.

Vibration transducer developed also has some
drawbacks:

— frequency response flatness of 10 % is insufficient
for use in detailed diagnostic monitoring and
diagnostics tasks, so a more through frequency response
correction is needed;

— for use in detailed diagnostic monitoring, it’s
desirable to extend transducer’s frequency range;

— for wuse in diagnostic systems, waveform
measurement and its transfer to the high-level system
has to be provided.

Future research will deal with those drawbacks.

9. Conclusions

As a result of the research, low—cost wireless
vibration transducer, based on MEMS accelerometer,
with Wi-Fi interface is developed. The transducer is
meant to be used in the condition monitoring system.
As a result of the research:

1. Schematics of the transducer, based on existing
electronic components is proposed. Schematics
guarantees a 10...1000 Hz frequency range of vibration
measurement, while providing low power consumption
and noise cancellation.

2. A simple method of MEMS frequency response
correction based on spectral analysis is proposed. The
method proposed is suitable for measurement of RMS
and power spectrum of machine’s vibration.

3. Synchronization of data measurement with the
precision, sufficient for practical use, is provided via
the use of PTP.

As a whole, the transducer developed can be used as
a vibration sensor in basic condition monitoring
systems. For use in advanced systems (e.g. diagnostic
monitoring systems), transducer should be improved,
and that can be the goal of the future research.
References

1. Thanagasundram, S. Comparison of integrated
micro—electrical-mechanical system and piezoelectric
accelerometers for machine condition monitoring / S.
Thanagasundram, F. Schlindwein // Proceedings of the
Institution of Mechanical Engineers, Part C: Journal of
Mechanical Engineering Science. — 2006. — Vol. 220,
N. 8. — pp. 1135-1146. doi: 10.1243/09544062c07405
2. Albarbar, A.  Suitability of MEMS
Accelerometers for Condition Monitoring: An
experimental study / A. Albarbar, S. Mekid, A. Starr, R.
Pietruszkiewicz // Sensors. — 2008. — Vol. 8, N. 2. — pp.
784-799. doi: 10.3390/s8020784

3. Albarbar, A. Performance evaluation of MEMS
accelerometers / A. Albarbar, A. Badri, Jyoti K. Sinha,
A. Starr // Measurement. — 2009. — Vol. 42, N. 5. — pp.
790-795. doi: 10.1016/j.measurement.2008.12.002

4. Wabhid, A. Development of tilt and vibration
measurement and detection system using MEMS
accelerometer as a sensor / K. Anuar, A. Wahid. —
Universiti sains malaysia, 2008. — 134 p.

5. Jagadeesh, P. Low Cost Vibration Measuring
Device Using MEMS Accelerometer / P. Jagadeesh,
M. Umapathy, S. Balachandar, M. Arumugam, and S.
Ramaswamy // NSTI-Nanotech. — 2006. — Vol. 3. — pp.
349-352.

6. Kwon, S. W. Development of Wireless
Vibration Sensor Using MEMs for Tunnel Construction
and Maintenance /S. W. Kwon, J. Y. Kim, H. S. Yoo,
M. Y. Cho, K. J. Kim // Tunnelling and Underground
Space Technology. — 2006. — Vol. 21, N. 3-4. — p. 318.
doi: 10.1016/j.tust.2005.12.033

7. Marne, N. S. Vibration Measurement System
with Accelerometer Sensor Based on ARM / N. S.
Marne, M. S. Nagmode, R. D. Komati // International
Journal of Emerging Technology and Advanced
Engineering. — 2014. — Vol. 4, N. 4. — pp. 760-764.

8. Looney, M. An Introduction to MEMS
Vibration Monitoring // Analog Dialogue. — 2014. —
Vol. 48, N. 06. — pp. 1-3.

9. Chaudhury, S. B. Vibration Monitoring of
Rotating Machines Using MEMS Accelerometer / S.
B. Chaudhury, M. Sengupta, K. Mukherjee //
International Journal of Scientific Engineering and
Research. — 2014. — Vol. 2, N. 9. — p. 11. — Retrieved
from:

htto://www iiser.in/archives/v2i9/SilwMTMzNTe=.pdf



64

INFORMATION AND TELECOMMUNICATION SCIENCES VOLUME 13 NUMBER 1 JANUARY-JUNE 2022

10. Huang, Q. Development of high synchronous
acquisition accuracy wireless sensor network for
machine vibration monitoring / Q. Huang, B. Tang, L.
Deng // Measurement. — 2015. — Vol. 66. — pp. 35-44.
doi: 10.1016/j.measurement.2015.01.021

11. Holovatyy, A. Development of a system for
monitoring vibration accelerations based on the
raspberry pi  microcomputer and the ADXL345
accelerometer./ A. Holovatyy, Teslyuk, V., Iwaniec,
M., & Mashevska, M. //Eastern-European Journal of
Enterprise Technologies. — 2017. — Vol.6, N.9(90). —
pp- 52-62. doi: 10.15587/1729-4061.2017.116082

12. Sukenda, S.T., WawanMaulana, S., Septiane,
L., Irwan, Y., Lukman, N.S., Dimas, H. (2020) Use of
vibration sensor as detection of railway in mechanical
signaling systems./S.T. Sukenda, S. Wawan Maulana,
L. Septiane, Y. Irwan, N.S. Lukman, H. Dimas //
PalArch’s Journal of Archaeology of
Egypt/Egyptology. — 2020. — Vol. 17, N.5. — pp. 402—
413.

13. Ghazali, M. H. M. Real-Time Vibration
Monitoring Using MEMS Vibration Sensors /
Mohamad Hazwan Mohd Ghazali, Wan Rahiman //
Proceedings of the 11th International Conference on
Robotics, Vision, Signal Processing and Power
Applications. — 2022. — LNEE 829. — pp. 356-362. doi:
https://doi.org/10.1007/978-981-16-8129-5 56

14. Bruel&Kjaer  Product  Data.  Industrial
Accelerometer — Type 8325. — Retrieved from:
http://www.midebien.com/LiteratureRetrieve.aspx?ID=
104054

15. Analog Devices ADXL316. Small, Low Power,
3-Axis £16 g Accelerometer. — Retrieved from:
http://www.analog.com/media/en/technical-
documentation/data-sheets/ADXL316.pdf

16. Silicon Designs Inc. Model 1510 Vibration

Isanoe C.B., Onitinux I1.b.

Application Analog Surface Mount Accelerometer. —
Retrieved from:
http://media.wix.com/ugd/3fcdcf 660ffc66100641388b
b51b1c9361fe5b.pdf

17. ST Microelectronics LIS344ALH. MEMS
inertial sensor — high performance 3-axis =+£2/+6g
ultracompact linear accelerometer. — Retrieved from:
http://www.st.com/web/en/resource/technical/document
/datasheet/CD00182781.pdf

18. Analog Devices ADXLO001. High Performance,
Wide Bandwidth Accelerometer. — Retrieved from:
http://www.analog.com/media/en/technical-
documentation/data-sheets/ ADXL001.pdf

19. Espressif ~ smart  connectivity  platform:
ESP8266EX. — Retrieved from: http:/www.fut-
electronics.com/wp-
content/uploads/2015/10/ESP8266 12 wifi_datasheet.p
df

20. MIDE Volture Piezoelectric Energy Harvesters.
— Retrieved from: http://www.mide.com/

21. Badri, A. E. A typical filter design to improve
the measured signals from MEMS accelerometer / A. E.
Badri, J. K. Sinha, A. Albarbar // Measurement. — 2010.
— Vol. 43, N. 10. — pp. 1425-1430. doi:
10.1016/j.measurement.2010.08.011

22. ISO 10816-1:1995 Mechanical vibration —
evaluation of machine vibration by measurements on
non—rotating parts — Part 1: General guidelines. — ISO,
Geneve, 2012. — 19 p.

23. Serridge, M. Piezoelectric accelerometer and
vibration preamplifier handbook / M. Serridge, T. R.
Licht. — Glostrup, Denmark: Bruel&Kjaer, 1986. — 187
p-

24. ISO 5347-3:93(en) Methods for the calibration
of vibration and shock pick—ups — Part 3: Secondary
vibration calibration. — ISO, Geneve, 1993. — 8 p.

Be3npoBignnii naTunk Bidpanii 118 MOHITOPMHTY CTaHY HAa OCHOBI mems

IMocTanoBka 3apavi. IIpn MomniTopuHry BiOpamii oOeproBoro o0majHaHHS, OCOOIMBO BAXKKOTO, 4acTO BHHHKAIOTH
npobneMu 3 kabenmsimMu. 3rafgaHi kaberni 3a3BU4ail JOBTi, BAXKKI Ta JIETKO TOIIKOIKYIOTHCA.

3aBaannsa gocaigpxkenns. Po3pobxa 6e3mpoBigHOro AaTymKa BiOparii, BUTBHOTO Bif 3ramaHux mpobiem, Ha ocHoBi MEMS

aKceJIepoMeTpa.

Po3pobneHnii faT4MK TIOBUHEH MaTH HHU3bKE CHEPrOCIOKMBAHHS,

JHIHY aMIUTITyTHO-9aCTOTHY

XapaKTepPUCTUKY npuHaiMHui B miamasoni 10...1000 I', obumcmroBatn CK3 BiOparii i Ha HOro OCHOBI BH3HAYaTH CTaH

MaIllIvHH.

Metopn peanizanii. Po3poOuTi KOHCTPYKIIIFO JaTYMKa HA OCHOBI 8-0iTHOr0O MIKpOKOHTpOsepa. Po3poduTi MeTo 1 KOpeKIii
AMIUTITYIHO-4aCTOTHOI XapakTepucTukd MEMS Ha OCHOBI criekTpanbHOro anamisdy. ITopiBHSTH po3poONieHHH TaTdvK 3

TNIPpOMHCIIOBUMHA H’€30€J’leKTpI/ILIHI/IMl/I JaTYuKamMu.

PesyabraTn gociimkenns. Po3pobnenuit qatunk Moxe OYTH BHKOPUCTaHHMH 3aMiCTh NPOMHUCIOBUX I1'€30€JIEKTPUYHUX
JaTyukiB BiOpauii. binbure Toro, natunk Ha ocHoBi MEMS 103B0J1sI€ IepeMicTUTH Iporiec 6a30BOi OLIHKK CTaHy 00Ja/HaHHS
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3 CHCTEMH BEpXHBOTO PIiBHS Ha piBeHb Jarduka. Lle, B cBOIO uepry, 103BOJIsIE 3HU3UTH Tpadik y MEPEXi 1 CHPOCTUTH CHCTEMY
MOHITOPHHTY B I[IIOMY.

Pe3stome. Pozpobmeno OesmpoBimHmit maTymk BiOpamii mis MoHiTOpuHTY cTaHy Ha ocHoBi MEMS. Ilposeneni
BUNPOOYBAHHS TOKA3aJM, W0 JATYUK (YHKI[IOHYE MPaBMIBHO 1 HOr0 TOYHICTH MOPIBHSHA 3 TOYHICTIO MPOMHCIIOBHX
1’ €30€NMeKTPUIHIX aKCEIEPOMETPIB.

Kuarouosi cnoBa: sidpayis;, MEMS axcenepomemp,; Oes3npogionuii damuuk eiopayii; Wi—Fi; monimopune 0bepmogoco
obraonanus.





