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Abstract: This experimental study focuses on the comparison between two different sensors for

vibration signals: a magnetoresistive sensor and an accelerometer as a calibrated reference. The

vibrations are collected from a variable speed inductor motor setup, coupled to a ball bearing load

with adjustable misalignments. To evaluate the performance of the magnetoresistive sensor against

the accelerometer, several vibration measurements are performed in three different axes: axial,

horizontal and vertical. Vibration velocity measurements from both sensors were collected and

analyzed based on spectral decomposition of the signals. The high cross-correlation coefficient

ﬁf;)edcgtfg; between spectrum vibration signatures in all experimental measurements shows good agreement
between the proposed magnetoresistive sensor and the reference accelerometer performances. The
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Published: 12 March 2021 It is known that vibrations can degrade or cause many problems in industrial equip-
ment and machinery [1]. The information gained from the vibration signals can be used to
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iations. First, it is important to understand what a vibration is. It can be understood as a
movement or mechanical oscillation of an object’s equilibrium position, be it industrial

equipment or infrastructure, and can be periodic or random. Focusing on industrial ma-
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tion spectrum [3], which is why vibration analysis is one of the most popular predictive
maintenance techniques.

In the context of predictive maintenance, one of the strengths of Industry 4.0 is that
it is important to continuously monitor machines to predict which parts are likely to
fail and when. In this way, maintenance can be planned, and there is an opportunity
to replace only parts that show signs of deterioration or damage. Machine vibration is
one of the most common measurements in rotating equipment monitorization. Machine-
mounted sensors are key components in vibration measurements and analysis. A full
spectrum vibration signature can be obtained with measurements in three axes (horizontal,
vertical, and axial). The accelerometer is typically used for low-to-medium frequency
measurements on different parts of the equipment. In this work, another type of sensor,
the magnetoresistive sensor, was tested to measure vibrations in rotating machines to
establish a comparison with an accelerometer and validate the use of this type of sensor in
the analysis of vibrations.

Many scientific works have been produced regarding the analysis of vibrations in
motors for predictive maintenance purposes. In [4], a case study is presented for vibration
analysis of electrical motors, performed under different speed conditions by means of
measurements of an accelerometer. In [5], a system of neural networks was implemented
for predictive maintenance in electric motors to detect the type of failure based on the
analysis of vibrations. In [6], monitoring of the induction motor condition is presented
through vibration analysis techniques.

Vibrations are detected by measuring displacement, velocity, and acceleration, and
the piezoelectric or capacitive accelerometer is the most used sensor for making these
measurements. However, there are other types of sensors that have been developed and
adapted for measuring vibrations. In [7], it has been shown that magnetic sensors are
quite sensitive to detect vibration by measuring the magnetic field strength and can be a
low-cost alternative to the accelerometers. Magnetoresistive sensors are characterized by
their high sensitivity and can be a very interesting solution. Besides vibration analysis,
the magnetoresistive effect is commonly used in navigation systems [8], crankshaft posi-
tion sensors [9] or magnetoresistive heads in disk drives [10], among other applications.
In [11], the authors present the principles of its operation and the potential applications for
industrial scenarios.

Another issue that is discussed by the scientific community is the use of non-contact
instrumentation, and sensors based on magnetoresistive effect offer this possibility unlike
the accelerometer that needs to be rigidly attached to analyzed equipment. One of the
works where magnetoresistive sensors are used for vibration analysis is presented in [12],
in this case focused on turbo-machines. Another very interesting work was developed in
a master thesis [13], where the author studies the use of giant magnetoresistance sensors
(GMR) in the detection of vibrations.

Accelerometers are widespread in the industry, but due to their high sensitivity and
high level of integration, the magnetoresistive sensor can be as well a real alternative for
measuring vibrations in industrial equipment. Based on this, present work demonstrates
that it may be possible to obtain a proper vibration spectrum based on different types of
sensors, and, depending on the application, one can choose the type of sensor for the most
appropriate solution. Due to the high sensitivity of the magnetoresistive sensors, a lot of
noise can be acquired over a wide range of frequencies; therefore, it is essential for the
acquisition systems to overcome this and through well-designed filters to select the desired
spectrum range. This work was developed for vibration analysis in induction motors but
can be easily tested on other types of machines presented on the shop floor.
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The remainder of this paper delves into the description of the proposed comparative
study with the contents organized as follows: Section 2 describes the magnetoresistive
sensor and electronic circuit board. Section 3 presents the proposed experimental setup and
methodology. Section 4 introduces the results and discusses the comparative study, focused
on spectral analysis evaluation of both sensors’ performance, when applied in an induc-
tion motor enabled with a load with an adjustable vibration setup. Finally, in Section 5,
conclusions, ongoing and future works are discussed.

2. Magnetoresistive Sensor

The magnetoresistive sensor was developed by INL—International Iberian Nanotech-
nology Laboratory. It comprises a magnetic sensing layer stack, a magnetic reference layer
stack and a tunnel barrier between the magnetic sensing layer and the magnetic reference
layer stacks. In the absence of an external magnetic field, the magnetoresistive sensor is
configured such that an exchange bias pinning the reference layer lies along a reference
direction, an exchange bias pinning the sensing layer lies along a first direction that is
orthogonal to the reference direction, and the magnetic anisotropy of the sensing layer is
parallel to the first direction. The combined action of the magnetic anisotropy and sensing
layer exchange coupling creates a well-defined direction along which the free layer rests in
the absence of an external field. Under the influence of a magnetic field along the reference
direction, the sensing layer magnetization rotates smoothly and uniformly. Thus, a high
quality linear response can be achieved with no shape anisotropy [14].

The stacks consist of 464 magnetic tunnel junction (MT]) elements connected in a series
to minimize the 1/ f noise of the sensor [15]. The size of each MT] sensor is 40 x 40 pm,
while electronic pads are 200 x 400 pm and separated by 250 um. The MTJ stack con-
sists of (unit: nm) 5 Ta/15 Ru/5 Ta/15 Ru/5 Ta/5 Ru/20 IrMn/2 CoFesy/0.85 Ru/2.6
CoFeyBog/MgO 2 x 41 [25 kQum?]/2 CoFeyyBy/0.21 Ta/4 NiFe/0.20 Ru/6 IrMn/ 2 Ru/5
Ta/10 Ru [16]. As depicted in Figure 1, from data measured at INL premises, the sensor
presents a short linear range (4 mT) that is adequate for applications that require high
sensitivity levels, such as vibration in motors, metallic canister detection in high speed
convey belts, among others. The remaining specifications of the MT] sensor are:

*  Bias voltage between 0 V and 54 V;
e  Bias current: 156 pA;
¢ Output voltage: 223 V output voltage/1 V bias voltage/1 T magnetic field.
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Figure 1. Measured resistance variation of the magnetic tunnel junction (MTJ) sensor with mag-
netic field.
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2.1. Printed Circuit Board

For the purpose of this investigation, four MT] sensors were etched in a full Wheat-
stone bridge die structure to compensate for thermal drift and other effects. When an
external magnetic field is applied normally to the side of the sensor, the magnetization
vector will rotate and change the angle 6. This will cause the resistance value to change
and produce a voltage output variation in the Wheatstone bridge. This change is directly
related to the angle of the current flow and the magnetization vector. Two bridge dies were
mounted in a Printed Circuit Board (PCB) shown in Figure 2c (the bridge dies are located
on the opposite side). In each square from Figure 2b, there are two series of MT]Js, one for
each bridge, with the reference layer (RL) in the same direction:

e  Top left, the RL is up;

e  Topright, the RL is down;

e Bottom left, the RL is left;

e  Bottom right, the RL is right.

With this arrangement, the top elements are sensitive to the Y direction, while the
lower elements are sensitive to X direction. Thus, both bridges are sensitive to X and Y
directions of the magnetic field. The PCB was designed with several connection points,
or jumpers, to facilitate individual characterization of each MT] sensor from the bridge
arms. This is a useful technique to understand the bridge offset.

(a) PCB footprint with jumper location. (b) PCB testing connections for one bridge.

(c) Picture of the lower side with jumper inserted.

Figure 2. PCB of the magnetoresistive sensor.

From Figure 2b, the pins of the top half are connected to one bridge and the bottom
half to the other bridge. All jumpers must be removed to measure the isolated elements
(MT] resistance). As an example, if the measurement is done between pins:

U 1,3 and 1,4: Resistance 1 is measured;
e 2and 2,3: Resistance 2 is measured;
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e 1,3 and 2,3: Resistance 3 is measured;
e 4 and 1,4: Resistance 4 is measured.

The same approach can be followed to the bottom part of the board to measure the

resistance of isolated element from the other bridge.

From Figure 2a, when a jumper is placed in the leftmost upper jumper, the top bridge
is formed. On the other hand, if a jumper is placed on the leftmost lower jumper, the bottom
bridge is formed. To measure the bridges, the horizontal jumpers, on top of the horizontal
white stripes, should be placed. If the vertical jumpers are disconnected, on top of the
vertical white stripes, each bridge needs an input signal, and if they are connected, the
input signal is shared. The output signal of each bridge is accessed between pins 2,3 and

1,4, where the word “out” is written under them.

2.2. Acquisition Circuit

The block diagram of the acquisition circuit is presented in Figure 3. The output
voltage of the sensor bridge was input to an amplifier circuit based on AD8429 (Analog
Devices, Inc., Munich, Germany) after a 128 gain amplification. Finally, a 24-bit analogue-
to-digital converter AD7193 (Analog Devices, Inc., Munich, Germany) with a sampling rate
of 4.847 kHz is used for data acquisition and further analysis. The final implementation
in a PCB is prepared to work as an Arduino shield, responsible for data communication
with a computer or other microcontrollers (Raspberry Pi or similar), via WiFi, SPI or

USB interfaces.
- Low  © 2.5V analog
8 single-ended Pass 24 b|ts ADC ;'efefenoe
channels
(4 differential
channels) FUNCTIONAL BLOCK DIAGRAM 3.3V digital
v AGMO DV, DGND  REFNVe) REFNM supplv
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Figure 3. Block diagram of the magnetoresistive sensor circuit.

Arduino O))) WiFi Interface

| SPI Interface

The physical implementation of the circuit in a PCB board is depicted in Figure 4.

Each section of the board is enumerated and described as follows:

1. Communication cable, for programing the microprocessor and retrieving measure-

ment data;

Power cable or batteries (between 7 V and 15 V);

MT] sensor that measures the magnetic field;

Analog to digital converter with 24 bit resolution;

Power supply for the MT]J sensor, ADC and microcontroller (Arduino);
Microcontroller Arduino for collecting data, computing and web server;
WiFi and Bluetooth communication SoC, to send data wirelessly.

NG LN



J. Sens. Actuator Netw. 2021, 10, 22

6 of 15

Figure 4. Physical implementation of the magnetoresistive sensor circuit.

3. Experimental Setup

The experimental setup is composed of an induction motor with variable speed, via a
frequency converter. The motor shaft is directly coupled (rigid coupling) to an adjustable
load, on which different faults can be emulated, such as misalignments and eccentricities
on the motor shaft faults in roller bearings. By manually adjusting the relative position of
the load with the motor shaft axis, unbalance and different misalignments can be emulated:
angular misalignment, parallel misalignment, or a combination of both. Table 1 presents
the maximum allowable defects with the experimental setup.

Table 1. Maximum defects allowable with the experimental setup.

Rotor Body Defects Maximum Value
Unbalance 0.06 kgm
Parallel misalignment 3mm

Angular misalignment 2.5°

The specific equipments that are used in this experiment are:

Motor drive A frequency converter from GUNT Hamburg.

Tachometer An inductive sensor from FESTO, and associated display electronics, to mea-
sure the rotation speed of the motor (rpm).

Electric motor A motor from Industrie Elektronik (typ. LGHA 63) whose characteris-
tics are:

Power input P =0.2 kW,
Motor speed n; = 3000 rpm;
Voltages U,/U; =160/200V;
Currents 1,/1;=1.6/0.22 A;
S¢ 1.0;
IP 44.
where U, refers to the terminal armature voltage, Uy is the field excitation voltage, I, is the

terminal armature current, I; is the field excitation current, S; is the Service Factor and IP is
the Ingress Protection index.



J. Sens. Actuator Netw. 2021, 10, 22

7 of 15

3.1. Accelerometer Setup

Besides the generic equipment described in the previous section, the specific equip-
ments that are used in this experiment are:

Piezoelectric accelerometer: Itisa one-axis accelerometer—DYTRAN model 3134D, Madrid,
Spain—which operates with a sensitivity of 500 mV/g.

ICP:® signal conditioner Itis the model 482A21 Line Powered Signal Conditioner from
PCB Piezotronics (Madrid, Spain). This unit provides constant current excitation to
the built-in transducer amplifier and decouples the signal from the DC bias voltage.

ADC: Itis a NI DAQ 6008 device from National Instruments (Lisbon, Portugal) for con-
nection to a USB port. Its function is to digitize and serialize incoming analog signals
so that the computer can interpret them.

PC: Computer running LabView software to process, store and visualize data.

The accelerometer was installed on three different locations of the ball bearing struc-
ture to measure vertical, horizontal and axial vibrations, as shown in Figure 5. The ac-
celerometer was fixed using bee wax to ensure a good energy transfer and to minimize
spurious effects and damping.

Figure 5. Motor load with 3 locations for fixing the accelerometer for vertical, horizontal and
axial measurements.

Once all the previous connection is complete, a LabVIEW application was pro-
grammed to acquire data from NI DAQ 6008, as shown in Figure 6. For that case, the ac-
quired signal must be configured as an analog input (voltage). Since the accelerometer has
a sensitivity of 500 mV /g and the NI DAQ device provides a voltage signal that needs to
be converted in acceleration, we used the following conversion:

1g  9.8m/s?

_ - 2
Vinput (AR P Acceleration(m/s”) 1)

Afterwards, the acceleration output is integrated to give a proportional velocity signal
and filtered by a lowpass filter with a cutoff frequency of 5000 Hz, half of the sampling
frequency of the NI DAQ 6008 device. From the resulting FFT, the RMS velocity value is
stored in a text file for subsequent analysis. Due to the sensitivity of the accelerometer,
and according to Equation (1), the scale factor applied to the acquired signal must be
2x9.8=196.



J. Sens. Actuator Netw. 2021, 10, 22 8 of 15

»
»
g - 4
v

> )

Write To

it Measurement
| |RMS

f Y . File2

» ¢ 4 -

‘ ..% M .Ifw Spectral Signals

< f [ ] i E Measurements )
DAQ Assistant (Sume[?hi]) " N Signals @

data »__ Signals Filkeer FFL;;S:’E‘) i
Result Signal 1

Filtered Si%nal b pm—————

Velocity Spectrum

:

Amplitude and
Level
Measurements
Signals
RMS —

b

v rms {mfs)

»
'
> v
== > I”
b
‘write To
Measurement File

» Signals

Time Signal

Figure 6. Extract of the software program, developed in LabView, for acquisition, processing,
visualization and storage of the signal.

Before conducting any measurements, the accelerometer was calibrated using a hand-
held shaker from PCB Piezotronics, Madrid, Spain—model 394C06 [17]. The shaker consists
of an electromagnetic exciter, driven by an oscillator at a frequency of 159.2 Hz. A small
accelerometer provides a servo feedback to maintain a constant vibration level of 1 g. This
enables accelerometers with masses up to 210 g to be excited without their mass influencing
the reference level. The accelerometer in use weights 48 g, well below the limit imposed
by the manufacturer. The accelerometer was screwed to the shaker’s head, as shown in
Figure 7a, and the resulting signal acquired. The resulting spectrum in Figure 7b shows a
predominant spectral line with a peak at frequency 158.96 Hz, a 0.15% deviation compared
to the shaker reference frequency (159.2 Hz).

The fit of the shaker signal

40

X:158.958
=45 Y:-42.603

-60 —

Shaker ON
Shaker OFF

-70

T T T T T T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700
f (Hz)

(a) Calibration setup. (b) Spectrum measurements.

Figure 7. Accelerometer calibration setup and spectral results.

3.2. Magnetoresistive Sensor Setup

For each measurement with the magnetoresistive sensor, a magnet was fixed to the
structure of the motor load represented in Figure 5 in the same locations that the accelerom-
eter was fixed. The magnet works like an amplifier, or transducer, and locally generates



J. Sens. Actuator Netw. 2021, 10, 22

9of 15

a magnetic field correlated with vibrations in the mechanical structure of the motor. The
variations in the magnetic field are captured by the magnetoresistive sensor, electronically
processed and spectrally analyzed. Besides mechanical vibrations caused by mechanically
induced unbalance and/or misalignments, other spectral components caused by the elec-
tromagnetic field generated from the stator circuit of the motor can also be captured [18].
The magnetoresistive sensor was placed close to the magnet at approximately 30 cm, for vi-
bration measurements in horizontal (Figure 8a), vertical (Figure 8b) and axial (Figure 8c)
axes. During each measurement, the signal was acquired and sent to a computer for storage
and analysis. Besides the motor and variable current drive, the specific equipments that
were used in this experiment are:

Magnetoresistive sensor circuit: Sensor and conditioning circuit with USB output (Figure 4).

PC: Computer running a serial port acquisition software (CoolTerm [19]) to capture and
store raw data from the USB port.

3.3. Vibration Measurements

Vibration measurements were acquired in axial, horizontal and vertical directions,
and for three rotational speeds: 750, 1500 and 2250 rpm, as described in Table 2.

Table 2. Measurements campaign.

Direction Velocity (rpm)
Measurement 1 Axial 750
Measurement 2 Axial 1500
Measurement 3 Axial 2250
Measurement 4 Horizontal 750
Measurement 5 Horizontal 1500
Measurement 6 Horizontal 2250
Measurement 7 Vertical 750
Measurement 8 Vertical 1500
Measurement 9 Vertical 2250

For all measurements, the motor load was adjusted with an unbalance of 0.007 kg m,
a parallel misalignment of 0.8 mm and an angular misalignment equal to 0.23°. For each
measurement campaign, the information gained from the vibration signals is stored in a
computer and converted into frequency domain by processing an FFT. The parameters for
collecting vibration signals are given in Table 3.

Table 3. Parameters for vibration measurement.

Accelerometer Magnetoresistive Sensor
Number of averages 5 10
Sampling frequency (kHz) 10 4.847
Window type Hanning
Overlap (%) 75

We have applied a windowing function (Hanning window) and time overlap to
the time samples, to avoid loss of information due to attenuation at the window edges
when processing the FFT. Both sensors are using individual setups to acquire signals and
convert them to a digital format, with different sampling frequencies. As such, the signal
generated from the accelerometer was downsampled to the same sampling frequency as
the magnetoresistive sensor signal, to accommodate cross-correlation calculations between
signals in Section 4.
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(a) Setup for the vibration measurements on the horizontal axis.

ars

\ SN | \

(c) Setup for the vibration measurements on the axial axis.

Figure 8. Experimental setup with the magnetoresistive sensor measurement on three axis.
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Vibration Velocity (Scaled)

Vibration Velocity (Scaled)

4. Results and Discussion

Spectral analysis was applied on the vibration velocity of the motor load, using two
sensors consecutively. The measurements followed the specifications from Table 2. As an
example, the spectrum measurements on the vertical axis are presented in Figure 9 for a
frequency range between 10 Hz and 180 Hz. This range was selected due to high spectral
lines density related to the low frequency signatures, usually found in motor vibrations.
The vibration velocity u of the signal’s spectrum was also normalized, (|u/max(u)|) to
simplify visual inspection.

The measured signal is strongly structured with a large number of low-range spectral
components (consistent with what is expected for the mechanical movements of the various
components of the motor). The appearance of main components at 12.5 Hz, 25 Hz and
37.5 Hz can be noticed, for both sensors, at Figure 9a—c for 750 rpm, 1500 rpm and 2250 rpm,
respectively, which is consistent with the rotation velocity of the motor (v;ps = vypm /60).
Other spectral components, multiple of the rotational frequency, are also noticeable, in par-
ticular in Figure 9a. The same results are also present from the measured signal on the
other two axes (horizontal and axial).

ive Sensor

Magnetoresistive Sensor

Vibration Velocity (Scaled)
3

i

40

(a) Measurement 7 (750 rpm).

60

80
Frequency (Hz)

100 120 140 160 180 [ 20 40 60 80 100 120 140 160 180
Frequency (Hz)

(b) Measurement 8 (1500 rpm).

Magnetoresistive Sensor

Sensor

Vibration Velocity (Scaled)

.

56 e vy
LU0 Y —

40
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(c) Measurement 9 (2250 rpm).

100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
Frequency (Hz)

(d) Measurement with motor halted (0 rpm).

Figure 9. Spectral analysis of velocity vibrations on the vertical axis at (a) 750, (b) 1500, (c) 2250 rpm and (d) motor halted.
Full line: magnetoresistive sensor; dashed line: accelerometer.
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As with the accelerometer, the signal captured by the magnetoresistive sensor is
strongly structured at multiple spectral lines, containing information related to the mechan-
ical movement of multiple moving parts, mechanically coupled to the structure and the
magnet. Besides the spectral lines related to the movement and vibrations of mechanical
parts, the results show that the magnetoresistive sensor is also particularly sensitive to
spectral components at the supply frequency, 50 Hz. This is visible in Figure 9a. Therefore,
the magnetoresistive sensor can detect vibration movements and magnetic field variations.
This corroborates the results with the same sensor when it was tested with industrial
equipment on the shop floor to detect vibration signals [20]. In relation to this work, it can
be seen in the spectrum from Figure 9, that there are signal peaks at the frequency of 100 Hz;
therefore, in a spectrum analysis in electric motors, it is known that there are always signal
peaks at the frequency of 100 Hz, resulting mainly from the magnetic interaction between
the rotor and the stator. Regardless of the number of motor pole pairs, this phenomenon
occurs. It is inherent in all induction motors. However, the focus in this work is related to
the comparison of measurements between two types of sensors. The presence of a magnet
may affect the magnetoresistive sensor measurements, but the sensor responds correctly to
the vibration measurements, and this point gives us support to continue with additional
experiments with magnetoresistive sensors for vibration measurements.

Considering the accelerometer as a reference, we select a metric that can measure the
performance of the magnetoresistive sensor. The Pearson product-moment correlation
coefficient cy, is computed as a measure of similarity between spectral signatures from
both sensors,

PRI
T TN 2y N2
\/Zi:O X Li—o Vi
where N is the number of spectral samples, x; and y; are the vibration amplitudes of the
spectral components from the magnetoresistive sensor and the accelerometer, respectively.
Figure 10 shows the results, where 0 means no correlation and value close to 1 means a
strong association between results. Considering 0.5 as the threshold for both signals to be
correlated, the majority of the measurement have passed the correlation test. The presence
of noise, combined with the high sensitivity of the magnetoresistive sensor to particular
spectral components, can justify the fact that no measurement attained a cross-correlation
close to 1. Considering the results for each axes, the rotational speed does not seem to have
a direct influence on the correlation results. The good correlation results from the vertical
axis, with values between 69% and 73%, may be explained by the type of support used to
fix the magnetoresistive sensor, independent of the experiment table where the engine is
located, and unaffected by the vibrations caused from the motor rotation. The vibrations of
the setup table may have negatively influenced the measurements on the horizontal and
axial axes, since the magnetoresistive sensor was installed on the same setup table as the
motor, as shown in Figure 8a,c.

Another important aspect that influenced the results is noise. From the experimental
results, we propose two options to mitigate the influence of noise in magnetoresistive
sensor measurements and increase the cross-correlation values: one related to external
influences and another to internal parameters of the magnetoresistive sensor device.

One approach is to mitigate external interferences, using electromagnetic shielding of
the sensor outside the direction for which the measurement is made, and taking measure-
ments as far as possible from sources of strong electromagnetic radiation, usually found in
factory shop floors, such as high voltage cables or high power luminaires.

Another approach is to adjust specific parameters from the electronic circuit that
captures the signal of the magnetoresistive sensor. It can be adjusted and fined tuned to
capture the spectral components and discard lower power spectral components generated
from the motor vibrations. However, this option could discard useful information regarding
specific spectral components, with relatively low power. Filtering the signal conveniently,
removing the outer components from the spectral window under analysis (software or

@
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hardware) is, in our opinion, the preferred option. According to the standard ISO 20816-1:
2016 [21], most of the useful information is spectrally ranged between 2 Hz and 1 kHz,
such as spectral components caused by misalignment and unbalance.

o
©
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e

Py

@
Py
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o
IS

Cross-correlation coefficient,
o
2

1 2 3 4 5 6 7 8 £l
Measurement number

Figure 10. Cross correlation from all measurements: 1-3 axial, 4-6 horizontal and 7-9 vertical axes.

Comparison with Other Measurement Technigues

Other techniques to measure vibrations in induction motors are currently available,
or subject to research. They can be classified as contact or non-contact vibration measure-
ments and use different types of sensors.

Optical sensor with Fiber Bragg gratings (FBG) [22] are immune to electromagnetic
noise but require a bulky setup and a permanent contact with the motor. The microelec-
tromechanical system (MEMS) accelerometer, proposed in [23], can be reliably employed
to detect simple to complex bearing faults but is sensitive to temperature and operates over
a limited temperature range.

Other sensors are used for non-contact vibration measurement, such as the magne-
toresistive sensor. Microwave sensors [24] are very accurate but require complex software,
Phase-Locked Loop (PLL), to recover information from the reflected signal. Eddy current
sensors [25] are effective in detecting shaft static displacements, unbalance response and
misalignment, but are limited to measure vibrations from metallic objects at a very close
distance. Hall effect sensors [26] suffer from non-linear characteristic curve and the high
sensibility to environmental impacts results in a limited usability. Compared to other tech-
niques, the key benefit of magnetoresistive sensors is that they can be bulk manufactured
on silicon wafers and mounted in commercial-integrated circuit packages. This allows
magnetic sensors to be auto-assembled with other circuit and system components in a
small footprint.

5. Conclusions

Accelerometers are widespread in the industry, but due to their high sensitivity and
high level of integration, magnetoresistive sensors can be a real alternative for measuring
vibrations in industrial equipment—in particular, in cases when a contactless approach is a
requirement. However, care must be taken to improve the quality of the measurements
with magnetoresistive sensors by installing the sensor on a damped surface to prevent
local vibrations that may adversely affect the measurement process. Due to the high
sensitivity of the magnetoresistive sensors, noise can be acquired over a wide range of
frequencies, so it is essential that the acquisition systems can overcome this disadvantage
and, through well-designed filters, can select the desired spectrum range. Thus, the use of
magnetoresistive sensors to detect vibrations in the presence of strong external disturbing
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magnetic fields is only advisable if appropriate care is taken in the treatment and analysis
of the results.

This work demonstrates for a specific combination of the various failures that the
experimental setup can emulate, that it may be possible to obtain a good match between the
spectral signatures measured from the input of different types of sensors (accelerometers
and magnetoresistive sensors), and depending on the application, one can choose the type
of sensor for the most appropriate solution. Additional measurements are necessary to
compare both sensor performances when defective operations, caused by a single defect,
are emulated. Future work will include a detailed specification of the experimental setup,
for each defective operation (unbalance, parallel and angular misalignments).

This work was developed for vibration analysis in induction motors but can be easily
tested on other types of machines presented on the factory shop floor. The potential of
this type of innovative approach to data collection for predictive maintenance models
in systems will be implemented and tested, as future work, to monitor the vibrations of
refurbished industrial label loom machines as one milestone of the process to convert old,
but still operational, industrial machines into Cyber Physical Systems in the scope of the
Industry 4.0 paradigm.
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