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Abstract — The paper discusses the method for detecting
defects that may arise in the construction of ring-
shaped magnetoelectric sensors. The approach is based
on the amplitude and phase spectral analysis generated
on the sensor’s output. The defect detection is
performed using the Discrete Fourier Transform
(DFT). The experiments covered two faults, related to
the physical dislocation of the amorphous metal ribbon
around the magnetic ring. Results show that it is
possible to automatically locate particular defects in
the electromagnetic sensor based on the input-output
characteristic analysis
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I.  INTRODUCTION

Electromagnetic sensors are demanding instruments
for monitoring and diagnostics. Their state influences
readings of the measured quantity. The operating regime
of the sensor consists in presenting the AC signal-based on
the state of the magnetic field. Unfortunately, the
measurement results are affected by the physical defects in
the instrument construction, such as the geometric size of
the amorphic metal ribbon, which is the core element of
the sensor. It is then important to know the actual state of
the device (for example to be used during the sensor’s
calibration).

The sensor considered in the paper can be used for
detecting the constant components of the magnetic field,
even of the low magnitude. Its circular shape makes it also
usable for energy harvesting, which is a hot topic due to
the growing importance of the green technologies.
Multiple sensors located around the traction line of the
train or tram can be used to extract energy from the power
lines. However, their efficiency strongly depends on the
condition of each device. This justifies proposing the
diagnostics scheme allowing for the on-line monitoring of
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the actual sensor’s state.

Because of the system’s complexity, it is important to
apply the precisely crafted method, adjusted for its specific
structure and work regime. The obvious choice today is
application of the soft computing approach. There are
multiple fault identification methods for that purpose [1-
6]. Artificial Intelligence (Al)-based methods are popular
due to their high flexibility, combined with the ability to
automatically extract knowledge, required for subsequent
decision making [7, 8]. Their efficiency, however, depends
on the meticulous selection of the features that would be
extracted from the recorded signals [1].

The paper presents the diagnostic approach to
determine the defects in the magnetoelectric ring sensor,
which is the original construction of the authors. Two
scenarios were selected to show the relation between the
state of the sensor and its responses for known excitation
(i.e. known magnetic field). The fault identification is
based on the spectral analysis of the voltage induced by the
sensor as the response to the magnetic field’s strength in
the vicinity of the device.

The paper is organized as follows. In Section Il the
analysed sensor is introduced. Section Ill presents the
experimental setup (as the whole diagnostic procedure was
performed on the actual device) with the diagnostic
procedure. Experimental results are in Section 1V, while
conclusions with future prospects are in Section V.

II.  MAGNETOELECTRIC (ME) RING SENSOR

Over the years, many solutions of magnetoelectric
magnetic field sensors have been constructed [9-11]. In the
systems presented in [12], the voltage induced in the
sensor at the output of the piezoelectric electrodes, which
was excited by a constant magnetic field, was linearly
dependent on the measured alternating magnetic field.

On the other hand, current transducers made of ME
composites enable the measurement of AC or DC current
flowing in a conductor by measuring the AC or DC eddy
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magnetic field excited around this conductor in accordance
with the Ampere’s law. The magnetic field’s strength
depends on the value of the current I in the conductor and
the distance r from this conductor.

H =1/2nr, @)

Therefore ME ring laminates are essential for electrical
current sensors [13, 14]. For example, in a ring electric
current sensor was presented, which reacts to an eddy
magnetic field. The sensor’s design was based on an
axially polarized PZT ceramic ring, sandwiched between
two circumferentially magnetized composite rings
composed of an epoxy resin Terphenol-D / NdFeB magnet.

The Metglas / Piezoelectric (PZT) laminates are often
used to construct such sensors [15, 16]. They form an open
or closed magnetic circuit (OMC and CMC) of various
widths (W), lengths (L) and diameters (D). Among these
geometries, CMC laminates have advantages not only in
terms of magnetic flux distribution, but also sensitivity and
independence from the position of the vortex center. The
ME voltage signal is enhanced by increasing the volume
of the magnetostrictive phase by using four layers of
Metglas metal ribbon. [16].

The sensor used to the measured DC magnetic strength
in the presented research [17] is built of a thin-walled ring
(1) made of PZT piezoelectric ceramics with a height
approximately equal to half the outer diameter (Figure 1).
The piezoelectric ceramics are characterized by high
values of the dielectric constant, piezoelectric constant and
piezoelectric voltage ratio. On the outer surface of the ring
(1) there is centrally glued amorphous ribbon (2) with a
width twice smaller than the height of the ring (1). The
ribbon (2) has a narrow magnetic hysteresis loop, thanks
to which it has low energy losses needed to remagnetize
the material. The ribbon (2) is connected to the ring (1)
used for gluing the strain gauges. The excitation winding
(3) is wound on the ring (1) combined with the strip (2).
An exciting current I is applied to the winding (3), which
creates an alternating excitation field Hs, which stimulates
the sensor to operate. A constant, measured magnetic field
Hac acts on the ribbon (2) attached to the ring (1), which
causes a magnetostrictive deformation in the ribbon (2)
which is transferred to the piezoelectric ring (1). As a result
of the influence of the Hg. field on the electrodes at the
edges of the ring (1), the voltage Ug is generated,
proportional to the value of Hqc, and the comparison of the
field with the measured voltage Uqc is the measurement
result [17, 18].

During the tests of prototypes, it was found that due to
the aging effects the air gap between magnetostictive
metall ribbon and piezoelectric emerges. The second
problem is the occurrence of the magnetic hysteresis loop,
which is the defect, degrading, for instance the energy
harvesting efficiency. To detect both types of faults, the
diagnostic procedure was proposed.
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Fig. 1. Diagram of the magnetoelectric magnetic field sensor
used during the research [17]

I1l.  EXPERIMENTAL SETUP

The measuring system for analyzing the sensor output
voltage is shown in Figure 2. It consists of: the pickup coil
producing an exciting magnetic field of the analyzed
device, magnetoelectric ring sensor and the digital
measuring system. The exciting field is driven by the
current generator working at 1kHz (which is the standard
frequency for testing material properties of such sensors,
including relative dielectric constant and dielectric
dissipation factor [19]). The output signal from the sensor
is a function of the measured constant magnetic field Hye.
It is processed by the measuring system containing the
digital oscilloscope DS1054Z and TDS1002B connected
to the PC [20].

The system allows for the visualization of the
magnetoelectric field sensor characteristics. These system
enable evaluating U, in the function of the measured
constant magnetic field Hy with additional value of H,
function:

H; = U, " sin(wt), 2)
where U, is proportional to the amplitude of the current
created in the magnetic field control system.

The following testing scenario was proposed. The
sensor is excited with the alternate magnetic field H; of
known magnitude and direction. The voltage induced by it
is then recorded and processed by the diagnostic module.
Based on the symptoms extracted from the signals in time
and frequency domain, the size of the gap is evaluated
through the DFT-based module. The signal processing
software was prepared in the Python language.

To determine the state of the sensor (and detect the air
gap), the recorded voltage patterns are processed in order
to find the features, being either the characteristic points in
the sinusoidal pattern, or harmonics in the spectrum.
The DFT analysis was used to find the differences in the
output waveforms from the sensor. Comparison of spectra
is done through generation of the residual pattern being the
difference between the nominal and actual vectors of
spectral samples. Though the defect is also visible in the
time domain, for the automated procedure it is easier to
perform operations on spectral samples (assuming
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identical DFT parameters through the whole operation).

Currently the proposed approach treats faults as
catastrophic, i.e. changing the topology of the sensor. In
the future, when more devices will be constructed and
more defects generated, it will be possibile to introduce
parameteric faults, where each defect will have different
intensity, also detectable.

Measuring
constant
magnetic field |

Filter / Lock-in
amplifier

Sensor

Y Digital
oscilloscope

U/I converter

Arbitrary
generator
Computer

Magnetic field control system -
Fig. 2. Schematic block diagram of the measuring system.

IV. RESULTS AND DISCUSSIONS

The experiments were conducted using multiple
sensors of identical design, differing in geometrical sizes.
Parameters of the tested prototypes are presented in Table
1. Their geometrical sizes are significantly different and
were selected to demonstrate two problems found in the
prototypes. In the P1 sensor there was the air gap that
occurred after a couple of months of the device operation.
In the sensor P2 the hysteresis loop emerges, which is
considered an unwanted effect, as it makes taking
measurements more difficult. The procedure operation is
illustrated in subsequent figures, though in the practical
application only the result of the processing is given to the
user (i.e. information about the state of the sensor).

Table 1. Parameters of the tested prototypes

outer inner ring amorphous
sample| diameter, | diameter | height, | PZT orP
ribbon
[mm] [mm] [mm]
P1 78 64 35 K2 Fe7gB13Si9
Metglas
P2 24 20 15 | PZ227 2605Co

A. Prototype Pl

This prototype consists of a K2 piezoelectric ring by
Cerad and 1 coil of amorphous ribbon glued to the outer
diameter of the piezoelectric ring. To demonstrate the fault
detection procedure, first its nominal operation is
presented (Fig. 3 to 5), then the faulty state is illustrated
(Fig. 6 to 8).

Fig. 3 shows the recorded excitation field Hs (green
pattern) and the corresponding output voltage Uqu (red
pattern). Fig. 4 shows the amplitude spectrum of the Uqu
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output signal, while Fig. 5 presents its phase spectrum. The
output waveform from the sensor was reconstructed by
summing up the sinusoids with amplitudes equal to the
harmonic values for individual frequencies, taking into
account their phase shifts. This was to check the
correctness of the applied DFT algorithm. The energy of
the correct signal is located in the low part of the spectrum
(below10 kHz), there is no hysteresis visible, though the
high-frequency components of low magnitude can be
observed (at tens or even hundreds of kHz). The phase
spectrum is uniform for all frequencies.

7

. Hs
+ 100<Uaut

Amplitude [V]

-2t

oo 10 1 2.0 25 EX)

,Time [ms]

Fig. 3. Voltage waveform in the sensor’s output from prototype
P1 before the defect (nominal state).
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Fig. 4. Amplitude spectrum from voltage waveform in the

sensor’s output from prototype P1 before the defect (nominal
state).

In the case of the fault, the air gap is present, which
changes the signal, both in the time (Figure 6) and the
frequency domain (Figure 7 and 8). The red-coloured
sinusoidal pattern obtains now medium frequency
component, added to the waveform and independent of the
high frequency noise (which is present even in the nominal
state). A better view of the change is in the amplitude
spectrum, where additional components of relatively high
energy are present at around 14kHz. On the other hand,
though the phase spectrum also bears the difference from
the nominal pattern, its interpretation is more difficult and
should be investigated further.
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Fig. 5. Phase spectrum from voltage waveform in the sensor’s
output from prototype P1 before the defect.
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Fig. 6. Voltage waveform in the sensor’s output from prototype
P1 during the defect manifestation.
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Fig. 7. Amplitude spectrum from voltage waveform in the

sensor’s output from prototype P1 during the defect
manifestation.

Figure 9 shows the difference in harmonic values of the
undamaged sensor from the damaged one. Initial changes
with the opposite sign result from the inaccuracy of the
method and measurements in two different laboratory
rooms. At the particular range of frequencies there are non-
zero values, indicating fault of the sensor.
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Fig. 8. Phase spectrum from voltage waveform in the sensor’s
output from prototype P1 during the defect manifestation.
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Fig. 9. Differential Amplitude spectrum from voltage waveform
in the sensor’s output from prototype P1 during the defect
manifestation and without dfect.

B. Prototype P2

The P2 prototype consists of a PZT 27 ring and 1 coil
of amorphous 2605Co ribbon glued to the outer diameter
of the piezoelectric ring. In this case the problem is the
hysteresis loop that is visible even in the single
measurement in the time domain. Fig. 10 shows the
recorded waveforms of the Hs excitation field and the
output voltage Uow. The red envelope is the unwanted
effect that emerged after utilization of the device.

Fig. 11 shows the amplitude, while Fig. 12 — phase
spectrum of the Uqy output signal. Again, Fig. 11 is the
most informative, as multiple frequency components
between 14 and 150kHz are present. Unfortunately, the
phase is difficult to interpret and is less different from the
nominal state than in the case of the air gap.

Based on the conducted experiments it is visible that
the spectral analysis of the sensor’s output voltage is the
useful tool for detecting selected defects in the device. The
proposed approach is semi-automated, i.e. the residual
spectrum is obtained automatically, but the decision about
the state of the sensor must be made manually, by the
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human expert. Besides, the spectrum-based approach is
best suited for analysing the time-invariant signals, as
short and abrupt changes will not be visible.
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Fig. 10. Voltage waveform in the sensor’s output from prototype
P2 during the defect occurrence.
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Fig. 11. Amplitude spectrum from voltage waveform in the
sensor’s output from prototype P2 during the defect occurrence.
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Fig. 12. Phase spectrum from voltage waveform in the sensor’s
output from prototype P2 during the defect occurrence.

After additional research it is expected to produce
knowledge (for instance, in the form of rules) that would
help to automate process. Application of Al-based
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approaches requires more data for machine learning, i.e.
more sensors and measurements.

V. CONCLUSIONS

The conducted research shows the potential of the
spectral analysis to determine the actual state of the
electromagnetic sensor. It may be used to periodically test
devices in order to determine whether they are wearing
out. Experiments on two prototypes with two different
defects show that the fault is visible in higher frequencies
of the amplitude spectrum (which is the easiest for the
automated extraction of features to create the residual
signal). In the case of the sensor P1 the problem suffered
from possible aging effects of the adhesive. Where the glue
aged faster, an air gap was created between the
piezoelectric ring and the amorphous ribbon. In the P2
prototype a wide magnetic hysteresis loop manifests. The
analysis phase spectrum leads to ambiguous conclusions
and should be focused on in the incoming works.

The next step of the research will be implementation of
the Al-based approach to perform the whole diagnostic
procedure automatically. For that purpose more devices
must be assembled with different defects of the varying
intensity. This way it will be possible to train the classifier
based on multiple examples (spectral components
extracted from measured signals). We have to use the
following classical neural networks (NN), including
multilayer perceptrons (MLP) or deep neural networks
(DNN) as well Clasiffication Trees [2, 21].
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