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Abstract In this paper, we report the fabrication of a rare-earth free current
sensor based on a PZT/NiCoZn-ferrite magnetoelectric (ME) trilayer composite
disk. To improve the sensitivity of the sensor, the structure uses an in-plane series
connection, which increases the ME voltage by two for a fixed volume. Then,
we propose a full characterization of the sensor : electrical modeling, low and
high frequency limits, sensitivity, linearity, distortion and resolution. The device
is also evaluated under sinus, square, and triangle waveform currents, which are
excitation signals commonly used in the field of electrical engineering. The current
sensor shows high current sensitivity (90 mV/A), good linearity from 0.001 A to
30 A and low added impedance (0.01 ) in a frequency range of 10 Hz-30 kHz for
a very compact structure (4 cm®). It also exhibits a high resolution of 1 mA (for
a 1 A peak signal) and good stability.
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1 Introduction

The magnetoelectric (ME) effect is defined as the variation of the electric po-
larization induced by an applied magnetic field. In magnetoelectric laminated
composites, the magnetoelectric effect is due to the magnetic-mechanical-electric
transform, induced by the mechanical coupling between a magnetostrictive and a
piezoelectric layer. To enable the piezomagnetic behavior of the magnetostrictive
material, the magnetic layer needs to be polarized by a DC magnetic field with a
superimposed AC field [1].

Recently, the progress made in the field of magnetoelectric (ME) laminate
composites allows potential high performance applications such as magnetic field
sensors [2-5], current sensors [6-16], gyrators [17], filters [18] and more recently,
memory devices [19-23]. In the field of current sensors, magnetoelectric composites
show many advantages : (i) high performances, (ii) low cost, (iii) power supply free,
(iv) galvanic isolation and (v) simplified electronic circuits [24].

Different types of magnetoelectric AC current sensors have been reported in the
literature. In case of current sensor for electronic device applications, the main goal
is to obtain high performances sensors (sensitivity, linearity, resolution) with large
frequency bandwidth. This was achieved in ring-type sensor [6,7], slice-type sen-
sor [11] and packaged current sensor [8,9]. However, all these sensors use rare-earth
elements as magnetostrictive materials which are either Terfenol-D or Samfenol.
Currently, one of the biggest challenge in magnetic materials is to find reliable
substitutes to rare-earth elements, because of their potential supply risk [25]. Re-
cently, we have demonstrated that NiCoZn-ferrite (NCZF) has great potential to
replace Terfenol-D for magnetoelectric purpose [12,13,26].

In this study, a current sensor based on a NCZF /PZT /NCZF trilayer compos-
ite disk is proposed. This structure was chosen because of its ease of fabrication
and good magnetoelectric performances in spite of being rare-earth free [26]. More-
over, the magnetoelectric composite is here modified in order to use the in-plane
series connected structure (see in Fig. 1). This connection was recently used by
Fang et al. in Metglas/Mn-doped PMNT fibers laminate composite to reduce the
magnetic noise in magnetoelectric magnetic field sensors [2]. They also reported a
significant enhancement of the ME voltage with such structure. In this work, the
in-plane series connection is used to enhance the ME voltage of the composite,
which permits to increase the sensitivity of the sensor for an unaltered volume.
Here, the magnetic excitation field (image of the current to be measured) is pro-
duced by a coil connected in series with the measured signal. Due to the high
sensitivity of our composite, this coil is composed of a unique turn. Hence, the
perturbation induced by the sensor in the measured current is expected to be of
little influence, because of the low impedance added by a one-turn coil. On the
other hand, this setup results in a capacitance Cy of the ME composite four times
lower (surface divided by two and two capacitance connected in series), which ex-
tend the low frequency limit because ME composite acts like high-pass filter in
quasi-static mode [27]. The final structure of the sensor is obtained by placing
the ME composite between two flat permanent magnets in parallel configuration,
which produce the magnetic polarizing field. Strontium hexaferrites magnets were
chosen because of their many advantages : (i) low cost, (ii) ease of fabrication, (iii)
high resistivity (no eddy-currents), (iv) ease of polarization, and (v) rare-earth
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free. The sensor is then tested under three different electric signals (sinus, square
and triangles) to fully explore its potential.

The paper is organized as follows. In Sec. II, the fabrication process of the ME
composite is presented, as well as the sensor manufacturing. In Sec. I1I, the benefit
of using in-plane series connection is highlighted compared with basic trilayer
composites. Also, the magnetic field homogeneity produced by the two magnets
in the ME composite area is verified by numerical calculation. Then, the sensor is
fully characterized : electrical modeling, sensitivity, low and high frequency limit,
linearity, distortion and resolution. Finally, the sensor presented in this study is
compared with the ones previously reported in the literature.

(a) Basic Connection (b) In-Plane Serie
Connection

VME

Fig. 1 (a) Basic trilayer ME composite and (b) ME composite with in-plane series connected
structure.

2 Experimental methods
2.1 Fabrication of the magnetoelectric composite

Nano-sized grains ferrite disks of composition (Nig.973C00.027)0.875Zno.12504 (NCZF)
were produced by a reactive-sintering using Spark Plasma Sintering (SPS) method.
This method allows to obtain high dense ceramic pellets with nanosized grains in

a few minutes [28,29]. The process was described in details elsewhere [26]. The
obtained disks (diameter: 10 mm, thickness: 2 mm) were fully re-oxidized by an
annealing at 1000 °C for 1 h in air. By means of silicon carbide paper, the thickness
of the disks were reduced to 0.25 mm each. The PZT disks have been purchased
(PZ27 from Ferroperm, thickness: 1.3 mm, diameter: 10 mm). To make basic tri-
layer structure, the PZT is pasted between the two ferrite disks using silver epoxy
(Epoteck E4110), and the final trilayer is sketched Fig. 1 (a).

To make a structure with in-plane series connection, one needs to cut along the
diameter direction one ferrite and one PZT disks. This was done using a diamond
saw (Strueurs Secotom), getting two halves of a ferrite and PZT disks. The two
PZT half disks were pasted on a complete ferrite disk and mounted in antiparallel
polarization direction with series connection. Lastly, the two half ferrite disks
were pasted with the conductive epoxy on the two PZT half disks. Figure 1 (b)
illustrates the structure of the ME composite. The groove that separates the two
PZT parts was filled by insulating epoxy to enhance the mechanical strength. The
differential ME voltage is measured between the two top electrodes of the two half
PZT disks.
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2.2 Fabrication of the sensor

Due to the high permeability and the low demagnetizing field of thin soft ferrites,
it has been shown that these materials require low optimum DC magnetic fields to
polarize the ME composite [26]. The low DC field working point can be achieved
by different magnet setups. Among them, we have chosen a structure in which
the ME composite is inserted in the gap between two flat magnets in a parallel
configuration (see in Fig. 2). Commercial strontium ferrites (textured but non-
polarized) were cut in parallelepiped shape (18 x18x2.5 mm®) and polarized under
a DC field to reach the optimum bias DC field.

The ME composite was then inserted in a one turn coil made with a copper
strip (10 mm width, 0.1 mm thick) wounded around a plastic sleeve (see in Fig. 2).
The produced AC magnetic field has its main component in the direction (1) of
the ME composite (see in Fig. 1) and the coil is roughly as long as it is wide
(~ 10 x 14 mm?). The coil produces a magnetic field of 0.1 mT when a current of
1 A is injected. The ME composite with its coil is placed in the gap between the
two permanent magnets allowing a very compact structure (4 cm?®). A photograph
of the final prototype is given in the inset Figure 2.

‘Magnets

composite

Fig. 2 Photograph of the three different components of the current sensor before assembly
and after assembly in the inset.

2.3 Measurement procedures

To characterize the magnetoelectric composite, the magnetoelectric coefficient is
measured as function of a continuous magnetic field Hpc produced by an electro-
magnet applied in the direction (1) of the trilayer magnetoelectric sample. A small
external AC field is superimposed in the same direction (1 mT, 1 kHz) produced
by Helmoltz coils (see Fig. 1 (b)). The magnetoelectric voltage is then measured
with a lock-in amplifier (EG&G Princeton Applied Research Model 5210) having
a high input impedance of 100 M.

Regarding the sensor, electrical characterization is made using a Keysight
E4980A Precision LCR Meter. To characterize the sensor at high frequency, the
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Table 1 Characteristics of the reference sensor TPC312 (probe) w/ TCPA300 (amplifier).

Bandwidth Rise Low and High Max. RMS Accuracy
Time Current Sens. Current

DC-100 MHz <35ns 1land10A/V 35and21.2A +1%

current to be measured is provided by a power amplifier (NF-HAS-4181) loaded by
a 4 Q power resistor. For high magnitudes of current, the signal measured by the
sensor is provided by a power amplifier Samson (SX1800) loaded by a 4 Q power
resistor. A commercial active current probe (Tektronix TCP312) is used with an
amplifier (TCPA300) as reference for the current measurement. The main charac-
teristics of this sensor are provided in Table 1 to justify its use as a reference. To
characterize the sensor, the magnetoelectric voltage is measured by a passive volt-
age probe (input impedance : 10 M) connected to an oscilloscope. The linearity
was characterized by measuring the voltage using the lock-in amplifier. The res-
olution of the sensor is measured using a HP 34401A Multimeter (6 digits) while
the signal is induced by a waveform generator Agilent 33250A.

3 Results & Discussion
3.1 Characterization of the magnetoelectric composites

In Figure 3 is plotted the ME voltage measured as function of Hpc for both
the basic and the in-plane series connected structure trilayer. The maximum ME
voltage is 0.42 V for the basic composites while it is increased almost by two for
the in-plane series structure (0.78 V). This gives a sensitivity of 0.78 V/mT to
our composite. Moreover, the optimum DC magnetic field Hp,q, required to reach
the maximum ME voltage is reduced to 8500 A/m (~ 11 mT). The corresponding
transverse magnetoelectric coefficient as; is calculated to be 567 mV/A when
normalized on the total thickness of the ME sample (1.8 mm).

The maximum ME voltages (at Hpc = 8500 A /m) were measured for different
directions of the magnetic fields applied in the (1,2) plane of the sample (see inset
Fig. 4). The AC and DC magnetic fields direction is fixed in the air gap of the
electromagnet while the sample rotates by angles 6 around the axis (3). Figure 4
shows a large dependence on 6 of the ME voltage, mainly due to the demagnetizing
effect produced by the air gap between the two half ferrite discs on the top of the
ME composite. In fact, magnetic fields applied perpendicularly to the air gap
increase the demagnetizing effect, resulting in a decrease of the internal magnetic
field, and consequently in a weakening of the ME effect. The ME composite shows
a relatively strong directivity in the (1,2) plane. The dependence on the angle
should have low impact on the sensor’s use because the composite will be oriented
in its optimal position (6 = 0) and is not supposed to move afterwards. Moreover,
this configuration should decrease the sensitivity to perpendicular magnetic field
induced by others devices, which is beneficial for our sensor.
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Fig. 3 ME voltage produced in the trilayer for basic composite (in red) and for the ME
composite with in-plane series connection (in black) as function of the applied field.
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Fig. 4 Maximum ME voltage as function of the applied AC and DC magnetic field direction.
The inset indicates the direction of the applied fields in a top view.

3.2 Homogeneity of the polarizing field for the sensor

As mentioned before, ME sensors might be attractive because of their compact
structure which implies to reduce the space between the magnets that produces
the DC field. However, without a proper managing of the device geometry, the
magnetic field crossing the ME composite can be spatially inhomogeneous, hence
compromising ME performances. To get an homogeneous field of the required
intensity (~ 11 mT) in the area of the ME trilayer, we performed numerical cal-
culations using Finite Element Method (FEM) software (ANSYS Maxwell). The
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results are presented in Figure 5. It appears that the differences in field never
exceed 1.8 mT, hence validating the geometrical structure of the magnets.

B (mT)
11.6

114
11.2
11.0
10.8
10.6
10.4
10.2
10.0
9.8

Fig. 5 Numerical calculation (FEM) of the DC magnetic field produced by two permanent
magnet (Sr hexaferrite) in the area of the ME composite. The two black arrows indicate the
direction of the remanent magnetization in the magnets.

3.3 Electrical modeling of the sensor

Piezoelectric

Fig. 6 Equivalent electrical modeling of the sensor at low frequency including the one-turn
coil (left) and the magnetoelectric composite (right) [27].

The input of our current sensor is a one-turn coil, which can be electrically
modeled by a resistance connected in series with an inductance (see left part of
Fig. 6). Here, the measured current is connected in series to our sensor, which
can hence disrupt the measured signal because of the adding impedance. Thus,
the coil needs to be optimized (size and number of turns) to ensure an impedance
as low as possible in order to minimize the disturbances in the measured signal.
The input serial inductance (L;y,) and resistance (R;y) of the coil are measured
to be 200 nH and 0.01 €2, respectively. The general impedance of the one-turn coil
(Zin, = Rin + jwLiyn) is then plotted as function of the frequency from 10 Hz to
30 kHz in Figure 7 (black line). The impedance remains almost constant within
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this range of frequency. It is known that the number of turns in a coil influences its
general impedance. To highlight this effect, the impedance of a 10 turns coil is also
plotted (red line). This coil exhibits the same active surface than the previous one-
turn coil presented, but was divided into 10 turns, hence multiplying the resistance
and inductance of the coil by a factor N? (L;, ~ 20 uH, R, ~ 1 Q). In this case,
the impedance is increased by a factor 100 (Z;5 ~ 1 Q) compared to the one-turn
coil. This results points out the importance of minimizing the number of turns
of the input coil to ensure low disturbances of the measured signal. Of course,
reducing the number of turns will decrease the sensitivity of the sensor. However, in
our case, the high ME voltage produced by the ME composite NCZF /PZT/NCZT
allows us to use a one-turn coil. Using a one turn coil should also be beneficial to
decrease the joule heating lost at currents greater than 5 A.

1 -
Vi

10 turns coil

0.1

0.01

1 1 11 I 1 1 11 I 1 1 11 I 1
10* 10? 10° 10*
Frequency (Hz)

Impedance |Z,| (RQ)

Fig. 7 Impedance |Z;,| of a coil made of 1 turn (black) or 10 turns (red) as function of
frequency. The resistance of the coil in both case is 0.01 Q.

For electrical engineering applications, the input impedance of the one-turn
coil (0.01 ) is assumed to be low enough to induce negligible perturbation in the
measured signal. Nevertheless, this impedance can be diminished by increasing the
thickness of copper foil, hence reducing the resistance value by a factor 10 or more.
Moreover, increasing the thickness will allow higher current flows, which would be
advantageous for high current sensing.

The output of our current sensor is a piezoelectric layer. According to Texas
Instruments, piezoelectric can be electrically modeled by a voltage source with a
series capacitor and resistor at low frequency (see right part of Fig. 6) [27]. The
piezoelectric loaded with a resistive charge can hence be seen as a high-pass filter
of first order. The output capacitance (Cout) and resistance (Rout) are measured
to be 197 pF and 16 k2, respectively. This impedance will mainly influence the
low frequency limit of the sensor (see Sec. 3.4) .
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Fig. 8 (a) Gain (mV/mA) and (b) Phase (degrees) of the ME current sensor measured for
frequency between 10 Hz and 100 kHz. Black circle symbols: output of the ME current sensor
connected to a 10 MQ2 passive voltage probe. Green triangle symbols: output of the ME sensor
connected to the buffer circuit. Red square symbols: output of the ME sensor connected to the
buffer circuit with a 200 M resistor connected in parallel at its input.

3.4 Low frequency limit of the sensor

The gain (amplitude and phase) of the ME current sensor was measured in a
frequency range spanning from 10 Hz to 100 kHz with a 1 A RMS current. The
results are given in Figure 8 (black circle symbols). As expected from electrical
modeling, the gain decreases at low frequency (< 200 Hz). In fact, the experi-
mental low cut-off frequency is around 80 Hz. This frequency is also determined
theoretically by the ouput impedance of the sensor, given by the following expres-
sion : fo = 1/(27Cout Rtot), where R:ot corresponds to the output resistance of the
sensor (Rout) connected in series with the input impedance of the voltage probe
(10 M€). This calculation gives a low cut-off frequency of 80.66 Hz which is in
good agreement with experimental data, hence validating the electrical modeling
at low frequency (Fig. 6).

To bypass this low frequency limit, a high impedance buffer circuit can be
added to increase the output impedance of the sensor, hence decreasing the low
cut-off frequency. The buffer circuit is sketched in Figure 9. It is based on a unit-
gain circuit made with a low-cost (J-Fet input) operational amplifier (TLO081).
The low input bias current in the non-inverter input is supplied by a bootstrap
circuit made by the diodes D1, D2, and the resistors R2, R3. The voltage at the
two diodes is much lower than their threshold voltage, and consequently, their
equivalent resistance is high. This structure permits to reach an input resistance
as high as 100 GS2. When the high impedance buffer circuit is connected to the
current sensor, the gain at low frequency measured by the passive voltage probe
remains above 0.09 V/A and the phase shift is limited (green triangle symbols
in Fig. 8). The slight rise in the gain around 10 Hz is probably due to the gain
instability of the buffer circuit at low frequency. This effect is weakened when a
200 MQ resistor is connected at the input of the buffer circuit in parallel (red
square symbols in Figure 8). Hence, at low frequency, the gain is between 0.09 and
0.1 V/A and the phase shift never exceeds 7 degrees.

10°
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V-
In RI Out
* — 6
D1 p2 | ¥ R4
—
R2

R3

Fig. 9 Electrical scheme of the high input impedance buffer circuit. R1 = R2 = 100 MQ R3 =
10 k2, R4 =51 Q, R5 =20 kQ2

3.5 High frequency limit of the sensor

At high frequency, the upper limit of the current sensor should be determined by
the resonance frequencies of the ME composite. From Figure 8, it seems that the
gain becomes non-constant from approximately 30 kHz.

2 T :
Commercial probe
15 L / 4
[ PP rm—.«-%,
1l / ]
ME sensor
g 05F B
> o
g L J
©°
> 05 B
1t 1
15— S e
2 10 5 0 5
Time (s) X107

Fig. 10 Measurement of a square waveform current of 1.5 A pk at 1 kHz. The voltage of the
ME sensor is increased 10 times for better comparison.

This upper limit can be highlighted when the current sensor is subjected
to a fast variation of current, because the resonance oscillations appear in the
ME voltage. Thus, this effect can be illustrated by applying a square waveform
signal (1 kHz, 1.5 A pk) as shown in Figure 10. The current measured by a com-
mercial probe is also plotted for comparison. The gain and phase between the
reference signal and the measured one are in agreement. However, just after the
rising edge, the ME voltage shows high frequency oscillations. This effect is zoomed
in Figure 11. These oscillations can be regarded as noise and the Signal to Noise
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Ratio (SNR) was calculated to be 40 dB. To analyze them, the Fast Fourier Trans-
form (FFT) of the ME voltage overshoots was calculated and the results are given
in the inset in Figure 11. Six main frequencies are present in the overshoot signal
spectrum.

14~ — r T T r
12+t E
14
227kHz
> 1 12 20akHz ] |
=10 168KHz \ 1
()] 08 L = -
o = 130kHz ]
° g 38.4kHz 84kHZ\
>06¢ Z6 N\ 1 1
w g(- \
= 4 ]
04 ]
: L
02} 0 ‘ |
10* 10° F requency (Hz)
0 1 1 1 1
0 1 2 3 4 5

Time (s) x10™

Fig. 11 Focus on the voltage overshoot produced by a square waveform current and its cal-
culated Fast Fourier Transform (FFT) in the inset.

To confirm these frequencies are caused by the resonance phenomenon, the
evolution of the ME gain was measured up to 500 kHz, applying a sine waveform
current to the sensor (see Figure 12). Usually, for a ME disk of 10 mm diameter, the
main resonant peak arises around 300 kHz [30,31]. Here it appears at 228 kHz,
probably because of the large volume fraction of PZT compared to ferrite and
because of the cutting of the disks. The peaks at 85 kHz, 130 kHz, 167 kHz,
204 kHz, and 228 kHz correspond to the frequencies retrieved by the FFT for the
ME voltage measuring a square signal. These frequencies should also be due to
the geometry of the ME composite, which is not a perfect disk. This confirms the
impact of the electro-mechanical resonance on oscillations induced by the voltage
overshoot. However, the peak at 38.4 kHz was not identified and its origin remains
unknown.

Nevertheless, these oscillations should not be an issue when measuring currents
in power electronic devices (e.g. static DC-DC converters or power inverters).
Indeed, such circuits are generally enough inductive to have smooth variation of
current, resulting in triangle waveform signal. The ME voltage measured for a
triangle waveform current (1.5 A pk, 1 kHz) is plotted in Figure 13. The ME
current sensor exhibits good linearity without phase shift or oscillation noise.

3.6 Linearity and distortion of the sensor

In order to study the linearity of the sensor, a sine waveform current (1 kHz)
with amplitudes varying from 0.001 to 30 A (RMS) has been applied. The results
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Fig. 12 Gain of the ME current sensor measured as function of the frequency from 10 kHz
to 500 kHz.
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Fig. 13 Measurement of a triangle waveform current of 1.5 A pk at 1 kHz. The voltage of the
ME sensor is increased 10 times for better comparison.

are given in Figure 14 (a). In the inset, we plotted the calculated coefficient of
determination R?. This coefficient was calculated to be 0.999971, showing the
good linearity of our sensor for this range of current.

Then, harmonic distortion due to the amplitude of the current was measured [3,
32-35]. The corresponding ME voltages were recorded by a digital oscilloscope
(without passing through the buffer), and the FFT was calculated. The results of
the harmonic measurements are presented in Figure 14 (b). The amplitudes of the
second (2 kHz), third (3 kHz), and fourth (4 kHz) harmonics are at least 40 dB
lower than the fundamental. Considering the three harmonics, the Total Harmonic
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Distorsion (THDg) is calculated to be less than 0.02 %. This validates the low
harmonic distortion of the sensor for this range of current.

1000 & (a) 3
— - n ~
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0.001 0.01 0.1 1 10 100 0.1 1 10
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Fig. 14 (a) ME Voltage as function of AC current at 1 kHz (RMS values) and the linearity
for the same range of current is plotted in the inset (b) Fundamental (circle), second harmonic
(square), third harmonic (star) and fourth harmonic (triangle) of the ME voltage (in dBm) as
a function of the amplitude of a sinusoidal AC current at 1 kHz.

3.7 Resolution of the sensor

To evaluate the resolution of the sensor, the ME voltage is measured for small AC
current variations. The excitation signal is a 1 A peak sinusoidal current under
the frequency of 5 kHz, and the variation in the current’s magnitude is of 0.001 A.
The measured current starts at 1.000 A pk and is incremented five times every 30
seconds until reaching 1.005 A pk and is then decremented back to 1.000 A pk.
The ME voltage measured as function of time is plotted in Figure 15. It appears
that the input signal change JI as low as 0.001 A can be clearly detected by a step
change in the output voltage. Hence, the resolution is much lower than 0.001 A.
Moreover, the invariance of voltage with time indicates the good stability and the
low effect of hysteresis in the sensor’s accuracy.

3.8 Comparison to the literature
3.8.1 Magnetoelectric current sensors

In order to compare our sensor with those reported in the literature, we summa-
rized the main characteristics of ME current sensors in Table 2. First, it appears
that the sensor presented in this study is the only one composed of materials with-
out rare-earth elements. Then, the sensitivity of the sensor seems to be slightly
lower than for the others, even though in-plane series connection structure was
employed. This is due to the one-turn coil used to produce the magnetic excita-
tion field, which reduces the sensitivity of the sensor. However, this coil permits
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Fig. 15 ME voltage (RMS) measured by the sensor when driving by a 1 A pk sinusoidal AC
current at 5 kHz as a function of time and small current step changes (61 = 0.001 A.)

Table 2 Performance comparison of magnetoelectric current sensors regarding the materials
used.

Materials Sensitivity ~ Frequency  Linearity Resolution  Disturbance Ref.

(V/A) (Hz) (A) (mA)
TFD*/PZN-PT 0.5 0.5 — 10° (o= -7 — low [6]
TFD/PZT 1.03 20 -5.108 0.015-21 — medium [11]
TFD/PZT 0.013 1-3.10% 0.015-21 — low 7]
SmF**/PZT 0.15 1-3.10* 0.01 — 150 10 possibly high  [9]
NCZF/PZT 0.09 10 - 3.10*  0.001 - 30 1 low This Study

*TFD: Terfenol-D, **SmF=Samfenol

to decrease the disturbances induced on the measured signal, because of the low
impedance added. It also allows to increase the linearity range for high currents.
Additionally, the NCZF /PZT/NCZF magnetoelectric sensor exhibits the highest
resolution reported so far. The performances of our rare-earth free magnetoelectric
current sensor are hence comparable with the ones obtained with ME composite
based on Terfenol-D or Samfenol.

3.8.2 Commercial current sensors

Table 3 shows the comparative characteristics of commercial AC current sensing
technology. It exists different measurement principle for current sensing and we
have chosen to compare our sensor with two technologies widely used: the Hall
effect sensor and the inductive sensor. The Hall effect sensors are magnetic field
sensors which uses a magnetic flux concentrator while inductive sensor are based
on current transformer. Here, we compare our prototype with Hall effect sensors
from Asahi Kasei Microdevices (HG-106C) and Infineon Technology (KSY14), and
the inductive sensor is from Thai Lin (TL59-A1X-0750). These sensors were chosen
because they can be used in a context similar to our sensor.

The current sensor based on Hall effect has a high current capability and a wide
frequency range for a very small size, which makes it a sensor suitable for various
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Table 3 Performance comparison of commercial current sensing technology.

Sensors Measuring Frequency Max. Sensitivity  Sensitivity
Principle (Hz) Current (A) (V/mT) (V/A)

HG-106C Hall effect — — 0.0015 —

KSY14 Infineon  Hall effect DC — 106 — 0.0016 —

TL59-A1X-0750  Transformer 10% —2.5.10* 25 — 0.067

This study ME effect 10 - 3.10* 30 0.78 0.09

applications. However, it has the drawback to be expensive and to have a low
sensitivity which can only be enhanced by a high-quality signal conditioning elec-
tronics. It also requires a biasing current, increasing its power consumption, and a
magnetic flux concentrator which enhances the electromagnetic interferences. The
inductive sensor shows similar characteristics to our ME sensor but with a lower
sensitivity. Here, the advantage of the ME sensor is higher sensitivity, lower cost
and simple electronic interface, which makes it a promising technology for current
measurements.

4 Conclusion

We have fabricated a current sensor based on a ME trilayer composite using an
in-plane series connected structure. The design developed here permits to obtain
high performances in very compact volume with limited disturbances added to the
measured signal. However, the study of our current sensor has shown two main
limits: its low cut-off frequency due to the output capacity of the piezoelectric layer,
and the oscillations of the ME voltage response after a rising edge of the current,
owing to the electro-mechanical resonance. The first issue can be addressed by
using a high input impedance buffer, hence reducing the low cut-off frequency to
10 Hz and less. Regarding the second point, we showed that these oscillations have
limited impacts on the ME voltage since the SNR is about 40 dB. Moreover, the
rising edge of the current in the field of power electronics is rare, owing to the
inductive behaviors of the electronic circuits resulting in triangle shape waveform.
We have put in evidence how to properly characterize the sensor and how to
optimize the coil’s dimension in order to tune the relation sensitivity /disturbance,
making a sensor with properties comparable with the ones composed of rare-
earth elements. In the future, a lead free sensor could also be designed, because
promising materials have been proposed lately to replace PZT in magnetoelectric
structures [36,37].
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