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A B S T R A C T

Conventional ammeters are inserted in series with the element in which the current is to be measured, consti-
tuting an invasive measurement form. Clamp ammeters measure non-invasively but are limited to alternating
currents. For continuous currents measurements, Hall-based clamp ammeters are used, with low output voltages
and little stability to temperature. Also, the need to involve the conductor in a magnetic core makes it impractical
for some situations. This manuscript describes a proximity contactless ammeter based on giant magnetoresis-
tance sensors capable of measuring direct currents some centimeters away from the conductor, non-invasively
and with high resolution. Sixty tests were performed, with currents varying from − 3 A to 3 A, with steps of
0.1 A. The prototype was able to estimate the current with type A expanded uncertainties of 100 mA and 0.19 cm
for the distance. The results demonstrate the feasibility of conducting contactless current measurements using
GMR sensors.

1. Introduction

Ammeters are instruments widely used in the electrical industry and
service sectors, whose purpose is to measure the intensity of the electric
current flowing through a conductor. Conventionally, the ammeter
needs to be inserted in series with the element in which it is desired to
measure the current, thus constituting an invasive measurement, which
sometimes might be impractical since not always a circuit can be easily
alterable. This is also the case of the shunt ammeter, which has its
functioning based on Ohm’s Law. Another complication is that the
insertion of the shunt changes the current to be measured [1,2].

Non-invasive measurement of electrical current is possible and solves
such disadvantages. An electric current passing through a straight
conductor generates a circular magnetic field around it, whose intensity
varies with the current intensity [1,2]. Among the ammeters based on
this principle, which use coil type sensors, clamp ammeters are tradi-
tionally used in applications for measuring alternating currents, by
positioning a coil around the electric conductor which, when traversed
by an alternating current, will produce an alternating magnetic field.
The electric current can be calculated due to a direct proportionality
between the current intensity and the resulting voltage at the coil ter-
minals (induced by the magnetic field according to Faraday’s law), and
it is possible to estimate the electric current [1,2].

For the measurement of continuous currents, however, there is no
induction of electric current in the coil, as the circumferential magnetic
field is continuous. In this case, it is necessary to directly measure the
magnetic field, and associate its magnitude with the intensity of the
primary electric current. A usual magnetic field transducer in this
application is the Hall effect sensor. When subjected to an external
magnetic field, this sensor generates a voltage proportional to this field
and, with a suitable conversion, it is possible to determine the current

that runs through the conductor [1,2]. Over the past years, several
research groups have developed different alternatives for the contactless
measurement of electrical current, as briefly described below.

Sánchez et al. [3] designed an ammeter for laboratory purposes
based on a giant magnetoresistive (GMR) spin-valve sensor capable of
measuring direct currents up to ±10 A with a very small experimental
deviation from the reference of ±30 mA (0.3 %). However, the experi-
mental setup is very application-specific, with the conductor having a
U-shape with two GMR sensors placed in the opposite legs, all integrated
in a PCB board. In fact, it is similar to a conventional ammeter, with the
current being measured passing through the measuring instrument, so it
is not comparable to the prototype herein presented.

Pai et al. [4] developed a power sensor for smart grid applications,
the current measurement being based in an inductive sensor (solenoid)
capable of measuring currents from 0.1 A to 10 Awith a 1.3 mm distance
between the wire and the surface of the solenoid. The results indicate
errors between 2 % and 4 %, but the small distances involved make it
unpractical for several situations.

Xiaoguang et al. [5] designed a current sensor based on a giant
magnetoresistance (GMR) sensor and a toroid magnetic core for wide
applications prospects that need high precision current sensing in high
frequency. The results demonstrate that the current sensor has a linear
error lower than ±0.7 %, can measure frequencies up to 100 kHz and
has high linearity in the 10 mA to 20 A range. However, the measuring
scheme is similar to a clamp Hall ammeter, with the conductor passing
through a magnetic ring where the magnetometer is placed, thus hin-
dering its application in situations where it is not possible to access the
vicinity of the conductor (e.g. a conductor attached to a wall or
embedded into it).

Yong et al. [6] presented a practical contactless current sensor based
on magnetic tunnel junction (MTJ) sensors for smart grid applications
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with sensitivity of 7.75 mV/A. The use of a magnetic core improves the
sensitivity of the sensor and suppresses the susceptibility to the electrical
wire location and orientation in addition to enabling the adjustment of
the sensitivity and the linear range by changing the gap of the magnetic
core. However, it presents the same drawback as the previous sensor,
due to the need of passing the conductor through a magnetic ring.

Finally, the magnetoelectric effect is being considered an attractive
alternative for magnetic current sensing, with the potential to solve
common problems in magnetic field sensors such as offset voltage, high
dependence with temperature, need to signal amplification, nonline-
arity and hysteresis. Castro et al. [7] reported a contactless direct current
sensor based on the ME PVDF/Metglas composite and a solenoid that
presents high linearity and sensitivity, R2 = 0.997 and 476.5 mV/A,
respectively. It is also a proximity sensor, as the prototype herein pre-
sented, so being considered the closest principle of operation and being
compared in more details in the conclusion section.

Summarizing, this manuscript describes the development and
experimental results of a prototype of ammeter that enables the mea-
surement of direct currents with high resolution, in relation to the one
presented by ammeters, clamp meters based on coils and Hall sensors. It
is a proximity sensor based on two GMR sensors and precludes the need

for involving the conductor in a magnetic ring (as is the case of con-
ventional clamp ammeters and of the majority of the above references).
The proposed system was developed with the purpose of also estimating
the distance between the instrument and the conductor, in specific ap-
plications, as in the case of conductors installed behind walls.

Next section describes GMR magnetometers and the present
ammeter prototype design, including electronic circuit, hardware, soft-
ware and inverse problem solution. Section 3 presents experimental
results of the prototype, followed by a discussion and conclusions in
Section 4.

2. Methods and procedures

2.1. GMR sensors

The giant magnetoresistance (GMR) is a phenomenon explained by
quantum mechanics, characterized by a significant decrease in the
electrical resistance, typically between 10 % and 80 %, which occurs
when thin stacked multilayers of ferromagnetic and non-magnetic ma-
terials are exposed to a magnetic field. It was discovered in 1988 in
independent works by physicists Albert Fert and Peter Grünberg, who in
2007 were awarded the Nobel Prize for Physics for their work [8–10].

The variation in the resistance of the multilayer occurs when the
external magnetic field aligns the magnetic moments of the ferromag-
netic layers, as shown in Fig. 1 [11]. In the absence of a magnetic field,
the magnetizations of the ferromagnetic layers are antiparallel. With the
application of a magnetic field H, greater than the saturation field HS,
the magnetizations are aligned in parallel, minimizing the electrical
resistance of the multilayer. For magnetic fields smaller than the satu-
ration field, the resistance is inversely proportional to the field. Also, it
can be noticed that the reduction in the resistance is independent of the
sign of the external magnetic field.

GMR sensors are typically configured as Wheatstone bridges to
reduce temperature effects. GMR technology has low cost of production
and small size. The disadvantages are high non-linearity, hysteresis and
temperature influence [2].

This project is based on the GMR AAL002-02, manufactured by NVE
Corporation [12]. The topology of the sensor is a Wheatstone
half-bridge, having two magnetically shielded GMRs and two GMRs that
are sensitive to the magnetic field, all in the same SOIC integrated cir-
cuit, as depicted in Fig. 2. Without the presence of an external magnetic
field the bridge is balanced and the output of the bridge is zero. In the
presence of an external magnetic field, the field-sensitive GMRs reduce
their values according to the magnetic field in the direction of the sensor

Fig. 1. Schematic representation of the GMR effect. (a) Variation of the resis-
tance of a magnetic multilayer as a function of the applied field. (b) Magneti-
zation settings (indicated by the arrows) on the multilayer. (c) Magnetization
curve [11].

Fig. 2. Schematic diagram of the GMR sensor manufactured by NVE corpora-
tion [12].

Fig. 3. GMR sensor output as a function of the external magnetic field.
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axis, unbalancing the bridge and generating a differential voltage
output.

The output signal of the bridge is directly proportional to the supply
voltage/current, with a typical sensitivity of 3.5 mV/V/Oe (1 Oe =

1000/4π A/m) and a linear region ranging from 1.5 Oe to 10.5 Oe for the
model AAL002-02. The nominal resistance is 5.5 kΩ and, when oper-
ating within the linear region, it presents a maximum linearity error of 2
% and a maximum hysteresis of 2 %. This differential voltage actually
increases with the absolute value of the external magnetic field, as
shown in Fig. 3 for a supply current of 2 mA (that yields a supply voltage
of 11 V and a sensitivity of 38.5 mV/Oe).

2.2. Ammeter design

The goal of the ammeter under development is to measure electric
currents in the range of ±20 A, passing through electrical conductors at
close distance, from 1 cm up to 4 cm. An electric current passing through
a wire generates a circular magnetic field around it that varies with the
intensity of the current and with the distance from the conductor to the
measuring point. By applying the Biot-Savart law to a straight conductor
it is observed that the generated magnetic field H is given by

H=
I

500r1
, (1)

where I is the electric current in amperes, r1 is the distance between the
conductor and the sensor in meters and H is the magnetic field in oer-
steds. Considering the values for current and distance above indicated,
the maximummagnetic field to be measured by the GMR sensors is 4 Oe.
For comparison purposes, the Earth’s magnetic field is about 0.5 Oe.

If the distance r1 is accurately known, it is easy to invert equation (1)
and estimate the electric current from the magnetic field H that is
measured by the GMR sensor. However, such is almost never the case
and small differences in the estimated distance might yield large errors
in the current. Also, in some applications the conductor might be
installed within a wall, being the distance completely unknown.

Thus, the prototype is based on a configuration with two GMR sen-
sors, with a known fixed distance d between them (0.9 cm), oriented so
that the conductor whose current is to be estimated is positioned
perpendicular to the plane where the GMRs are installed, in order to
align the circumferential magnetic field generated by the current with
the sensitivity axis of the sensors. This design was previously proposed

Fig. 4. Schematic diagram of the ammeter, showing the conductor with the
current I to be measured, the two GMR sensors separated by a fixed distance
d and the solenoid used to bias the sensors with a DC current Io. Both GMR
sensors’ sensitivity axes are aligned with the solenoid axis and orthogonal to
the conductor.

Fig. 5. Schematic diagram of the electronic conditioning circuit of GMR magnetometers.
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by Stefani Filho and Barbeta [13] and tested with a different GMRmodel
and a separation of 3 cm. In this configuration, shown in Fig. 4, it is
possible to estimate the electric current I without the need to know in
advance the distances from the sensors to the conductor, and also to
estimate these two distances r1 and r2.

As shown in Figs. 1 and 3, the GMR resistance varies only with the
absolute value of themagnetic field and has a highly non-linear behavior
close to H = 0 Oe. Therefore, it is necessary to apply a DC biasing
magnetic field to make the sensors operate in their linear region, so that
electrical currents in one direction increase the magnetic field applied to
the sensor, whereas in the opposite direction they decrease that field. In
previous versions of the ammeter [14–16], this biasing field was
generated by a permanent magnet positioned close to the sensors, but
this technique proved inefficient as it was difficult to find a position that
polarized both sensors equally, and small variations in magnet posi-
tioning altered the biasing point.

The present design uses a solenoid with 60 turns (arranged in 3 layers
of 20 turns), 3.5 cm length and 1.0 cm width, powered by a DC current
I0 = 150 mA and generating a biasing field of 6 Oe, so as to provide a

dynamic range of ±4.5 Oe in the linear region with high accuracy and
stability. Considering the typical sensitivity of 38.5 mV/Oe previously
explained, this biasing field defines an operating point (offset) of 231
mV.

2.3. Electronic circuit

The electronic conditioning and reading circuit shown in Fig. 5 was
designed and implemented in duplicate (one for each GMR sensor). The
GMR sensor is shown in the dashed box and is modelled by 4 resistors of
5 kΩ in a Wheatstone bridge configuration. The potentiometers repre-
sent the unshielded GMR elements, thus varying with the external
magnetic field.

The current source of 2 mA, based on the LM358 operational
amplifier and the BC547 NPN transistor, feeds the GMR sensor through
the terminals VGMR+ and VGMR-. This configuration allows the cancel-
lation of the common mode voltage in the output terminals OUT+ and
OUT-, guaranteed by the voltage drop in the 5.25 kΩ resistor so that the
voltage at terminal VGMR+ is 5.5 V. As this antisymmetrical bridge is
always balanced, the current is split evenly, and the voltage at output
terminal OUT-is always zero, while the voltage at output terminal OUT
+ varies around the operating point of 231 mV defined by the biasing
magnetic field as previously described.

The null common mode voltage allows for a larger overall amplifi-
cation by the following sections of the circuit, but there is still an offset
voltage of approximately 231 mV that would prevent large gains. This
offset voltage is removed by the non-inverting adder implemented by
another LM358 operational amplifier, which adds the voltage of output
terminal OUT+ (buffered through another LM358) to a negative offset
voltage VOFF (generated by a D/A converter, as explained in the next
section), yielding the voltage VO.

Finally, the instrumentation amplifier INA129 subtracts the voltage
OUT-from the voltage VO and applies a gain of 495 V/V for GMR1 and
727 V/V for GMR2, defined by the resistor RG, yielding the overall
output voltage VOUT. The larger gain used for GMR2 is due to the fact
that, being 0.9 cm farther from the conductor, it is exposed to a smaller
range of magnetic fields (− 2 Oe to +2 Oe for the minimum r1 distance).

2.4. Digital hardware and software

The analog hardware described in the previous section is com-
plemented by a digital hardware comprising a National Instruments NI-

Fig. 6. Results of one experimental test for GMR1 and GMR2 with a distance r1
= 1 cm.

Fig. 7. Average values of the output voltages for each current value for GMR1
and GMR2 with a distance r1 = 1 cm.

Fig. 8. Final result of the preprocessing for GMR1 and GMR2 with a distance r1
= 1 cm.
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USB-6001 multifunction device and software developed in LabVIEW.
Two analog input channels (14 bits resolution) of the device were used
to acquire the two output voltages from the electronic conditioning
circuit, each one related to one of the GMR sensors. In order to reduce
the effects of noise and electromagnetic interference, each experimental
sample consisted in the average value of a signal with 1 s length acquired
with 5 kHz sampling frequency. The two analog output channels (14 bits
resolution) were used to generate the offset compensation voltages (VOFF
in Fig. 5) for both GMR sensors.

The software also controls a Keysight B2962A 6.5 digits low noise
current source through the USB interface, allowing the automation of
the experimental tests described in Section 3. This digital source has 10
μA resolution, an error figure of ±(0.4 % + 7 mA) and a peak to peak
noise lower than 60 μA in the frequency range of 0.1 Hz–10 Hz.

2.5. Signal processing (inverse problem)

As the objective is the development of an ammeter, it is necessary to
solve the inverse problem, which is, given the two output voltages of the
electronic conditioning system, measured by the data acquisition sys-
tem, to estimate the electric current I flowing through the conductor,
and the distance r1.

As previously described, the magnetic fields perceived by both GMRs
consist of two components: the magnetic field generated by the current I
through the conductor and the biasing magnetic field generated by the
solenoid so that the sensors operate in their linear range. However, since
the offset voltage is removed by the non-inverting adder and theoreti-
cally does not contribute to the final output voltage, the magnetic fieldH
perceived by the GMRs in this section will be considered (in oersteds) as

Fig. 9. Final result of the preprocessing for GMR1 and GMR2 for all 60 tests, with distances r1 varying from 1.0 cm (largest inclination) to 2.0 cm (smallest incli-
nation), in steps of 0.2 cm. (a) VOUT1 and (b) VOUT2 .
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Hn =
I

500rn
, (2)

where n= 1 or 2 to represent GMR1 and GMR2, respectively, and rn is the
distance between the conductor and each GMR, in meters. The two GMR
sensors are separated by a fixed distance d, so that

r2 = r1 + d. (3)

The GMR sensors output values are calculated by multiplying each
magnetic field Hn by the sensitivity Kn and by adding an offset voltage
V0n to account for effects of the electronic circuit components,

VGMRn =KnHn + V0n . (4)
Finally, the output voltages of the conditioning circuit are given by the
products of the voltages VGMRn by the respective gains provided by the
instrumentation amplifiers (Gn), that is,

VOUTn =VGMRnGn = [KnHn +V0n ]Gn. (5)

Equation (5) can be simplified as

VOUT1 = a1.H1 + b1 and (6)

VOUT2 = a2.H2 + b2 . (7)

The coefficients a1, a2, b1 and b2, which define the linear

Fig. 10. Output voltages for both GMR electronic circuits plotted against the magnetic fields in each sensor. (a) VOUT1 and (b) VOUT2 .

Table 1
Coefficients corresponding to equations (6) and (7) for
both GMR sensors.

Coefficients Values

a1 11.8049 V/Oe
a2 15.9913 V/Oe
b1 − 18.725 μV
b2 − 19.793 μV
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relationships between the magnetic fields and the output voltages, can
be estimated by a least squares fitting algorithm. Finally, by combining
equation (2) with equations (6) and (7), the current I and the distance r1
can be estimated from the output voltages VOUT1 and VOUT2 as

I* =
500 ⋅ d ⋅ (VOUT2 − b2) ⋅ (VOUT1 − b1)
a2 ⋅ (VOUT1 − b1) − a1 ⋅ (VOUT2 − b2)

and (8)

r*1 =
a1

500(VOUT1 − b1)
⋅ I*. (9)

3. Results

3.1. Data preprocessing

To observe the effect of the hysteresis and any other fluctuations, the
tests were performed with currents varying between − 3 A and 3 A in
steps of 0.1 A, starting at 0 A, increasing up to 3 A, reducing down to − 3
A and then closing the hysteresis cycle at 0 A. The tests used six different
distances r1, from 1.0 cm to 2.0 cm, with ten repetitions for each dis-
tance, totalling 60 tests. Fig. 6 presents one hysteresis cycle for the
closest distance (1 cm), containing 123 data points.

The averages of the voltages for each current value are then calcu-
lated, yielding Fig. 7 with 61 data points. It can be noticed in Fig. 7 that
the output voltages still present a sizeable offset of about 500 mV, even

Fig. 11. Estimated currents (I*) versus nominal currents (I) for (a) data used for the linear fitting that yielded the coefficients shown in Table 1. (b) Data not used for
the linear fittings. The equations show the linear fits to the data in each graph.
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after the cancellation by the circuit previously explained. This effect can
be explained by the resolution of the 14 bits D/A converter, which for a
full scale of 10 V is 0.610 mV. This value should be small enough, but it
is multiplied by the instrumentation amplifier large gains, thus reaching
the order of magnitude observed.

To correct this issue, the linear coefficient of the estimated trend
lines for each test was subtracted from the output voltages. The results
for r1 = 1.0 cm can be seen in Fig. 8, containing the electrical current
values and the respective output voltages.

The same procedure was repeated for all 60 tests, yielding a total of
3660 data points, shown in Fig. 9.

3.2. Inverse problem solution

The procedure described in section 2.5 was then applied to the data
set shown in Fig. 9. Initially, the data were split in two sets, being one
test for each distance separated from the rest, thus yielding a total of

9x61x6 = 3294 points to be used for the fitting. Then, the quantities H1
and H2 were calculated from the current and distance values according
to equation (2), and Fig. 10 shows the respective output voltages plotted
against these magnetic fields.

Linear fittings based on the data shown in Fig. 10 yielded the co-
efficients shown in Table 1, with corresponding R2 values of 0.9986 and
0.9992, respectively. The application of equation (8) to estimate the
electric currents from the output voltages generates the graphs shown in
Fig. 11a for the data used for the linear fittings and in Fig. 11b for the
data that was set aside for a final test of the inverse problem solution.

The expanded type An uncertainties of the linear fits, considering a
95.45 % level of confidence, can be calculated from the errors between
the estimated currents (I*) and the linear fit (̂I) as

Fig. 12. Estimation errors (points) and uncertainties of the linear fits (dashed lines) for (a) data used for the linear fitting that yielded the coefficients shown in
Table 1. (b) Data not used for the linear fittings.
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uI =2×

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑N

k=1

(
I*k − Îk

)2

N − 2

√
√
√
√
√

. (10)

N being 3294 and 366 for each data set, respectively. Fig. 12 presents
the estimation errors corresponding to the data shown in Fig. 11, which
yielded expanded type An uncertainties of the linear fits of 102.6 mA
and 83.9 mA, respectively, also shown in Fig. 12.

As for the estimation of the distance r1 from the conductor to the first
GMR, observing equations (2), (3) and (9) it can be seen that (i) there is
an indetermination for null currents, as no magnetic field would be
generated and it would make no sense to estimate a distance and (ii) the
error in the distance r1 is highly dependent on the error in the estimated
current I*. Considering the uncertainty of the linear fit for estimated
current I* previously calculated, it can be defined that the distances can

be estimated only for the cases where the absolute value of the estimated
current is larger than the uncertainty. Thus, Fig. 13 presents the esti-
mation errors for the distance r1 corresponding to the two previous sets
of data, but excluding the cases in which the nominal current was
smaller than uI. The uncertainties of the linear fits for the distances were
calculated, similarly as the procedure used for the currents, as 0.21 cm
and 0.16 cm, respectively, also shown in Fig. 13.

Finally, Fig. 14 presents the actual estimated distances correspond-
ing to the cases shown in Fig. 13.

4. Conclusions

Electrical current measurement is important in many industry sec-
tors residential applications and several measurement methods have
been developed to meet these needs. GMRmagnetometers present a low-

Fig. 13. Estimation errors (points), current uncertainty of the linear fit (vertical dashed lines) and distance uncertainty of the linear fit (horizontal dashed lines) for
(a) data used for the linear fitting that yielded the coefficients shown in Table 1. (b) Data not used for the linear fittings, in both cases excluding the points for which I
> uI.
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cost, high-sensitivity solution for the development of an ammeter,
capable of measuring direct currents in a non-invasive way.

This manuscript presented a prototype of a proximity contactless
ammeter aimed at residential and industrial direct current measure-
ments, based on commercial GMRmagnetometers, being an evolution of
prior developments of the same principle [14–16] and inspired in the
design proposed by Ref. [13]. The ammeter, besides being contactless
(and thus not requiring the interruption of the electric circuit where the
current is to be measured and increasing user safety), needs only to be
approximated to the conductor, differently from the traditional clamp
ammeters that need the conductor to pass through a solenoid or a
magnetic ring. Further tests are needed in order to evaluate the
robustness of the prototype in relation to magnetic interference and
temperature, before it can be evolved into a commercial ammeter.

Considering the closest distance tested only (1 cm), the data shown in
Fig. 8 can be used to calculate an average sensitivity of 2.076 V/A, more
than 4 times larger than the value estimated for the ME-based prototype

developed by Castro et al. [7].
The results obtained yielded an expanded uncertainty of about 100

mA, considering only the type An uncertainty component, with a con-
fidence level of 95.45 %. The range used for the test was limited by the
available experimental apparatus to ±3 A, so the expanded uncertainty
corresponds to 1.7 % of the full measurement range.

Nevertheless, the high linearity shown in Figs. 10 and 11 indicate
that the range can be easily increased (by reducing the instrumentation
amplifier gains in order to avoid saturation), being limited in principle
only by the linear range of the GMR. In fact, the present experimental
results covered a magnetic induction range of ±0.6 Oe (Fig. 10a), while
the GMR sensors have been biased so as to offer a linear range of ±4.5
Oe, so there is a factor of 7.5 for potential increasing in the current up to
the range of approximately ±20 A. Also, Figs. 12 and 13 show that the
errors are stable as the current increases, so it would be reasonable to
consider that the uncertainty would remain around 100 mA, or even
reduce, as the range increases, which would reduce its percent value to

Fig. 14. Estimated distances versus nominal distances for (a) data used for the linear fitting that yielded the coefficients shown in Table 1. (b) Data not used for the
linear fittings, in both cases excluding the points for which I > uI.
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about 0.25 % considering the full range ±20 A.
The manuscript by Castro et al. [7] did not present measurement

uncertainty figures, so a direct comparison of this aspect is not possible,
but the linearity shown in Fig. 10 is even higher than the figure reported
in this reference (R2 = 0.997).

Aiming at upgrading the prototype, in order to reduce the mea-
surement uncertainties, make it more compact and portable, the
following analyses and studies are proposed as future work:

• In order to obtain a more accurate estimate of sensitivity, compared
to that obtained experimentally, the GMR sensors could be previ-
ously characterized using a Helmholtz coil coupled to a calibrated
current source;

• The use of the solenoid for the polarization of the GMRs has proven
to be more practical and precise in relation to the use of permanent
magnets. However, some improvements can still be implemented,
such as increasing the number of turns, consequently decreasing the
required current and including a dedicated current source to power
the solenoid in the PCB;

• Another approach to further increase the current range is to include a
feedback loop that automatically adjusts the biasing DC current I0 in
order to keep the GMR sensors within their linear ranges even for
larger currents, similarly to the scheme described in a previous work
[17].

• In principle, the present electronic circuit should already allow the
measurement of low frequency alternating currents. Thus, simula-
tions and tests should be performed with alternating currents at the
typical industrial frequencies (50 Hz and 60 Hz) and with direct
currents of higher intensity, varying from 0 to 20 A; and

• The prototype should be metrologically characterized in an
accredited calibration laboratory, in order to determine the static
and dynamic characteristics that indicate its quality, such as sensi-
tivity and linearity, in addition to comparing these results with
commercial ammeters.
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