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Abstract

The work shows how the tunnel-effect based magnetoresistance (TMR) technology can be used as a competitive
sensing method in electrical current and power processors. The sensor is arranged in a Wheatstone bridge
topology and each magnetoresistance was composed by a series connection of 360 magnetic tunnel junction
(MTJ) elements with the structure (thickness in nm): 100 SiO./5 Ta/15 Ru/5 Ta/15 Ru/5 Ta/5 Ru/20 IrMn/2
CoFe30/0.85 Ru/2.6 CoFesB2/1.2 MgO/ 2 CoFe4B20/0.21 Ta/4 NiFe/0.20 Ru/6 IrMn/2 Ru/5 Ta/10 Ru. First, the
electrical and thermal characteristics of the sensor were evaluated by analyzing its response to DC current sweeps
at various temperatures, controlled by a climatic chamber. Nominal values of current sensitivity S (0.324 mV/A),
bridge output offset voltage Voso (-37.1 mV), bridge input resistance Rinppridge (0.958 kQ) and their thermal
behavior were obtained (0.0036 mV/A °C, 0.079 mV/°C, -0.31 ©/°C). Second, an instrumentation system is
introduced to characterize the sensor, measuring its sensitivity to AC line currents from the mains up to 10 Ans.
Finally, an electronic wattmeter was developed showing the relevant quantities of its design. The circuit ables to
interface a TMR Wheatstone bridge to an analogue processor. Power and current measurements were obtained
from a 150 Vims AC mains 1.5 kW load with resistive and capacitive components, achieving less than 1%
deviation over the expected values. The circuit shown can be used to interface to more complex smart digital
engines with active or reactive energy processing capabilities but providing inherent high voltage isolation thanks
to its TMR measurement technology.
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I. INTRODUCTION

Renewable energy sources such as solar and wind power come with electrical complexities, including
bidirectional energy flow, production intermittency, and electrical noise generated by switched energy converters,
among other challenges. All of them directly affect the stability of the electrical distribution network and the
quality of the service received by the end user. Therefore, it is essential to monitor the state of the network as
comprehensively and robustly as possible. This is why the development and deployment of smart electronic
meters offer electricity companies and their customers the possibility to know the electrical health of their
network at the end point of energy consumption. Among the variables to be monitored, electrical current and
power are part of the first group. In Ref * the advantages and limitations of current sensing technologies based on
shunt resistance, current transformer and Hall sensor applied to smart metering are presented. Ref 2 describes the
importance of DC metering and the role that current sensing plays in the legal requirements for accuracy and
standardization based on the shunt resistor, open and close loop Hall sensor and fluxgate techniques. In Ref % a
new diagnostic technology for the last generation of smart electrical meters is presented considering the
measurement techniques of shunt, current transformer, Rogowsky coil and Hall effect current sensors.

Recent works describe the use of magnetoresistance (MR) effect based current sensors in the field of smart
grid. In Ref *, the electrical characterization (both DC and AC responses) of a MR Wheatstone bridge sensor is
detailed, proposing its application across different points in the infrastructure of a smart grid. However, it does
not provide specific electronic designs for smart metering purposes. In Ref °, a device is developed to measure
power in residential lines based on MR sensors although its design and dimensions make it difficult to be applied
in end-user electrical metering.

MR current sensing technology is being used to implement electrical current sensors for a wide range of
scientific or industrial applications. Some interesting fields where this sensing technology is applied are among
other, materials inspection Ref ®7, industry Ref ®*? medical monitoring Ref ** or to monitor the lifetime of
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electronic components Ref **. In all these situations, industry manufacturers provide MR Wheatstone bridges to
implement current sensors. However, it is not incorporated as a regular option in the field of electrical energy
metering. The advantages of MR technology such as miniaturization, no ochmic self-heating, inherent galvanic
isolation and optimal frequency response would produce more robust, secure and compact energy meters.

The present work proposes an electronic circuit to interface a Wheatstone bridge tunnel effect-based MR
sensor to continuously monitor electrical current and power. The electronic system has been tested in a single-
phase 150 Vms AC mains measuring the power delivered to a 1.5 kW load. The output signals provided by the
interface can be easily acquired by digital processors in an energy metering system.

I1. SENSOR CHARACTERIZATION

The sensor micro-fabrication was carried out at the INESC-MN facilities Ref ** and internally configured as
a bridge arrangement. Each magnetoresistance was composed by a series connection of 360 magnetic tunnel
junctions (MTJ) elements with the structure (thickness in nm): 100 SiO./5 Ta/15 Ru/5 Ta/15 Ru/5 Ta/5 Ru/20
IrMn/2 CoFe30/0.85 Ru/2.6 CoFesB20/1.2 MgO/ 2 CoFesB20/0.21 Ta/4 NiFe/0.20 Ru/6 IrMn/2 Ru/5 Ta/10 Ru.
The stack had a resistance area product of 22.6 kQum? and was implemented with an area of 2 x 30 pm?, this
structure is represented in Fig. 1. The MTJ elements were defined by optical lithography followed by a self-
aligned ion milling and passivation process, the thickness of the substrate was of Si 650 um. Top contacts were
done by lift-off of 300 nm thick of AISiCu and 15 nm of TiW(N) thick films. Each magnetoresistance of the
bridge had a 2 x 40 pm? dimension and were deposited in a 5.5 x 7.6 mm? die.
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Fig. 1.- Multilayer structure of a MTJ element (CAP: capping layer, SAF: synthetic antiferromagnetic structure).

The sensor was arranged on top of a printed circuit board (pcb) and at the bottom of this, a U-shaped copper
track was placed. For electrical and thermal characterization, the sensor was placed inside a climatic chamber,
where different temperatures were considered. For each temperature, DC current sweeps were conducted through
the copper track. As a result, the sensitivity (S), offset voltage (Vofrsensor) @nd input resistance (Rinp,bridge) OF the
bridge as well as their thermal behavior were obtained. Fig. 2 shows the DC transfer characteristic of the bridge
(sensitivity S) for a current sweep between -10 A and +10 A.

Vos=S 1 +Vos0

Vo, sensor (mV)
&
-~

S =0.324 (mMV/A)

Vo,so=-37.11 mV

r=0.9998

-15 -10 -5 0 5 10 15
HA)

Fig. 2.- Bridge output voltage (Vo,sensor) dependence with the current | for a sweep between -10 A and +10 A.



Figures 3 a, b and c show respectively the thermal characterization of S, Vot sensor @Nd Rinp pridge- NOtice that the
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thermal drift of S and Rinp,ridge €Xhibits opposite signs. With the values recorded in Fig. 3c, it was decided in the
next section to bias the bridge with a constant current level of 1 mA, ensuring a sufficient amplitude level at the

output of the sensor.
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Fig. 3.- Thermal drifts of: a) sensitivity (S), b) offset voltage (Voftsensor) and c) input resistance (Rinp,bridge) Of the sensor bridge.

The sensor was applied to measure current and power supplied by a single-phase AC line, so the most
important characteristic to consider was its sensitivity to 50 Hz AC line currents. For this purpose, a specific set-
up was designed (shown in Fig. 4) where a voltage-controlled AC current calibrator (PCS2B) supplied a current
up to 10 Ams controlled by a waveform function generator (HP33521A). The sensor response was measured by
the differential preamplifier (ADA400A) and finally acquired by the oscilloscope (DS1074Z). Fig. 5 shows an
experimental AC current sensitivity Ss of 0.289 mV/A. This sensitivity value enables the adjustment of the gain
of an instrumentation amplifier to suitable values.
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Fig. 4.- Experimental set-up developed to obtain the sensor sensitivity to AC line currents.
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Fig. 5.- RMS output voltage response of the sensor bridge to 50 Hz AC currents.
I1l. DESIGN OF THE WATTMETER BASED ON TMR SENSOR

The designed wattmeter was based on a TMR Wheatstone bridge current sensor connected to an electronic
interface that outputs two electrical voltages related to power and current in the load (Figure 6). It distinguishes
the AC-line current ix(t) and voltage vac(t) conditioning subsystems and the power and current processing
subsystems. The current through the load iac(t) is measured by biasing the bridge (R1-R2-R3-R4) with a constant
current level of 1 mA (R,-Z:-R-OA1), high-pass filtering its output (Ra-Rp-C) and conditioning the resulting signal
by an instrumentation amplifier (I1A) of adequate gain (Rg-INA118). An offset (OA2-REF02) is added to this
output in order to accommaodate this signal to the input of the power processor. The measurement of the load
voltage is carried out using a voltage transformer decreasing the AC voltage levels. The resistive network placed
on its secondary side provides a DC level to adapt the secondary voltage to values appropriate for the V* and V-
inputs of the processor. Power and current signals referred to the load are provided by the processor LT2940
which basically is a four-quadrant multiplier that allows the measurement of energy flow in the forward and
reverse directions Ref 6. Voltage signals in its Imon and Pmon pins, i. e. V6on (t) and Vpon (t) are directly related

to current and power in the load. The design of the current and power measurement channels is shown below.
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Fig. 6.- Isolated AC power and current monitor based on a TMR bridge current sensor.

Design of the current measurement channel:

The Imon terminal (pin 5 of the LT1940 processor) instantly monitors the current flowing through the load by its
voltage v, (t). According to Figure 6:
vlmon (t) = VZ + il,mon (t) X Ri,mon = VZ + Gi,mon X [v,+(t) - UI‘(t)] X Ri,mon (1)

With R;mon = R; + P, G;mon the conversion factor of the current channel, Ref *® and [v,+(t) — v;-(¢)] the
voltage difference at pins I'" and I" respectively.

The voltage at terminal I" is the output of the 1A, that is:
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The difference v} (¢t) — v, (t) is the sensor output voltage once high-pass filtered by the network (Ra-Ry-C)
which eliminates the possible offset that the bridge may have and is expressed by:

v;‘;l(t) - Ui_n(t) = S5 X ige(t) 3)
where Ss is the nominal sensitivity of the sensor (slope in the characteristic of Figure 5) and i,.(t) the current to
be measured.

Voltages on the 1" and I" terminals must be equal or greater than 4 V with respect to ground. This condition is
achieved at terminal I through the voltage reference REF02 (5 V) and at the I terminal through an adjustable
voltage at the Ref pin of the 1A. In this way it is possible to adequately compensate for the possible offset existing
in the current channel of the processor.

If the peak amplitudes are considered, the sensitivity of the current channel will be given by:

AVI,mon,pk _ G

Al imon X GINA X SS X Ri,mon (4)
pk

In the case of the design carried out there is:

Gimon = 1 MA/V (nominal value of the current channel conversion factor, Ref )
Vet = 3.29 V (experimental voltage value of the Zener diode)

Gina = 28.8 (experimentally adjusted gain for Rg = 1.793 kQ)

Rimon = 17.7 kQ (experimental value obtained by Ri+P)

With the combined values of Giya and Rimon it is achieved that the maximum current to be measured does not
exceed the maximum voltage allowed by the Imon Pin (Vimonpk < 7.5 V) according to the manufacturer, Ref *°.

Ss = 0.2896 mV i/ Apk (sensor experimental sensitivity obtained in the characterization process, Figure 5).
In this way, the current channel sensitivity was: AV, on pi/Alpx = 131.3 mVpi/Apy.

Design of the power measurement channel:

The Pmon terminal (pin 4 of the LT1940 processor) instantly monitors the power delivered to the load by its
voltage vp__(t). According to Figure 6:

VPron @O =V+ Ip,mon (t) X Rp ®)
where, considering the design expressions of the processor,
pon (O = Kpmon X [vF(0) = v (O] X [v+ (1) — v (0)] (6)

The difference [v*(t) — v~ (t)] is the voltage on the secondary side of the voltage transformer attenuated by the
R4-Rc-C network (see Figure 6):

vi(t) — v (t) = K, X n X v,.(t) (7

Ra_ the attenuation factor of the network Re-Rg, n the transformer turns ratio and Kp mon the power

with K, = P
dThce

channel conversion factor (500 pA/V2 nominal value, Ref %), Then from (5):

Vppon () = Vz + Rp X Kp mon X Ky X X Gyyg X Sg X p(t) )

being p(t) = v, (t) X igc(t) . Assuming that the line voltage can be expressed by v,.(t) = Vy, X sin 2mft and
the current through the load by i, (t) = L, x sin(2rft + ¢) shifted ¢ radians with respect to the voltage, then
the voltage vp 1,0, (t) Will be given by:
1 1
Vp,on (&) = Vier + 5 X Rp X Kpjnon X Ky XX Gy X Ss X Ve X Ipi X €0s @ ==X Rp X Kp jnon X Ky X
n X Gya X Sg X Vg X Ly X cos(4nft + ¢) 9)

Equation 9 indicates that vp 0, (t) is composed of a variable DC level depending on the current Iy and the
power factor cos ¢ (type of the load) and by an AC component of frequency 2 f.

The average value of vp ., (t) will be given by:

vp, () = Vier + % X Rp X Kpmon X Ky XX Gyyg X Sg X Vpge X Iy X cos @ (10)



and the power channel sensitivity will be:

A"Zl'_j‘f‘z;(t)=RP><I(,,,,mm><1{1,><n><G,,\,Axssxcosgo (112)
In the case of the design carried out:
Rp=4310 Q

Kpmon = 500 pA/V? (nominal value of the power channel conversion factor, Ref °)
Ky = 0.254 (experimental value of the line voltage attenuation factor)

n = 0.055 (transformer turns ratio)

Experimental values of gain Gina and sensor sensitivity Ss have been described above in the design of the current
channel.

The sensitivity value of the power channel will be: Avp_ (t)/APavg = 0.252 mV/W.
1IV. EXPERIMENTAL PROCEDURE AND RESULTS

For the experimental validation of the designed wattmeter, two types of loads connected to the AC mains were
considered: resistive loads (such as electric heaters and rheostats) and capacitive loads (such as a bank of
capacitors). Figure 7 shows a schematic of the load used to switch between both configurations. Experimental
results were collected using numerical graphs that display the power and current behavior, their relative
uncertainties, and with experimental oscilloscope waveforms.
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Fig. 7.- Resistive/capacitive load used to monitor its power and current from a 150 Vims AC mains.

Figure 8 shows the experimental rms voltage of the current channel Inon for a current sweep up to 10 Amms. The
sweep was generated by the PCS-2B current calibrator (Figure 4), confirming a high degree of linearity and in
good agreement with the current channel sensitivity obtained in the previous section.
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Fig. 8.- Experimental RMS voltage response of the current channel Imon.

To test the accuracy of the power channel Pnon a set of different powers were selected switching the resistive
and capacitive components of the load (Figure 7). Figures 9 and 10 show the experimental average voltage values
of the channel output Pmon, first, using a resistive load (Figure 9.a) and then with an 80 uF added capacitance
(Figure 10.a). The deviation to the expected values is shown in Figures 9.b) and 10.b) for resistive and resistive
and capacitive loads, respectively. As observed a value lower than 1% was achieved in any case.
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Fig. 10.- Experimental results of (a) voltage power channel Vemon With resistive and capacitive load (C = 80 uF) and (b) its relative
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Figure 11.a) represents the voltage of the current channel, v, (t) and the output voltage v;+(t) — v;-(t) of
the sensor conditioning circuit. Figure 11.b) shows the voltages of the power channel, vy (t) and the current

channel v+ (t) — v;-(t), with the secondary AC mains voltage, v,.(t), all traces at maximum load (resistive) of
1403 W.
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Fig. 11.- (a) blue trace: current channel voltage, v, (t), orange trace: output of the conditioning circuit from the sensor, v+ (t) —
v-(t), (b) blue trace: power channel voltage, vp__ (t), green trace: secondary AC mains voltage, v,.(t) and orange trace: output of the
conditioning circuit from the sensor, v;+(t) — v;-(t) all at maximum load (resistive) of 1403 W.
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current I..¢(t) from an AC current probe (TCP202, Tektronix) and read trace: output of the conditioning circuit from the sensor,
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Figure 12.a) and b) show the existing phase shift between conditioned load current v,+(t) — v;-(t) and
secondary AC line voltage v,.(t), corresponding to a cos ¢ power factor of 0.434 and 0.990 respectively. I ¢(t)

was the current measured by a reference current probe (TCP202A, Tektronix). Figure 13 shows a physical
implementation of the wattmeter made on a printed circuit board.

Fig. 13.- Wattmeter prototype in a printed circuit board.
V. CONCLUSIONS

In this work, an electronic circuit that interfaces a Wheatstone bridge current sensor with an analog power
processor has been designed and analyzed. Power and current measurements were measured from a 1.5 kW load
connected to a 150 Vims AC mains. The accuracy obtained was less than an 1% of deviation over the expected
values for resistive load and with a capacitive component. The electronic circuit shown can be used to interface
these signals to more complex smart digital engines with active or reactive energy processing capabilities, while
providing inherent high voltage isolation thanks to its TMR current measurement technology. Considering the
nature of the load, the circuit can be applied to monitor real-time power and current in any combination of load
such as resistive, reactive, or non-linear devices like switched mode power converters. TMR technology offers a
competitive sensing technique in power control loops, circuit breakers or energy meters where other technologies
like shunts, with self-heating and without isolation, or Hall sensors, with their high volume due to magnetic core
presence, are commonly used.
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