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A novel method for sensing rotational speed, linear displacement
and current using super conducting BPSCCO magnetic sensor
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Abstract. For many decades, magnetic sensors have been of great assistance to mankind in variety of
functions that include simple compass based navigational systems to devices that monitor the invisible
biological activities. In industries magnetic sensors are in great demand for control and measurement of
linear and rotary position sensing etc, because of its non destructive and contact less way of detection.
Consequently, newer, smarter and cheaper materials are continuously being explored to suit the varied needs
of technological requirements. In the present communication, the characteristics of a magnetic sensor, based
on the non linear electromagnetic response of the weak links present in the polycrystalline BPSCCO super-
conductor are reported. The second harmonic response of sintered superconducting BPSCCO pellet in an
alternating magnetic field at 40kHz and 77 K being a strong linear function of low d.c. magnetic field has
been utilized for the development of highly sensitive magnetic field sensors. The noise limited resolution of the
sensor is found to be 346 x 107° T/CHz for H,. = 16 Oe and frequency 40 kHz. We further demonstrate that
such HTSC based magnetic sensors are capable of sensing the rotational speed, small displacement and direct

current with good resolution. The experimental methods and results obtained are discussed.
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1. Introduction

The sensors those are in great demand in both the basic
research and technological development have been deve-
loped to detect physical quantities like pressure,
temperature, current, velocity (tachometer, flow meter
etc), magnetic field and displacement among many other
applications. Magnetic sensors are often preferred in
automotive and industrial environments, because they
offer several key advantages, viz. contact less measure-
ments of mechanical quantities like angle of rotation,
angular speed, and displacement etc. They are robust and
inexpensive to fabricate. A majority of these sensors are
based on the Hall effect, inductive effect and now-a-days
anisotropic magnetoresistance (AMR) and giant magneto-
resistance (GMR) effect. However, high temperature
superconductors (HTSC) also keep their potential to be
used as magnetic sensors. In presence of an alternating
magnetic field of frequency (f), the polycrystalline
HTSCs generate only the odd harmonics of magnetic
susceptibility as coming out of their symmetric magneti-
zation. However, superposition of a small d.c. field
breaks this symmetry and brings the appearance of even
harmonics. Amplitudes of the even harmonics are found
to be a strongly linear function of applied d.c. field
(Ghatak et al 1992; Khare et al 1997; Dey et al 1999).
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The origin of the harmonic generation and its modulation
with d.c. magnetic field is explained elsewhere (Xenikos
and Lamberger 1990; Muller 1990; Qin and Ong 1999).
The observed linear dependence of the amplitude of the
second harmonic response with low d.c. magnetic field
can be exploited as a highly sensitive magnetic field sen-
sor (Gallop et al 1988, 1989; Khare et al 1997; Dey et al
1999). Magnetic sensors, with the capability of sensing
very low magnetic fields are of great technical and com-
mercial significance. Some of the potential areas of
applications of such kind of magnetic sensors are the
non-destructive evaluation as well as rotational speed,
linear displacement, current and cryogen flow sensing.
To date a great variety of rotational speed sensors have
been developed. Nevertheless numerous problems of
measurements still remain open (Kwa and Wolffenbuttel
1991). Recently, Li et al (2001) reported an improved
MEMS based rotation sensor capable of detecting rota-
tion speed up to 6000 rpm. Similarly, the position
sensors, based on different operation mechanisms viz.
magneto-resistive (Williumson 1968), Hall effect (Kano
et al 1990), magneto-inductive (Vertesy et al 1990),
capacitive (Moore et al 1993), eddy current (Vasseur and
Villat 1994), have been reported. Current sensing, on the
other hand plays an important role especially in auto-
motive applications (Pross et al 1999) for power manage-
ment applications. In the present communication, we report
our results on the development of a novel, inexpensive
and highly sensitive high T. based magnetic sensor and
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Table 1. The lattice parameters (a, b, c), density of the pellets and slopes of the best linear fit
of the Vx vs Hy. plots for applied ac. field of different amplitudes and for frequency
f = 40 kHz for the three (Bi,Pb)-2223 samples. A (56 MPa), B (8 MPa) and C (11 MPa).

dV/dHg. (MV/Oe)

Sample a b c Density (g/cc) H,.=160e 130e 100e 8O0e

A 541 541 3702 5898 02 125 192 346

B 54 54 3701 5%631 024 0143 068 094

C 54 54 3701 5862 045 027 0741 058
demonstrate its utility for rotational speed, displacement 12 o
and current sensing. To the best of our knowledge, appli- o 16 Oe <><>
cation of HTSC based magnetic sensor for rotational 10 S
speed, displacement and current sensing is being reported |4 13 0e S
for the first time. g [ |010 Oe & A

S - lo80Oe 59 AAA
2. Materials and methods E ¢ AL
. > 690 K oo

The BPSCCO sensor used in the present work was pre- 4l E a I:||:|I:l
pared from high quality Biy,sPbguSr,CaCusOig.q precur- &OA A &
sor powder obtained from M/s CAN Superconductors, o&A oo 000
Czech Republic. The said powder was cold pressed in 2 & ADU Ooooo
the form of cylindrical pellets (dia. ~ 12 mm, thickness ﬁcpoooo
~4 mm) with pressures of 5%6 MPa, 8 MPa and 11 MPa 0 60
and was subsequently sintered at 890°C for 6 h in air. 0 1 3 4
The pellet was furnace cooled to room temperature Hye foe)

dlowly in air. T, lattice parameters and the densities of
these samples are listed in table 1. The experimental
arrangements for characterization of the magnetic sensor
are described elsewhere (Dey et al 1999).

3. Resultsand discussion

3.1 Magnetic field sensing using superconducting
BPSCCO

Figure 1 shows the experimental data in the range O
< Hgc <4 G and the corresponding solid lines represent
the best-fit linear relation. The slopes (dVa/dHy) of
these linear fits are given in table 1. The rate of increase
in the response is found to be higher for higher a.c. field
amplitude and higher frequencies. This rate also increa-
ses as the density of the sample decreases. The field
noise (/Sg), or the smallest field change, which could
be detected by the sensor, is estimated from,

JSs = [DVI(AVIdHq.)],

where, DV is the voltage noise at the output of the lock-in
amplifier and (dV/dHg.) the transfer function of the
sensor. The value of (dV/dHg4.) is known from the
slope of the linear region of Vyx vs Hy . plots. The highest
noise sensitivity (,/Sz) for our BPSCCO sensor (A)
was found to be 346 x 10°T/v/Hz. This figure may

Figure 1. Second harmonic response of the (Bi,Pb)-2223
magnetic sensor as a function of d.c. field between 0 and 4 G at
40 kHz for different a.c. field amplitudes: H,. = 8, 10, 13 and
16 Oe.

be compared with the estimated theoretical limit of
~10°T/y/Hz (Gallop et al 1989).

3.2 Sensor asrotational speed sensor

Figure 2(a) shows the experimental arrangement for
measuring the rotational speed of a commercia tape
recorder motor. A wheel is connected to the motor, over
which two small pieces of permanent magnets are
attached at the periphery at diametrically opposite points.
For every rotation of the wheel, the magnetic flux cuts
the sensor twice. A pick up coil (50 turns, 46 swg ena-
meled copper wire) is wound directly on the sample. The
second harmonic amplitude of the applied frequency at
the primary ac. coil, induced in the pick up coil is
detected by a lock-in-amplifier (Stanford, model SR
830). The output of the lock-in-amplifier is connected to
a digital oscilloscope (HP, model 54502A). A frequency
counter connected parallel to the oscilloscope reads twice
the frequency of oscillation of the 2f signal generated in
the magnetic sensor. The frequency of rotation of the
motor was calibrated using an LDR.
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Figures 2(c) and (d) show the typical oscilloscope trace
of the output of the lock-in amplifier corresponding to
frequencies 750 rpm and 1980 rpm. Since the distribution
and intensity of the magnetic field lines from the magnet
pieces was not exactly identical, pure square wave pattern
was not observed. It may be seen from figure 2(b) that
therpm estimated using the 2f signa when plotted with
the calibrated speed of rotation of the motor, results in a
linear plot with a slope of 45° which proves the exact
correspondence between the actual speed of rotation of
the motor and that obtained using the present 2f based
HTSC magnetic sensor.

3.3 Sensor as a displacement sensor

The experimental set-up for the measurement of small
displacement of a ferrite piece relative to the position of
the sensor is shown in figure 3(a). The object that under-
goes displacement is attached with a small piece of
permanent magnet. As the proximity of the object and the
sensor is closer, the density of magnetic flux that crosses
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the sensor increases. This in turn increases the induced
second harmonic signal. Figure 3b shows the measured 2f
amplitude when the object is vertically moved slowly
away from the sensor. A linear response between the dis-
placement and 2f is clearly evident up to ~3 mm. How-
ever, beyond this, the field profile of the magnet
becomes nonlinear and the intensity rapidly decreases
and the 2f signal becomes hardly detectable. The sensiti-
vity of the present HTSC displacement sensor is close
to 1 mm.

3.4 Direct current sensing with the magnetic sensor

For the current sensing application, the current to be
detected is allowed to pass through a small solenoid with
200 turns of 40 swg copper wire kept just below the
liquid N, dewar as shown in figure 4(a). The passage of
direct current through the monitoring solenoid causes the
generation of d.c. magnetic field and the sensor in turn
generates the 2f signal. A linear response of the 2f ampli-
tude as a function of sensing current is as shown in

(b)
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(a) Experimental arrangement for the measurement of rotational speed of a motor, (b) experimental data showing the

correspondence between the rpm measured by the superconductive magnetic sensor with that of the calibrated values using LDR,
typical oscilloscope trace of the 2f amplitude output of the lock-in amplifier corresponding to (c) 750 rpm and (d) 1980 rpm of the

rotating motor as detected by the sensor.
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(a) Experimental arrangement for the measurement of linear displacement and (b) second harmonic voltages of the
superconductive magnetic sensor as function of small displacements.
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(a) Experimental arrangement for current sensing by a superconducting 2f based magnetic sensor and (b) the variation

of the second harmonic voltage as a function of the current flowing through the solenoid.

figure 4(b). The sensitivity of our present sensor is found
to be 31 nV/mA. However, this sensitivity could be
controlled to higher figure by using the solenoid with
higher number of turns connected to current measuring
circuit. This would increase the magnetic flux density
crossing the sample and hence the 2f signal.

4. Conclusions

An HTSC based magnetic sensor capable of sensing the
rotational speed, displacement and current is reported.
The sensor operates at liquid N, temperature and having
the noise sensitivity of ~ 3% x 10°T/+/Hz. The sensor is
capable of measuring rotational speed up to 2000 rpm

(£ 1 rpm) and small displacement in the range from ~ 0
and 3 mm and the direct current in any circuit.
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