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Abstract

Magnetic position sensors are popular in industrial and automotive applications since they are

robust, resistant to dust and oil and they canbe cheap. This was traditionally accompanied by

low accuracy. However, new precise magnetic position sensors were developed, which can
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achieve 0.015 % error and 10 nm resolution. The maximum achievable range is about 20 m.
DC magnetic position sensors are using a permanent magnet as a field source; magnetic field
sensor is measuring field from that source, which is a function of distance. As a field sensor,
magnetoresistors are often used instead of traditional Hall sensors. Eddy current position
sensors work also with non-magnetic conduction targets. Magnetostrictive position sensors
are based on the time-of-flight of the elastic wave excited in the magnetostrictive material.
These sensors can be several meters long and their applications range from level meters to
hydraulics.

Magnetic trackers and long-range position sensors utilize AC field sources, which are
detectable from distances up to 20 m. Compared to optical instruments magnetic trackers do
not need direct view. Their applications include surgery, mixed reality, and underground and

underwater navigation.
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Magnetic sensor, position sensor, position detector, position transducer, proximity switch,

magnetic tracker

1. Introduction

Magnetic position sensors are popular for industrial, automotive, aerospace, security,
and defense applications [1] [2-4]. They are cheap, precise, reliable, rugged, and durable and
they are resistant to dust and dirt [5, 6]. Magnetic field generated by these sensors is perfectly
safe [7]These devices are sometimes called position transducers. In this paper we are using
the more common term “position sensor’” and to avoid ambiguity, we clearly distinguish them
from magnetic field sensors.

Magnetic position sensors can measure either linear or rotational position. Their output
forms are summarized in Fig. 1: the output may be bistable (proximity switch), linear,
encoded, or combined. Encoded output is either digital (absolute position sensors), pulse
(incremental sensors) or PWM modulated. Combined output has a rough code scale or
incremental scale and fine linear scale [8].

Taxonomy of magnetic position sensors is shown in Fig. 2. The moving core or
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external target, whose position is measured, may be a permanent magnet (induction position
sensors), soft magnetic material (LVDT, variable reluctance sensors), or any electrically
conducting material (eddy-current position sensors). Most of the DC magnetic position
sensors use permanent magnets as a field source and usually have only mm or cm range, but
the compass utilizes the omnipresent Earth’s field. AC inductive position sensors use
electromagnetic induction and they may work up to a distance of 20 m.

In this paper we make an overview of existing systems and present novel results from
the research laboratories, basing it on [1] (with a kind permission from Artech) and [4]. We
will also present industrial applications such as in pneumatic and hydraulic cylinders, for
underground drilling, large mining machines, and for detecting ferromagnetic objects.

While the most precise inductive position sensors have a resolution of 10 nm and
linearity of 0.2 %, precision requirements on the industrial sensors are less demanding, but
they should have a large working distance and large resistance to environmental conditions

and interference.
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Fig. 1: possible types of sensor output
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2. Position sensors with permanent magnet and magnetic scales
Position sensors of this type consist of a magnetic field sensor, which measures the field of a
permanent magnet. This magnet is either connected to the target, or the magnet is attached to
the sensor and the ferromagnetic targetis moving. Modern designs use more often moving-
magnet principle.

The most often used are Hall sensors, and AMR, GMR, and TMR magnetoresistors. Rarely
used are semiconductor magnetoresistors and fluxgate sensors. Passive induction coils can
detect only field changes. They are used in speed sensors, also called magnetic pickups.
Magnetic scales are made by creating magnetic poles on a tape or a wheel made of semihard

material similar to those used in magnetic storage systems.

2.1  Magnetic field sensors for position sensing

Traditional Hall sensors measure in the direction perpendicular to the device plane. They
suffer from temperature dependent offset. Modern Hall microsystems suppress offset by using
current spinning technique. These devices can measure magnetic field in two or three
perpendicular directions thanks to integrated ferromagnetic field guides.

Anisotropic magnetoresistors (AMR) have lower noise and better temperature stability than
Hall sensors, but they have limited range to typically 1 mT (100 uT for precise AMR for
compass). For precise application they need flipping, which increases the power consumption.
GMR sensors give 360° response for angular sensing and TMR magnetoresistors have very
small power consumption and can be made very small.

Fluxgate sensors are the most precise solid state room temperature vectorial magnetic field
sensors, but in the traditional form they are expensive and power consuming. Integrated
fluxgate appeared recently.

More on magnetic field sensors canbe found in [1].



2.2 Intensity based linear distance and position sensors

A small magnet far from the sensor behaves like a dipole so that B~1/x3. This steep
dependence causes big errors for larger distances. The range (stroke) can be extended by
using a linear array of sensors that may detect zero crossings of the field (Figure 3). An
overview of sensors of this type can be found in [3]. This type of sensor may have a resolution
of 0.01mm and may work for velocities up to 10 m/s. The achievable uncertainty is well
below 1 mm. Linear position module with 3-axial Hall element for gear position sensing in
vehicle transmission is described in [9]. The linearity was improved by using a pair of
permanent magnets. The achieved error for 3.5 mm airgap is 0.25 mm/30 mm range in the
—40 °C to +135 °C temperature range. After the sensor setup calibration, the correction
parameters are stored into the sensor electrically erasable programmable read-only memory
(EEPROM).

The strategy for determining a magnet position in a 2-D space using 1-D magnetoresistors is
described in [10]. Artificial neural network fitting has shown a5 % error and regression forest
fitting methods had a 2.5 % error in the 3x3 mm active area.

Another approach is to use a larger number of permanent magnets [11]. Using three Infineon
3-D Hall sensor TLV493 with resolutions of 100 pT and Nd,Fe;4B magnet array with 20 mm
pitch results in 1 mm uncorrected position error even for 4 mm airgap. A combination of
permanent magnets and Hall sensors is used in rehabilitation devices and robotics to measure
the position of hand and fingers, gesture recognition, and knee angle [12].

If the magnet and sensor are located in a ferromagnetic environment, significant error is
caused by the material hysteresis. If the motion is repetitive such as in hydraulic cylinders
that have ferromagnetic body or elevator position to the rails, partial correction of

hysteresis can be made by Kalman filter using a model of magnetic material. RMS
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position error of 0.3 cm was achieved for awall thickness of 12 cm [13]. Using multiple
sensors can help to extract the signal from interference and disturbances [14].

One of the limiting factors of precision of these position sensors is the temperature
dependence of the properties of the permanent magnet. Alnico magnets have the best
temperature stability, but their coercivity is quite small. Permanent magnets from the SmCo
group have very good magnetic properties, but their disadvantage is a high price. Currently
the most popular are NdFeB magnets, either sintered or molded. Bonded NdFeB magnets are
manufactured mainly in the isotropic version so that they can be magnetized in all directions
and multipole magnetization is possible [15]. Specifications of typical industrial sensors of
this type are shown in Table 1.

Intensity-based magnetic position sensors need a source of a magnetic field either in form
of a permanent magnet or coil. Itis not a good idea to rely on natural sources, such as
remanence of steel or iron parts, or Earth’s field. Such wrong concepts used in [16] should
fail as the remanence of magnetically soft materials depends on their temperature and
magnetic history. Subjecting the steel part to a strong magnetic field would destroy the
sensor calibration. 1f one decides to use the Earth’s field in position meter, the device

reading depends on its orientation which is hardly acceptable.
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Figure 3. A linear sensor array for position sensing of a piston in a pneumatic cylinder. From

[3] with permission from Elsevier

type Minrange [ Max range | Resolution | Field Linearity
(mm) (mm) (um) range
SICK MPA 100 1007 0.03 % FS | 2mT..15 | 0.5 mm
(max.2 60 | mT
pHm)
Festo SDAT-MHS 80 160 50 +0.25 mm
MHL 1400 by ActiveSensors | 5 300 0.025%FS | Internal | 0.4 %FS
magnet
Honeywell SPS 35 225 3.5 um Airgap 0.4 %FS
8.5mm

Table 1 Specification of the magneticlinear distance sensors withmoving permanent magnet. FSis a
full scale of the sensor.

2.2 Continuous angular sensors (end of the shaft)

A permanent magnet can be also attached to the end of the shaft. In this case, GMR
spin valves and also TMR sensors are ideal for angular sensing in saturated mode (Fig. 4)
[17]. The free layer is rotated by the magnet. Once the layer is saturated, the output depends
only on the angular position and not on the distance between the sensor and the magnet. Two
perpendicular sensors are used to achieve a 360° range. Properties of typical industrial types
of end of shaft sensors are shown in Table 2.

Integrated angular sensor based on a circular array of vertical Hall sensor is described
in [18]. The sensor was developed for space applications; it has a maximum error of 0.5 deg

which was not degraded after a radiation dose of 50 krad (Si).
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Figure 4. Anangular rotation end-of-shaft sensor with GMR: a) layout of the sensor,
b) circuit diagram, c) configuration of the permanent magnet and sensor, d) sensor outputs ©

2005 IEEE Reprinted, with permission, from [17].

type technology | Required | Resolution | Max. Speed | Linearity | Error in
field (deg) (rpm) error -40to 150° C
(mT) (deg) range (deg)




AS5048 by | Hall 30..90 0.06 456 0.8 1.2
PMT

KMA 36 by | AMR 18..75 0.045 03<1

TE

connectivity

AAS by | Hall 30 0.22 15000 04<1 0.7<1.3
Allegro

MLX90380 | Hall 10..70 0.25 25000 0.5 1

by Melexis (est.)

Table 2 Specificationof the rotationalend of shaft magnetic position sensors

2.3 PLCD (Permanent magnetic Linear Contactless Displacement sensor) [1]

The Permanent magnetic Linear Contactless Displacement sensor (PLCD) is shown in Fig. 5.
The sensor consists of a long magnetic strip core with the homogenous secondary winding.
The primary winding has two sections connected antiserially, which are supplied with ~4 kHz
sinewave. A permanent magnet in the core vicinity creates a saturated region that
magnetically divides the core into two halves whose lengths determine the signal induced into
the secondary winding [19]. The induced voltage is processed by the phase-sensitive detector
to obtain the linear output. The typical resolution is 0.2 %, linearity 1% FS, which is between
20 mm and 150 cm. Compact PLCD sensors can be fabricated by microtechnology or PCB
technology using a strip of amorphous magnetic materials as a core. The winding is made

using copper layers interconnected by vias or by electrodeposition [20].
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The main advantage of PLCD is that the device is immune to changes in the air gap between

the magnet and core. The applications include automotive and hydraulic cylinders.
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Fig. 5: PLCD sensor

2.4. Pulse-output sensors and proximity detectors

These sensors have bi-stable (digital) output. They may be either activated by a moving
magnet, or biased by a fixed magnet, and activated by a magnetically soft target. A typical
example of a naturally bipolar sensing element is a reed contact. Any magnetic sensor with
analog output followed by a comparator or Schmidt trigger can be used as a position detector.
The most popular are Hall sensors, AMR, and recently also GMR magnetoresistors and also

some semiconductor magnetoresistors.

2.4.1 Induction speed sensors and magnetic pickups

Induction sensors with a moving magnet are also called *"speed sensors™. The targetis a
permanent magnet and the sensing element is an induction coil, either an air coil or more
often coil with a ferromagnetic core. These sensors are based on the induction effect, they
consume no energy, but the output depends on the target speed. Thus, these sensors fail at low

11



speeds.

Variable reluctance sensors with fixed permanent magnets are also called ""magnetic
pickups™. The sensing element is again induction coil, the DC field is also generated by a
permanent magnet, which is fixed and the coil flux change is produced by changing the
position of the soft magnetic target. The applications include gear tooth sensing in shaft speed
measurements and antilock brake systems (ABS); due to low sensitivity at low speeds they

are not suitable for car ignition timing systems.

2.4.2 Wiegand sensors

Wiegand patented in 1981 a revolutionary sensor, which generated a high voltage
pulse when the magnetic field reached some threshold value; the shape of the voltage pulse is
highly independent of the rate of the field change and the device is passive, having just two
terminals [21]. Wiegand made his sensors of 0.3 mm wire from Vicalloy (Co52Fe38V11)
which was twisted to cause plastic deformation resulting in higher coercivity in the outer shell
and elastic stress in the central part. The central part forms a single domain. The pulse is
caused by one large Barkhausen jump when this single domain reverses its magnetization.
The pulse width is determined by eddy current damping [22, 23]. 30 mm long wire with 1000-
turn coil may generate 7 V pulses. The main disadvantage of the Wiegand configuration is
that the outer shell cannot be made really magnetically hard, so it can be unintentionally
remagnetized by an external field higher than 25 mT. Therefore, the main application field of
Wiegand wires is not magnetic sensing, but marking and security application. Wiegand wires
have been also used for energy harvesting and energy transmission [24, 25]. Similar

properties have some amorphous glass-covered microwires
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2.4.3 Reed contacts [1]

Reed contacts are very cheap and totally passive devices. They consist of two magnetic strips
of soft or semi-hard magnetic material sealed in a glass pipe filled with inert gas. Reed
contacts have been manufactured also in MEMS technology [26]. Normally open contacts are
connected at a certain field by an attractive magnetic force between the free ends. Other
contact types are normally closed. The reed contacts have hysteresis and their switching zones
have a complicated shape. However, they are still very popular because of their simplicity.

Fig. 6 shows that if the magnet is perpendicular to the contact and moves along with it, there
may be two "switch-on" zones. If the contact and magnet have the same direction and the
magnet moves along it, there may be three or one switching zones. This behavior is easy to
explain by the shape of the magnet field lines.

High security "balanced" switches use two reed contacts in the vicinity of the magnet; one of
them is normally open and the other normally closed. Any movement of the magnet causes
the transfer of one of the switches. The normally open contacts are usually crossed by a

resistor, which allows monitoring the continuity of the wires.
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Fig. 6 Switching zones (“ON”) ofthe reed contacts. The sensor state is uncertainingrey
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regions due to the sensor hysteresis. From [27]
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2.4.4 Eddy current proximity detectors

Eddy current sensors (for any conducting targets) and AC- excited variable gap
sensors (only for magnetic targets) are also used for linear or angular gear position sensing.
An example of an integrated inductive gear tooth sensor is shown in Fig. 7 [28]. Similar

principle is used for high-temperature applications such as speed sensors for gas turbines.

amplifier oscillatar

primary coil
@ < }> [\/\/ 1 scale-period

@@ > X [ [ = ‘
&SPt
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amplifier synchonous low-pass

1 scale-period | demodulator filter

linear scale with copper pattern

Fig. 7: Block diagram of miniature inductive gear tooth sensor — from [28]© 2008

POSIC SA

2.5. Magnetic encoders (linearand angular)
2.5.1 Incremental encoders

Magnetic encoders can be made both incremental and absolute. Rotational incremental
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position sensors with radial permanent magnets are standard devices in the industry. Figure 8
shows the most popular configuration with a multipole ring. The ring is made of magnetically
hard material and magnetized by pulse coils to create magnetic marks consisting of domains
with the reverse direction of magnetization. The Hall sensor measures the radial component of

magnetic field.

Hall sensor,

Code wheel

Figure 8. Rotational speed / incremental position sensor with an integrated Hall sensor (Image

provided courtesy of Allegro MicroSystems).

The linear incremental encoder works similarly. The typical configuration with AMR sensing
bridge is shown in Fig. 9. The pole pitch of the magnetic scale depends on the required
separation between the scale and sensors: for a 1 mm pitch the allowed separation is only 0.4
mm; a 5 mm pitch allows 2 mm separation. Both AMR and Hall sensors are being used in this
application. The magnetic field measured by two sensors separated by a quarter of the pitch
follows a sinewave shape. The fine position can be calculated by using the outputs of these
sensors. The achievable resolution is 1/1024 of the scale pitch. For the most precise sensors,
correction for reading head displacement and misalignment should be made [29].

The parameters of some sensors on the market are summarized in Table 3.
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Fig. 9 Linear AMR speed/incremental position sensor — from [30] (courtesy of
KOHDEN Co., Ltd).

Some linear incremental encoders utilize a magnetically soft salient ferromagnetic
scale, while the field source is a permanent magnet attached to the moving sensors. In the case
of a linear motor, the toothed stator can serve as a scale [31]. The sensor is shown in Fig. 10.
The field vs. position waveforms are close to sinewaves. One of the design goals is to keep
the total harmonic distortion (THD) of these sinewaves low in order to reduce the

interpolation error.
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Fig. 10 Linear position sensor based on toothed stator and Hall sensors biased by permanent

magnets - from [31]: (a) permanent magnet linear synchronous machine (PMLSM) with the
linear magnetic position sensor (LMPS); (b) whole and the sectional view of the LMPS along
XY plane highlighting different parameters; (c) 2D flux density distribution plot of the LMPS
for two pole pitch movement of the mover

A permanent magnet synchronous linear motor has an inherent magnetic field related

to the position. An accurate model of the spatial waveform of this field can reduce the

position error. Using an array of 8 Hall sensors and a high-order field model, 5 um RMS error
was achieved [32]. A similar approach has been used for Permanent Magnet Synchronous
Motors: the stray field from rotor permanent magnets is sensed by a TMR sensor on the
surface of the motor. The achieved velocity error is 0.5 % over the speed range from 50 to

1000 rpm [33].

Type Pole pair | Resolution | Max. | distance /| Absolute | System
length (um) Speed | field error error
(mm) (m/s) |range | (m) | (um)

NSE 5310 by PMT 2 0.5 0.65 10.40mT | 10 40
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KMXP by TE connectivity 1 0.4mm 10
2 0.8mm 20
5 2mm 50
Baumer MIL 10 2 4/10/25 5/10/15 | 0.6 mm 20

Table 3a Specification of the linear incremental magnetic position/distance sensors. System error is
calculated for the industrial temperature range and includes also the scale.

Type Pulses per | Max speed Codewheel
revolution
Baumer MGHP 524288 10000 rpm internal
Baumer ITD 8192 5000rpm External, tape
Exxelia IME15 262144 2000rpm internal
Siko MSA 64 000 32m/s External, 1 mm distance

Table 3b Specification of the angular incremental magnetic position sensors

2.5.2. Absolute encoders (incl Vernier and pseudorandom code)

Classical absolute encoders use multiple tracks coded in Gray code to avoid gross
error during logical hazards. Using the nonius (Vernier) principle [34], an absolute encoder
can be constructed with only two magnetic tracks: 19-bit resolution (equivalent to 2.5 arc
seconds) is obtained for rotation speeds up to 11 000 rpm. A combined magnetic rotational
encoder, 67.11 mm in diameter (including the shaft) and 6.9 mm in thickness, has a precision
of +6', comparable with a 15-bit photoelectric encoder, and static resolution of +0.6" [8].
Absolute magnetic encoder based on eddy currents in conducting non-magnetic code disk
suffers from high sensitivity to manufacturing tolerances [35].

Another technique for the absolute position sensing is using a single track with a
pseudorandom code sequence and a linear sensor array aligned in the direction of the motion
[36]. Using this principle together with interpolated incremental track, a 26-bit linear position
sensor with 0.244 um resolutions was constructed by RLS company [37]. The most popular
sensors used for magnetic encoders are AMR, but TMR (SDT) devices have large potential
due to their small size and thus high spatial resolution. Using the separate incremental track is

not possible in the case that the sensor geometry is rotational and a magnetic scale is made on
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the rod which may rotate with respect to the sensorial part. The synchronization method
proposed by Denic and Miljkovic elegantly solves this problem by using the Manchester
code. Using their method, the single track scale can be simultaneously used for absolute

position sensing, synchronization, and interpolation [36].
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3. Eddy current position sensors [27]

Eddy current position sensors are also called inductive or inductance sensors. Their target
should be electrically conducting, but not necessarily ferromagnetic. In this, they differ from
variable gap sensors, which measure the displacement of the ferromagnetic part of an AC
magnetic circuit. Eddy current-based instruments measure displacement, alignment,
dimensions, vibrations, speed, and also identify and sort metal parts in industrial applications.
Eddy current sensors have no lower limit on target speed. The principles utilized in
conventional eddy current (inductive) proximity and linear distance sensors are explained in
[38]. New types of eddy current sensors with nanometer resolution are described in [6].

AC magnetic field is created by the sensor coil supplied by an oscillator or generator.
The colil is often tuned by a parallel capacitor and the LC circuit oscillates at the resonant
frequency. If the conducting target is present, the eddy currents (mostly close to the target
surface) create a secondary magnetic field decreasing the coil flux and thus the coil
inductance. The sensor sensitivity depends on the target conductivity. An excellent target is
aluminum; the recommended thickness is > 0.3 mm and a diameter of 2.5 to 3 times the

diameter of the sensor coil [39]. In any case, the target thickness should be significantly larger

than the skin depth &

1

0=

where o is electrical conductivity
u is magnetic permeability

and o is angular frequency

In the case of the ferromagnetic target, the situation is complicated, as the coil inductance is
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simultaneously increased by the target permeability pn > 1. Fig. 11 shows the relative eddy

current output for various target materials.

800

700 - ; ——3
600 '

57500 3

£

- 400 | :
>° 300 e .................. _—*—Aluminum  __
3 : —— Copper
200 § oo - —- Carbon Steel

100

0

0 1000 2000 3000 4000 5000
X [um]

Fig. 11: Influence of the target material on the sensitivity of the eddy-current sensor —

reprinted from [40] under CC BY licence.

Because of the complex dependence on the target geometry and material, the position
measuring system should usually be individually calibrated. For ferromagnetic targets, we
may expect increased sensitivity to target axial displacement, to temperature changes, and
also worse repeatability and long-term stability. On the other hand, ferromagnetic targets
increase the measuring range. The usual measuring range is up to 30% of the coil diameter. A
lower range of 5 % or 10 % coil diameter is recommended for high-precision measurements,
while in low-accuracy (for example switching) applications the range can be more than 50 %
of the coil diameter. In any case, the minimum coil-to-target distance is usually 10 % of the
range; this distance is often defined by the thickness of the sensor housing.

The sensing coils are often accompanied by a ferromagnetic circuit, which focuses their AC
field in one direction so that the sensor is insensitive to conducting materials from the side or
the back. The working frequencies range from kHz to 1 MHz, the core material is usually

ferrite, and the typical shape is pot core (Fig. 12).
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Fig. 12 Standard pot core used for eddy-current sensors. The diameter of this core is 22

mm, height 6.7 mm — from [41], © 1997 IEEE

The sensor diameter ranges from 8 mm to 150 mm with sensing distances between about 2
mm and 100 mm. The analytical solution of eddy current sensors is complicated, finite
element modeling (FEM) software packages are being used. Improved core shapes are shown
in Fig. 13. Fig. 14 shows the measured Q factors of the 47 turn coils wound on cores from
Fig. 12 and Fig. 13 at the 300 kHz frequency, versus the target distance [41]. It was shown
that the flat face of the transducer increases the value of B in the axial direction. The larger
radiating surface increased the measuring range up to double the value of the potcore.
Magnetic short circuits by the core itself or by ferromagnetic housing should be avoided.
Eddy-current sensors working at higher frequencies should be wound from litz (stranded)
wire.

The sensors work either in FM mode when the oscillator frequency changes with target

position (relaxation oscillator) or in AM mode when the variable is the oscillator amplitude.
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Fig. 14: Measured Q for reference pot (Fig. 12) and alte rnative cores (Fig. 13) - from

[41], © 1997 IEEE

This principle is also often used in bipolar-output proximity switches —in this case, the
electronics may be much simpler. The most popular type of eddy-current proximity switch is
"the killed oscillator" (also "blocking oscillator): metallic object moving close to the coll
decreases the quality factor of the coil, which decreases the oscillator amplitude or, which
stops the oscillation.

Miniature eddy current sensors use flat air coils. The proximity sensor based on a
differential relaxation oscillator (Fig. 15) was described in [42]. The oscillator frequency
changes with the position of the target. 1x1 mm coil on top of integrated CMOS readout
circuit was developed for short-range applications with limited accuracy. 3.8 mm side coil
temperature compensated sensor is working in the 3 to 4.5 MHz output frequency range. The
dependence of the output frequency on the distance of the aluminum target before and after
temperature compensation is shown in Fig. 16. The measured distance of the aluminum target
changes with temperature by less than +/- 1% (for aluminum target 1 mm from the sensor) in

the whole —20 °C to + 80 °C industrial temperature range.
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Fig. 15: Inductive (eddy current)proximity sensor based on differential relaxation

oscillator. The output frequency is a function of the conducting target position — from

[42].
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Fig. 16: Output frequency of the integrated inductive (eddy current) proximity sensor as

a function of the distance ofthe aluminum target at various temperatures a)before and

b) after temperature compensation — from [42].

The achievable range of the integrated eddy current proximity sensor is limited by the quality
factor of the flat coil, which depends on the coil resistance. Conductor path resolution of
screen printed thick film coils is limited to approximately 80 um and maximum thickness is
10 um. A molding of the sensor coil layout into a ceramic multilayer substrate via embossing
combined with a photolithographic process was shown to increase the coil quality factor by a
factor of 2.4. The sensitivity of an eddy current sensor with an enlarged conductor path cross-
section is more than doubled in comparison with a screen printed coil with the same planar
dimensions [43]

Eddy current microfabricated proximity sensors can be vertically integrated with capacitance
sensors, keeping the sensing pixel small; while the conductive objects can be detected in long

distance by an inductive method, plastic objects canbe detected by capacitance method [44].
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Low-cost eddy-current displacement sensors can be produced in PCB technology. A useful
design case is shown in [45]. The working frequency of these sensors is 1 to 10 MHz.

In some designs the detector induction coil is replaced with a DC magnetic sensor, typically .
an AMR magnetoresistor. While the sensitivity of induction coils increases with frequency,
the sensitivity of AMR sensors is frequency independent. This allows the use of low-
frequencies that can penetrate the metal wall of a pneumatic cylinder or barrel. AMR sensors
are also sensitive and small which results in higher spatial resolution. It is also easy to built
AMR sensor arrays.

If the AC excitation and flipping frequencies of the AMR sensors are the same, the
magnetoresistor has DC output without any demodulator [46]. .

The main drawback of eddy current position sensors is that their sensitivity depends on
conductivity, permeability, and size of the target. Replacing an induction coil by a DC
magnetic sensor allows to distinguish ferromagnetic and non-magnetic targets. The
dependence on the target thickness can be suppressed by using a high enough excitation
frequency, for which the penetration depth is significantly smaller than the minimum
thickness of the target. In general, the eddy current distance sensors should be calibrated with
each target.

High-precision eddy current sensors utilize compensation of temperature dependence and

nonlinearity by microprocessor or FPGA circuit. Table 4 shows parameters of some of these

devices.
type Minrange | Max range | Resolution | Drift Linearity
(mm) (mm) (nm) (%ES/K) | (%FS)

Lion Precission U3 0.05 0.25 10 0.08 0.2

Lion Precission U50 2 15 300 0.02 0.2

ye eddyNCDT 3300 ES04 0.04 04 40 0.015 0.2

ue eddyNCDT 3300 EUSO 8 80 4000 0.015 0.2
Kaman KD-510020N 0 1.9 100 0.025 10
Kaman KD-230660U1 0 60 6000 0.02 1
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https://www.micro-epsilon.com/displacement-position-sensors/eddy-current-sensor/eddyNCDT_3300/

Table 4 Specification of the preciseinductive distance sensors -from [4]. FSis a full scale (range) of the
sensor

Eddy currentspeedsensors

These sensors can be used to measure the speed of conduction objects without teeth [4].

An eddy current speed sensor based on a permanent magnet and a Hall sensor was described
in [47]. The sensitive axis of the Hall sensor is oriented orthogonally to the field of the
magnet, so the sensor output is zero for zero speed. When the conducting target moves, eddy
currents are generated in it, and magnetic field associated with these eddy currents can be
sensed by the Hall sensor. The sensor has several disadvantages that prevented its industrial
applications: temperature offset drift of the Hall sensor, sensitivity to external magnetic fields,
and poor long-term stability due to sensitivity to angular errors between the excitation coil
and sensor.

A novel eddy current linear speed sensor allows to measure speed of an iron rod. It has
applications in linear machines and pneumatic and hydraulic cylinders [48]. Instead of a
permanent magnet, the system uses an AC excitation coil. The motion eddy currents are
sensed by two antiserially connected pick-up coils (Figure 17). For zero speed the magnetic
field is symmetrical so that the output voltage is zero. This symmetry is broken due to the
motion eddy currents (Figure 18) and the differential output voltage depends linearly to the
speed. For 20 mm diameter iron shaft and 47 turns of all coils, the sensitivity was 150 pV/
(m/s), resolution was 102 m/s in the 10 Hz and the linearity error is 0.4 % (Figure 19).

The excitation and sensing coils can be also perpendicular to the movement speed. . A flat
sensor of such design has rectangular coils. The moving target is external to the coil. Such
setup may serve e.g. for the measurement of vehicle speed with respect to the conductive rail
[49]. Typical sensitivity of 100 wV/ (m/s) and resolution of 2:10% m/s in the 10 Hz bandwidth
can be achieved with 100-turn coils. The sensitivity can be increased by using higher
excitation frequency, but increasing the operating frequency decreases the skin depth and
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increases the sensitivity to the surface properties of the armature. Temperature compensation

and compensation of the lift-off canbe made by the ratiometric method using voltages of the

individual output coils.
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Figure 17. A coaxial eddy current linear speed sensor: sensor configuration with excitation coil in the
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middle and two sensing coil which are connected antiserially. For the developed demonstrator w = 1.8

mm, h=5mm, d=10 mm, and r =10 mm. © 2019 IEEE Reproduced from [48] with the permission of
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Fig. 18. A coaxial eddy currentlinear speedsensor: magneticfield distributionatzero speed
and at a speed of +/- 5 m/s. Thesolid ironrod has a relative permeability of 77 and conductivity of 4.45

MS/m. From [4]
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Fig. 19. Characteristicsand linearity error of the eddy current speed sensor. The analytical calculation
assumes a low magnetic field and thus constant initial permeability of theironrod. Linearity relative
error was calculated as %FS (full scale). From [4].

4. Transformer and inductance sensors [1,4]

4.1 Linear transformer and inductance sensors

A simple linear position sensor uses dependence of the solenoid inductance on the position of

movable core. The sensor linearity can be improved by adding more turns at the coil ends

[50]. The disadvantage of this simple sensor is its large temperature dependence. Transformer

sensors have two windings, but effective temperature compensation can be made using the

ratiometric method.

LVDT
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Linear Variable Differential Transformer (LVDT) is probably the most popular magnetic
position sensor. Because of zero friction, the device is highly reliable. It has one primary
(excitation) and two secondary windings (sensing) coaxial coils and movable ferromagnetic
core (Fig. 20). While the textbooks usually show separated primary and secondary coils, in
practical devices these coils partly overlap in order to compensate the nonlinearity.

bon o

R, M,

a—al)

Fig. 20 LVDT sensor

LVDT sensors have high reproducibility, practical resolution may be better than 0.1 % or
below 1 um, linearity up to 0.05 %, temperature coefficient of sensitivity is typically 100
ppm/°C. The linear range is 30 % to 85 % of the device length. Standard measurement ranges
are from 200 um to 50 cm. The excitation frequency is usually between 50 Hz and 20 kHz.
Basic design considerations for LVDTs are given in [51].

The output signal of LVDT sensors is often processed by PSD (phase-sensitive detector =
synchronous rectifier, lock-in amplifier), but ratiometric processing is used more often [52,
53]. Synchronous demodulation is less noisy and is more resistant against interference, but
requires phase corrections. Other less utilized methods include Dual Slope conversion [54]
and position to frequency converters based on relaxation oscillator [55] or Colpitts LC

oscillator [53]. All these methods are simple and fast, but they have higher linearity errors.
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LVDT signal conditioner including all phase corrections can be also programmed in FPGA
resulting in comparable error with monolithic and processor-based signal conditioners but
with faster response [56]

It is possible to integrate the complete sensor electronics including the excitation generator
into the sensor housing. Specialized integrated circuits such as AD698 and the NE5521D
(based on demodulator) are available [51].

LVDT can be easily temperature compensated using ratiometric method. 0.15% error in a
wide temperature range is achievable [57]. LVDT linearity can be significantly improved by
coil design — proper profiling of the secondary coils and their overlap can increase the
linearity range significantly. Another method to improve the linearity is by signal processing
[58, 59]; analog technique based on the inverse transfer characteristic of the LVDT generated
by the analog multipliers and the difference amplifier proposed in [60, 61] achieved 0.07 %
linearity error. The inverse model used for the correction can be trained by a simple neural
network [58].

The differential variable inductance transducer (DVRT ®, "half-bridge LVDT") has only two
windings; core position is measured by differential inductance. DVRT sensors with 1.5 mm
outside diameter and 60 nm resolution are available. Sensors of this type can measure the
position of the ferromagnetic piston disk inside the ferromagnetic cylinder. The linear range is
100 % of the 200 mm stroke and the maximum linearity error was 20 um [62]. A similar
sensor for nonmetallic hydraulic cylinders was using an aluminum core, which exhibits zero
hysteresis error [63].

An LVDT can be magnetically shielded for operation in large disturbing magnetic fields [64].
Inductive position sensor with moving coils instead of ferromagnetic core for high radiation
environment is described in [65]. Similar sensor using two coils with inductance-to-voltage

converters is described in [62].
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The standard material for the LVDT sensor core is ferrite, FeNi materials are used at low-
temperatures at which would ferrites failed [66]. Very small LVDT sensors were designed
with core made of amorphous wire [67, 68].

The basic ratiometric temperature compensation provides 0.15 % error in a wide temperature
range [60], with temperature coefficient below 100 ppm/K. LVDT sensors with 0.1 %
linearity are commercially available . The linear range of LVDT can be further extended by
digital compensation. Extension from 4 mm to 30 mm stroke was reported in [61] while
linearity error was only 0.07 %.

A transformer position sensor was also designed to measure the position of the piston in a
pneumatic or hydraulic cylinder. In this case the ferromagnetic piston rod serves as a moving
core, and the coils are wound on top of conducting cylinder. The excitation field should have
low frequency so that it is only partly attenuated by the cylinder wall [69].

While the common LVDT sensors are cylindrical with solenoid coils and moving rod core,
flat devices are required for some applications. A planar design using flat coils was described
in [70] and [71], but these devices used a moving coil, which is unpractical especially for long
sensors. We have designed a flat position sensor with stationary coils and a moving
ferromagnetic armature (Fig.21]. This type of sensor can have a multiple coil sets to extend
the detection range: a typical application of such configuration is as a cabin landing sensor for
elevators: the single armature is connected to the cabin and one set of coils is located on each
floor to measure the cabin landing position with high accuracy. For 70 mm long coil set, 0.25

mm error without any compensation was achieved in a 20 mm range (Fig. 22)
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Fig. 21 A flat linear transformer sensor consisting of a stationary coil set with
ferromagnetic shielding and moving armature - from [4]
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A similar configuration on a small scale was used in the integrated position sensor which
combines linear encoder with LVDT. The scale is cut from transformer steel and two
transformer pairs with flat coils are made in PCB technology. The achieved resolution is 20
um for 4 MHz working frequency [72].

LVDT can be made radiation-resistant up to 50 MGy if proper isolation and sealing materials
are used. The conditioning electronics should be taken away from the radiation zone. The
cable length canreach hundreds of meters if special reading techniques are used. However,
LVDT is sensitive to magnetic fields in the axial direction, which may cause drifts. The
problem is caused by the presence of non-linear magnetic materials. An ironless position
sensor was developed for installations with high magnetic interference. It consists of two
solenoid primary coils, a short-circuited secondary moving coil, and a pair of sense coils.
[73]. The moving coil acts as a shielding which decreases the inductive coupling between
primary and sense coils. This is similar to the performance of the solid piston rod in the

transformer sensor of the piston position for hydraulic cylinders reported in [74].

Inductosyn and similar devices

Inductosyn ® [75] is a classical device that is still in use for some military and industrial
applications. It consists of two parallel flat meander coils: scale and slider. The slider usually
has two windings (*'sine” and "cosine™) shifted by 1/4 of the mechanical period (pitch).
Inductive coupling between scale and slider coils measures the displacement. Inductosyn
combines the advantages of incremental sensors (the increment is one pitch) and analog
sensors (sinewave dependence of the output voltage allows to interpolate the fine position
with a resolution of up to pitch/65 000). The scale winding is usually supplied by AC of

typically 10 kHz frequency, and the voltages induced in sine and cosine slider coils are

35



processed; however, it is also possible to supply the slider sine and cosine coils by quadrature
(sine and cosine) voltages and to process the voltage induced in the ruler (“stator”) coil. The
standard pitch size is 2 mm, ruler length may range from 25 cm up to 36 m or more.
Inductosyns are also made rotary. Multiple patterns can be combined in one device in order to
increase the incremental resolution by employing techniques known from optical encoders
(such as the N/N-1 method).

A large group of inductive position sensors is using flat coils made by printed circuit board
(PCB) technology and flat ferromagnetic parts with different shapes [76]. Improved design
with a U-shaped core around the PCB has a resolution of 6 um and 80 mm stroke. The stroke
can be increased without limitations by repeating the coil motive. Thanks to the design, the
inductance vs. position dependence are precise sinewave so that signal processing is easy.

Without any correction, the achieved error was 0.2 % [77].

4.2 Rotational transformers

Rotation transformer position sensors
Although rotation transformers are sometimes considered to be archaic devices, they still find

application in extreme conditions, as they are more rugged than optical encoders.

Synchros

Synchros are electromechanical devices, which replicate the rotor position in a distant
location. They have three stator windings displaced by 110°. They combine the properties of
sensor and actuator; the typical application is the antenna rotator.

Resolvers
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Resolvers have windings displaced by 900 [78]. There are different types of resolvers
including wound rotor resolvers, variable air-gap length variable reluctance resolvers, and
sinusoidal rotor variable reluctance resolvers. The outputs are sine and cosine voltages, which
are often processed by specialized resolver-to-digital converters [79-81]. Brushless resolvers
use another rotational transformer to supply the rotor [82]. Resolvers can be made to
withstand temperatures from 20 K to 500 K, radiation of 10° rads, acceleration of 200 g
(battleship cannons, punching devices), vacuum, or extreme pressures. Their disadvantage is a
large size and weight. The design of resolver based on Finite element analysis is described in
[83].

Some manufacturers (e.g. Pewatron) use the term "Linear resolver” for linear position
sensors that also have Sin/cos outputs, but which are based on two AC supplied
magnetoresistive elements.

Another type of rotation transformer with an air core is the rotational version of

Inductosyn.
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5. Variable gap sensors
Variable gap (sometimes also "variable reluctance™) sensors are based on the change of the
airgap in a magnetic circuit (between core and armature) of the inductor or transformer. These
sensors are still described in textbooks, as their principles and methods of linearization are
quite didactic. However they are less precise than LVDTs, and currently, they are rarely used
for new designs.
The term “variable reluctance” is sometimes also used for DC sensors energized by stationary
permanent magnets which sense salient soft magnetic object such as a toothed wheel. This
type of sensor is described in Section 2.
Mutual inductance of two coils depends on their distance. Sensors based on this principle can
be very small: the microfabricated 1x1 mm device achieved 17 nm resolution and 0.15 %
hysteresis [84]. Sensors of this type with a range of up to 20 m are described in Section 7.
Simple variable reluctance linear position sensors energized by permanent magnets and using
Hall sensor as detectors achieved linearity of £1 % [85]. The advantage of this type of sensor

is that the magnetic sensor is partly shielded from external interference.
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6. Magnetostrictive position sensors
Magnetostrictive position sensors measure the time of flight of a strain pulse to sense a
position of moving permanent magnet (Fig. 23). The sensing element is a wire or pipe from
magnetostrictive material (sonic waveguide). The devices are based on the Wiedeman effect:
if the current passes through the waveguide and a perpendicular DC magnetic field is present,

the torsional force is exerted on the waveguide.
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Fig. 23 Magnetostrictive position transducer. Image is courtesy of AMETEK Sensor
Technologies.

The device works so that after the current pulse is applied, the torsional force is generated in

the location of a permanent magnet. This torsional strain pulse travels with ~3 km/s speed
along the waveguide and it is detected by the small induction coil atthe sensor head. The
hysteresis may be as low as 0.4 um, uncorrected linearity is 0.02 % FS, some devices have an
internal linearization and temperature compensation. The maximum sensor length is limited
by elastic wave attenuation to about 4 m [86, 87]. Sensors based on similar principles are
manufactured by Gemco-Patriot, MTS, and Balluff.

Other devices based on a delay line principle were suggested in [88, 89]. The mechanical

strain in the delay line is caused by a current pulse in the perpendicular movable conductor.
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This momentary strain induces surface acoustic wave which propagates in both directions.

The acoustic pulse is again detected in a small axial induction coil close to the end of the

delay line due to the inverse magnetostriction effect. The delay line position sensors have an

error of approximately 1 mm, so they may be suitable to measure distances of about 1 mto 5

m the upper limit being determined by attenuation. The magnetostrictive response of the

amorphous wire used as a sensor core was optimized by stress annealing [90].

A similar configuration was used in a 2 m long sensor and the achieved error was 30 pum.

[86]. Parameters of some commercially available devices are summarized in table 5.

type Minrange | Max range | Resolution | tempco Linearity
(mm) (mm) (um)
Festo MME-MTS 225 2000 10 15ppm/K | 0.002 %
min 50 um
Baluff BTL 7 25 7620 5 +30 um
Ametek Patriot Vmax 300 5000 lor5 <0.01 %

Table 5 Specification of the magnetostrictive linear position sensors

Magnetostrictive position sensors can simultaneously measure velocity by the eddy current
principle. The independent velocity information can be used for consistency checking (self-
diagnostics), or the improvement of the position measurement by signal fusion [91] [87].
Some attempts were made to utilize domain wall movement for the position measurement, but

this effect is too dependent to external magnetic field and stress.

7. Long-range position sensors and magnetic trackers
Magnetic compass
The magnetic compass is using the Earth’s magnetic field to evaluate azimuth. When
the compass magnetized needle is kept in the horizontal plane, it points to the magnetic North.

The electronics compass uses a tri-axial magnetometer and inclination sensors. Pitch and roll
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angles measured by inclinometers are used to rotate the measured magnetic field vector to the
horizontal plane and subsequently, the azimuth can be calculated. Magnetic sensors used in
the precise compass are fluxgates, which allow precision of several angular minutes.
Magnetooresistors are used for mass market devices such as mobile phones or smart watches;
the achievable error is 2°.

A compass should be calibrated for the errors of the magnetometer: uneven
sensitivities of individual axes, angular deviations, and offsets, both of the magnetometers and
inclinometers. This calibration is made before the compass is mounted on the platform. The
calibration procedures are either vectorial or scalar. Vectorial methods using Earth’s field are
based on the precise rotation of the sensor using a non-magnetic platform [92] and also in [93,
94]. Another method of vectorial calibration of the magnetometer is using a precise 3-axial
axial coil system; inclinometers naturally cannot be calibrated [95], [96]. Scalar calibration is
a statistical procedure that does not need precise positioning - it is based on random
positioning in a stable and known magnetic field [97]. The procedure can be automated by
using a non-magnetic positioning platform [98]. While for calibration of the magnetometer 2-
axial positioning system is sufficient, full calibration of compass requires all 3 positioning
axes. [99]. An alternative scalar calibration procedure is called a thin shell and it is based on a
stable sensor and rotating magnetic field created by a precise coil system [100]. Again, the
thin shell method can be used only for magnetometers, not for inclinometers.

After the compass is mounted on the platform, other disturbances appear, which rotate
with the platform. They are divided into hard iron disturbances, which are created by
permanently magnetized elements, and soft iron disturbances, which are caused by objects
with magnetic permeability not equal to one. These internal disturbances can be compensated
by proper calibration procedures which are usually based on rotation around their axes [101,

102]. External disturbances can be neither estimated, nor corrected. They come from
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unpredictable external sources, however, their influence can be suppressed by using Kalman
fitters which identify and reject corrupted measurements [103].

Magnetic compass, inclinometers, and angular rate sensors are the main components of the
inertial navigation systems (INS) or inertial measurement units (IMU). Cheap small-size
IMUs are part of many smartphones. They can serve also as indoor localization systems using
fingerprint database magnetic map [104] [105-107]. One of the successful methods for error
correction for indoor navigation is using dominant orthogonal directions of corridors in
buildings [108]. Some systems also use magnetic landmarks made of permanent magnets or
magnetic beacons [105, 109, 110].

Inertial measurement units canalso be used for other applications such as monitoring the

position of a needle during surgery, with an achievable position mean error of 1.3 mm [111].

Magnetic trackers

Trackers are devices that measure the location and relative orientation of the target. A
complete tracker has 6 degrees of freedom (linear position in 3 axes and 3 rotation angles).
The applications include body tracking in virtual reality, motion capture in animation and
biomechanical measurement, indoor navigation and security [112] [113]. Miniaturized sensors
are used to locate the position of probes and instruments such as biopsy needles inside the
body, for surgery navigation, and for the location of the capsule in the gastrointestinal system
[114, 115]. The target may be a source of the signal (permanent magnet or transmitter coil)
whose amplitude (and eventually phase) is sensed by receiving coils, or the sensor is attached
to the target. Passive systems with permanent magnet suffer from noise and drift caused by
ambient magnetic fields. Within a 380x270x240 mm covered by 16 triaxial AMR
magnetometers the average positioning error obtained from the proposed noise and drift

cancelation algorithm is around 10 mm and the average orientation error is around 12°[116].
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The simplest type of transmitting target is a small permanent magnet. Such systems
have been used for observing bio-mechanical movements [117, 118] [119] and for non-
contact joystick [120]. The position of the 1 mm long helical microrobot which contains a
NdFeB permanent magnet is sensed by an array of 16 Hall sensors in the presence of the large
field of rotating permanent used to actuate the robot. The microrobots are designed to remove
superficial blood clots inside veins. For the distance of 3 mm between the robot trajectory and
sensor array, the mean absolute error is 2 mm [121].

The limitation of using a permanent magnet as the field source is small range: an
absolute position and orientation error of 71 um and 1.4 deg are achieved with an array of
16*16 Hall sensors in 7 mm distance [120]. Motion capture systems using permanent
magnets and fluxgate or AMR magnetometers may have a range up to 1 meter, but with
limited accuracy. If the permanent magnets in 1 m intervals are used as markers for an
automatically guided vehicle, the error of position estimate is + 5 cm [122]. Chan presented
an overview of algorithms applicable to the sensing of magnets and their application for
vehicle guidance [123].

LC resonant target is truly wireless but if it is used for position tracking, the resulting
uncertainty is 2 mm in the 60 mm distance. Similar targets are used as security labels for
shops and libraries [124, 125].

Magnetic trackers with a sensing target consist of a transmitting coil (which may be
flat) and miniature sensors (usually induction coils or magnetoresistors) attached to the target.
The most popular configuration is using three orthogonal generator coils and a three-axial
sensor [126, 127]. A closed-form solution for the general case of any directions of the coils
and sensor axes is described in [128]. The tracker error may be 1 mm and 0.5° within a 1 m3
volume [129]. The sensor signal may be wirelessly transmitted to the control unit. Some

systems use a pulsed DC magnetic field instead of an AC field, and sample the position after
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the decay of eddy currents; this technique reduces the errors caused by conducting objects.
The accuracy in a large area can be increased by using multiple source coils [114]. Other
systems are using a tri-axial magnetoresistive sensor attachedto the target. Using DC
magnetic sensors allows to combine compass with AC source: such a system is using only
uniaxial transmitting coil. With a 16 mm diameter transmitting coil the tracking distance for 2

mm uncertainty is 100 mm [130].

Advanced tracking systems for biomechanics fuse signals from inertial sensors,
magnetometers, and optical sensors [131]. A 6 degree-of-freedom (DOF: 3 for position and 3
for orientation) wearable multisensory tracking system for virtual reality is described in [132].
This system is fusing data from an infrared optical tracker with a low-cost camera and an
inertial and magnetic measurement unit. The hand posture can be tracked with a 0.2 mm
position error.

A 5-DOF (without roll) indoor magnetic positioning system based on a single
transmitting coil mounted on a moving object and three tri-axial magnetic sensors is described
in [112]. The achieved erroris 10 cmand 6 deg.

Applications of magnetic tracking in medicine include bronchoscopy, punctures,
intubation, and other surgery, sonography, radiotherapy, and catheterization. Systems
manufactured by Northern Digital, Ascension Technology, Biosense Webster, Polhemus,
Medtronic, and other companies are described in anexcellent review by Franz [133].

Another application of magnetic trackers is underground drilling. These systems
utilize compass, active beacons, and inertial sensors, as only sensor fusion can provide the
required accuracy [134].

An example of an underground positioning system is shown in [135]. The gyro is used

for dead-reckoning navigation over kilometer-long distances. A magnetic tracking system



consisting of two coaxial solenoid transmitters and two tri-axial magnetometer receivers is
used when two drilling heads approach each other. By using only longitudinal excitation field
the direction and distance can be calculated from two 3-axial readings. The magnetic
approaching system has a maximum range of 17 m with 1.2-m RMS uncertainty, which is
sufficient to steer the drilling heads. The accuracy increases by using a larger number of the
collected field data and also fast increases during the approach. At the distance of 10 m, the
RMS error is only 0.34 m and the final approach is navigated with cm uncertainty. A less
precise approaching system using a permanent magnet has a detection range of 3 m [136].

A navigation tool for low-diameter drilling in coal mines is using only a strapdown
navigation unit (triaxial magnetometer and inclinometer) and odometer (for the measurement
of the distance on the drilling path). The complete error model of the sensor head has 24
parameters: sensor sensitivities and offsets, nonorthogonality error, and misalignment with the
platform. Incomplete calibration strategy during drilling is using unit rotation and allows to
reduce path estimation errors [137]. Similar methods are being used in space research for in-
flight calibration of magnetometers onboard spacecraft [99, 138, 139].

The Earth’s magnetic field is distorted by underground ferromagnetic objects,
including drilling pipes. This error can be reduced by repeated measurements and multiple
sensors [140]. Systems for petroleum extraction require to drill multiple parallel holes. For
this type of work, local magnetic field anomalies are also employed to increase accuracy
[140].

Localization of metal objects is important topic, but it is out of the scope of this
paper. Here we only mention several pplications. Conducting foreign objects in the human
body can be localized by magnetic sensors [141]. Eddy current metal detectors are used to
detect low-metal-content mines, and DC magnetic sensors are used to detect ferromagnetic

objects from large distances [1] [142].
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Long-range position and distance sensors are based on similar principles as
magnetic trackers [143, 144]. A distance sensor consisting of two air coils is reported in
[145]. The transmission coil is supplied by squarewave voltage and tuned by parallel
capacitor. The position error is 1 % for a 240 mm range. Similar sensors with solenoid coils
developed for biomagnetic applications are described in [146]. A tri-axial miniature sensing
coil was used to correct for an angular mismatch between the transmitter and sensing coils.
This sensor was developed to measure the gastric activity. The achieved measurement range
was 120 mm with an uncertainty of 5% and resolution better than 1 mm. While such precision
would not be unacceptable for industrial applications, it is sufficient for medical research.

Liu uses a rotational permanent magnet on the surface and a tri-axial magnetometer at
the drilling head [147]. The sensing range was limited to 5 m because of the AMR sensors
that were used, but the position error was only 2 %.

A precise distance sensor based on the principle of magnetic tracking is described in
[148]. The system consists of a 35 mm long, 22/35 mm diameter tri-axial stationary excitation
coil system and a moving precise Billingsley tri-axial fluxgate magnetometer.. The excitation
coils are sequentially powered by bipolar current pulses. The selection of the excitation
frequency is a compromise: high frequency system has fast response time, but it is more
susceptible to errors due to eddy currents in conducting objects. The achievable precision is 1
% for arbitrary position and orientation. Using larger excitation field and more precise
fluxgate sensors, the range can be extended up to 50 m.

Very large angular position sensors with 33 m diameter have been built for walking
crane for surface coal mines. The device works in extreme conditions regarding temperature,
vibrations, dust, and mud. The active magnetic source is mounted on the moving part and an
array of 48 fluxgate sensors are attached to the static part [149]. The magnetic source soil e is

a 60 cm long, 5 cm diameter solenoid powered by a 2.5 A/50 Hz sinewave. The distance
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between the sensor and the field sourceis 1.5 m.

Another application of magnetic sensors in surface coal mines is the detection of
ferromagnetic objects on conveyors transporting coal and soil. Using digital filtering and
correlation techniques, the magnetic stray field of the object moving on a conveyor can be
detected in the presence of strong interference [150].

DC and AC methods are being used for the detection and localization of mines,
bombs, and unexploded ammunition [151]. An array of triaxial magnetometers has been used
for the location and measurement of hidden electric currents [152].

An important application of magnetic position detection is in wireless power transfer.
Transmitter and receiver coils should be aligned in order to increase efficiency and reduce
magnetic field leakage, which can cause heating of metal objects in the vicinity of the
wireless charger. For charging of electric vehicles, this can be achieved by using a set of
auxiliary coils either on the primary or secondary side of the charger [153, 154]. For energy
transmission systems for implant application, auxiliary coils were replaced by an array of
TMR sensors on the transmitter side [155]. The array of 14x14 TMR sensors measure the
coil position with the error of 3.7 mm and detect small and multiple magnetic objects in the
vicinity of the transmission coil [156].

The walking detector was developed to find the position of a pig inside a
ferromagnetic pipe [4]. The pig is equipped with a solenoid field source (beacon) as shown in
Fig. 24. The solenoid has 3000 turns and 130 mm long, 20 mm diameter iron core. The
inductance of the solenoid is 0.94 H and its resistance is 25 Q. The solenoid is energized by a
180 mA/12.5 Hz current.

The working frequency is low to allow the beacon signal to pass through the metal
pipe and also to limit field distortion due to eddy currents in other conducting bodies. Another

requirement is that the working frequency should be far enough from the power line
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frequency (50 or 60 Hz). The detector is a 200-turns pickup coil working in the short-
circuited (current) output mode [157]. The detection limit is 1 nT corresponding to signal
from a pig inside a steel gas pipe in the distance of 5 m. For plastic pipes, the pig can be
detected from the distance of 8 m. The position error is 0.2 m due to the sharp minimum of

the signal.

Beacon

b) Bz (arb. UnitS)

1 >
Probedistancex (arb. units)

Fig. 23. A walking detector for a magnetic pig - after [4]: a) the beacon inside the pipe is a solenoid
supplied with AC current, b) the vertical magnetic field component Bz as a function ofthe probe position
X

Precise methods for long-range angular sensing based on solenoids are used in mining.
A similar method was described for the measurement of angular misalignment of large coils
in accelerators. Relying on a few measurements of the magnetic field by Hall sensors, this
method is especially intended for applications where the magnet aperture is not accessible.

The achievable uncertainty is 10 [158]

8. Trends and Conclusions

A large part of position sensors is based on magnetic principle as they are reliable and

resistant and their price is competitive. Compared to optical sensors, magnetic sensors are
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resistant to dust and oil and they do not require direct sight. Optical sensors may have a larger
range. Capacitive sensors have the lowest range and highest precision.

Most of the magnetic sensors measure the position of an external target, which is
either a permanent magnet, magnetic scale, ferromagnetic object, or just conductive metal (for
eddy current sensors).

Sensors with permanent magnet have excellent resolution, but limited linearity.
Limiting factor is also their sensitivity to external magnetic fields such as the Earth’s field.
The current development trend is therefore to replace permanent magnet by AC supplied coll
on the stationary part.

For distance sensors based on magnetic scales the trend is to achieve absolute position
sensing with minimum of tracks. Other magnetic position sensors such as LVDT measure the
position of the core, which is a part of the sensor. New shapes of transformer position sensors
are being developed to better serve industrial requirements on more compact devices.

PLCD sensors have a stable core which is magnetically cut into the two parts by
saturation zone created by the moving permanent magnet. Although the precision of these
devices is limited by their principle, they are robust and cheap and have stable position at the
market. The saturated zone in magnetostrictive sensors reflects the elastic wave. These
sensors are popular to measure distances up to 10 m with high precision. New temperature
compensation methods are being developed to compensate even large temperature gradients.

Magnetic navigation systems and trackers utilize the Earth’s magnetic field or artificial
field generated by coil systems. They canachieve 0.1° angular error and 0.1 % position error,
but their accuracy may be degraded by conducting objects which distort the magnetic field.
Modern tracking systems use fusion of DC and AC magnetic and optical sensors to use the
advantages of all principles.

Magnetic sensors used in position detectors are Hall sensors, inductive coils, and
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magnetoresistors, namely AMR, GMR, and TMR. The other principles include GMI,
transformer, and magnetostriction. Hall sensors still dominate in these application, as they
were further developed to achieve better offset stability using spinning current method. AMR
sensor are more often used due to their low noise which allows to decrease the source field or

increase the distance between the field source and sensor.
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