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METHOD AND APPARATUS FOR MAGNETICALLY SENSING THE
POSITION OF A MAGNETIC TARGET

FIELD OF THE INVENTION

This invention relates to magnetic sensing, in particular, locating and tracking
magnetic targets.

BACKGROUND OF THE INVENTION

The use of magnetic sensing elements is well known in the art for locating and
tracking magnetic targets. A particularly ubiquitous application is the use of magnets
to determine the level of liquid within a vessel.

Representative of this type of structure is disclosed in U.S. Patent No.
4,589,282 issued to Dumery on May 20, 1986. This device teaches the use of a large
number of equally spaced Hal sensors to form a column. The sensors are mounted on
a column wherein each sensor is a packaged integrated circuit with a Hal cell
connected with a Schmitt Trigger Circuit.

The Hal sensors are activated one at a time, sequentially. By counting the
number of Hal sensors scanned, a rough measure of the liquid level is obtained. The
magnetic field regions are spaced apart by a distance that is not equal to the Hal
sensor spacing so that a pattern of Hal sensor output voltages provides a vernier
measure of the liquid level that is added to a rough measure of the previously obtained
rough measure.

Another such device that is similar to the aforementioned one is disclosed in
U.S. Patent No. 8,549,911 issued to Rudd et. Al. on Oct. 8, 2013. This device uses a
set of axially displaced magnetic sensing switches with a float having a magnet that

rises and falls as the liquid level changes. The magnetic switches are configured so
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that as the float moves, a new switch is activated before the previously activated
switch is deactivated. An electronic circuit provides an output that corresponds to the

liquid level. It is noted that this design could be implemented using reed switches and
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a resistive ladder.

Still another variation of this theme is disclosed in U.S. Patent No. 9,355,149
issued to Stark on May 10, 2016. This device is a displacement sensor for measuring
a position of a magnet relative to the position of a reference point. The magnet is
moved along a displacement axis adjacent to a sequence of magnetic field sensors.

The magnetic field sensors are arranged so that the magnetic field of an
adjacent sensor has a magnetic field that overlaps one another. The overlap range
between two displacement measurement ranges of adjacent magnetic field sensors is
selected in such a manner that the total error of the position signal formed by the
position signal by a calculation unit in that overlap range is smaller than a maximum
tolerable error.

This type of device preferably using Hal sensors is used for controlling
machine tools, in automation technology, robotics and in the automotive sector. In
comparison to optical methods, Hal sensors are less sensitive to dirt and damage
because they can be enclosed hermetically with a non-magnetic casing.

Another variation of this type of device is disclosed in Patent Publication No.
WO02006076968 invented by Ray Burke which features a position locating device.
Typically, the device is a fluid level sensor having a Halbach magnet assembly
associated with a float on the surface of the liquid level that is to be measured and a
Hal sensor wherein the Halbach assembly is rotatable relative to the Hal sensor such
that the relative angle between the two is measured and provides a signal

corresponding to the angle and, thus, provides the liquid level.
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Finally, another variation disclosed in Patent Publication No. WO198801046
invented by Morris Suntop is another variant of a liquid level sensor using parts
similar to those disclosed in the ‘968 application.

Prior art makes use of a multitude of single and multi-axis sensing elements,
however, there are no references to such sensing devices using a specific sensor
orientation in conjunction with a magnet array that creates a continuous and uniform
magnetic field which, when coupled to the sensor, provide increased resolution,
increased sensor element to sensor element spacing, and reduced susceptibility to
external interference from interaction with external magnetic fields.

There is not found in the prior art, a method and an apparatus for tracking a
magnetic target that is independent of the rotation of the magnetic target about the
magnetic sensing elements, wherein the magnetic sensing elements are oriented to
provide the greatest sensitivity relative to a magnetic field produced by the magnetic
target; that provides increased resolution and provides increased sensor element to
sensor element spacing.

SUMMARY OF THE INVENTION

It is an aspect of the invention to provide an apparatus for making a sensor for
tracking a magnetic target.

It is another aspect of the invention to provide an apparatus comprising one or
more magnetic field sensing devices and a magnetic target made up of elements that
are structured and arrayed to provide a uniform flux field zone.

It is still another aspect of the invention to provide an apparatus for high-
resolution tracking of a magnetic target with immunity to magnetic target rotation

about an axis that is coincident and/or parallel to the array of sensing elements.
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It is another aspect of the invention to provide a sensing apparatus for
providing increased resolution and increased immunity to external magnetic
interference.

It is still another aspect of the invention to provide a sensing apparatus
comprising an arrangement of one or more permanent magnets which produce a
known and predictable magnetic field (with respect to both direction and strength) for
providing the determination of the position of said magnets using any magnetic
sensing technology.

It is another aspect of the invention to provide a sensing apparatus that
comprises a magnetic target consisting of a single permanent magnet; 2 or more
diametrically opposed permanent magnets; 4 or more magnets arrayed in a Halbach
mangle or 4 or more magnets where the magnets are diametrically opposed and
‘stacked’ in groups of 2 or more diametrically opposed magnet groups; all for
providing a uniform magnetic field around or near the sensing elements.

It is another aspect of the invention to provide a sensor apparatus comprising a
magnetic target consisting of one or more electromagnets or electromagnetic coils.

Finally, It is another aspect of the invention to provide a sensor apparatus
comprising one or more 3D magnetic sensing elements that are oriented such that
their axes of sensitivity are at a 45-degree angle with respect to the magnetic field
produced by a magnetic target.

BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1 is an illustration of the sensing apparatus in accordance with the
invention.
Fig. 2 is an illustration of one of the many uses of the inventions, that is, a liquid

level sensor.
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Fig. 3 is an illustration of a typical magnetic target, that is, a Halbach Mangle
configuration of magnets.
Fig. 4 is a detailed illustration of the preferred angular orientation of a sensing
element.
Fig. 5 is a graphical aid for the calculation method of determining the
position/tracking of the magnetic target described in the specification in
accordance with the invention.
Fig. 6 is a flow chart showing the procedure that is followed to determine the
position/tracking of a magnetic target in accordance with the invention.
Fig. 7 is an illustration of an alternative apparatus for determining the position
of a piston cylinder using a Halbach Mangle as the target in accordance with the
invention.

DETAILED DESCRIPTION OF THE INVENTION

As shown in Fig. 1, invention 10, magnetic position sensor, is shown
determining the position of magnetic target 12. The magnetic field 36 (not shown)
produced by the magnetic target 12 is measured by 3 adjacent 3D magnetic sensing
elements 14 arranged in a linear array along PCB 20 (printed circuit board). Magnetic
sensing element 14 is preferably model MLX90393 as made by Melexis NV, but
other 3-dimensional magnetic sensing devices having similar characteristics may be
suitable.

Microprocessor 30 is also mounted to PCB 20. Microprocessor 30 is
preferably Model ATtiny85 as made by Microchip Technology, but other
microprocessors having similar characteristics may be suitable.

PCB 20 contains electrical traces (not shown) that facilitate electrical

communication between the magnetic sensing elements 14 and the microprocessor 30.

5

SUBSTITUTE SHEET (RULE 26)



10

15

20

WO 2018/231640 PCT/US2018/036591

While microprocessor 30 is shown as attached to PCB 30 directly, this connection
scheme is not essential. Microprocessor 30 could be mounted remotely from magnetic
sensing elements 14 and PCB 30 if communication between them is facilitated by
some other means.

One useful application of invention 10 is shown in Fig. 2, where invention 10
is employed as a liquid level sensor 24. Here, invention 10 is used to determine the
position of float 22 along the length of the liquid level sensor 24. The liquid level
sensor 24 comprises a plastic or metal housing 28, inside which PCB 20 is located.
Magnetic sensing elements 14 are mounted to PCB 20 in a linear array. Float 22 is
designed such that it floats on the surface of a liquid 32.

Float 22 comprises a set of permanent magnets 34, which is an example of one
potential magnetic target 12. This set of permanent magnets 34 is arranged in a
Halbach Mangle configuration as shown in Figure 3, such that a strong, unidirectional
magnetic field 36 is present throughout the inner cylinder of float 22. A Halbach
Mangle is a cylindrical arrangement of permanent magnets such that a strong,
unidirectional magnetic field 36 is produced inside the cylinder. While a Halbach
mangle configuration is shown here, any magnetic arrangement which produces a
unidirectional magnetic field 36 inside the float 22 can be used.

Fig. 4 shows a detailed view of one magnetic sensing element 14 mounted to
PCB 20. Magnetic sensing element 14 is mounted such that two sensing axes 38 (X
and Y) are at a 45-degree angle () relative to the direction of the magnetic field 36
produced by float 22 (not shown). In this configuration, the X and Y magnetic
strength measurements produced by sensing element 14 are only a portion of the true

unidirectional magnetic field 36 strength value.
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To determine the true strength of the magnetic field orthogonal to the sensing
element array, the following formula is used:
Kirwe ™ XT0ed87h + Yisinass
Frowe = =X 800485 4 Floos 455

Using this offset angle arrangement allows for the utilization of a uniform
magnetic field 36 strength which is beyond the maximum allowable measurement
range of the magnetic sensing element 14 without saturating or damaging the sensing
element 14. Thus, a stronger magnetic target field can be used, which effectively
produces an invention 10 that is less susceptible to magnetic interference from outside
magnetic fields. While a 45 degree offset angle is shown above, an offset angle from
0 to 45 degrees between the sensing element 14 and the magnetic target field can be
used.

When employed for use as a liquid level sensor, invention 10 requires the use of at
least 2 magnetic sensing elements 14 arranged in a linear array, but the use of 3 or
more is preferred. The axis of this array should be parallel with the direction of
motion of float 22. The direction of this magnetic field is perpendicular to the
magnetic sensing element array axis.

The unidirectional magnetic field 36 produced by the permanent magnets
inside float 22 is measured by at least 2 of the magnetic sensing elements 14. These
measurements are provided to microprocessor 30. These values are processed in the
following manner to yield a numerical value that represents the physical position of
float 22 along its axis of motion.

Referring now to Fig. 5 as a graphical aid for the steps in the procedure below.

Fig. 6 presents the same procedure in flow chart form.
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1. First, the magnetic field measurement vector at each sensing element is calculated (3,
2.0

2. Then, the largest magnitude vector is selected (&, in this case). This is referred to as
the Prime Element.

5 3. Then, the magnitude of the vectors measured at the sensing elements adjacent to the
Prime Element are calculated and compared to one another to determine which is
greater (Ma, in this case).

4. Then, the magnitude of the lesser is subtracted from the magnitude of the greater (Ma
- Mp).

10 5. 'Then, this difference is divided by the sum of the magnitudes of the 3 previously
mentioned vectors (Ma + Mg + Mc). The result is referred to as the Margin.

6. Ifthe greater of the adjacent vector magnitudes was measured at the sensing element
above the Prime Element, then the Margin is added to the index of the Prime Element
(I + Margin).

15 7. Ifthe greater of the adjacent vector magnitudes was measured at the sensing element
below the Prime Element, then the Margin is subtracted from the sensing element
number of the Prime Element (I - Margin).

8. The result is then multiplied by the physical distance between the sensing elements in
the array (D).
20 9. The result is a value that represents the position of the magnetic target along a line

parallel or coincident with the array of sensing elements.

The above sequence assumes the presence of at least 3 magnetic sensing
elements 14. In cases where only 2 elements are present, the same sequence is
applied, however, the lesser of the 3 vectors is assumed to be zero.

25 Another useful application of invention 10 is shown in Fig. 7, where invention

10 is employed as a piston position sensor 40. In this application, invention 10 is used
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to determine the position of piston 42 along the length of the piston position sensor
40. The piston position sensor 40 comprises a plastic or metal housing 44, inside
which PCB 20 is located. Magnetic sensing elements 14 are mounted to PCB 20 in a 1
dimensional array.

In this case, the magnetic target 12 comprises a single magnet 46, sized and oriented
such that it produces a unidirectional magnetic field 36 at piston position sensor 40.
While a single magnet configuration is used here, any magnetic arrangement that
produces a unidirectional magnetic field 36 at the piston position sensor 40 can be
used.

Just as in the liquid level sensor application above, the magnetic sensing
elements 14 are rotated by 45 degrees with respect to the direction of motion of the
magnetic target 12. This orientation is depicted in Fig. 4, and measurement
adjustments are made just as above.

Just as in the liquid level application, the unidirectional magnetic field 36
produced by the magnetic target 12 is measured by at least 2 of the magnetic sensing
elements 14. These measurements are provided to microprocessor 30 and processed
using the same method as described above to yield a value that represents the position
of the piston 42 along the length of the piston position sensor 40.

Although the present invention has been described with reference to certain
preferred embodiments thereof, other versions are readily apparent to those of

ordinary skill in the preferred embodiments contained herein.
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What is claimed is:

1. A magnetic sensing apparatus for tracking a magnetic target comprising:

a target wherein said apparatus is independent of the rotation of said target; wherein
said magnetic target comprises at least one element that is structured and arrayed to
provide a uniform flux field zone;

a plurality of magnetic field sensing devices;

a microprocessor wherein said apparatus calculates the position of said target within
the predetermined range of said apparatus using said uniform flux field zone.

2. The magnetic sensing apparatus for tracking a magnetic target of claim 1 that
provides increased resolution and increased immunity from external magnetic
interference.

3. The magnetic sensing apparatus for tracking a magnetic target of claim 1 wherein said
target comprises a single permanent magnet.

4. The magnetic sensing apparatus for tracking a magnetic target of claim 1 wherein said
target comprises at least two diametrically opposed permanent magnets.

5. The magnetic sensing apparatus for tracking a magnetic target of claim 1 wherein said
target comprises at least four magnets arranged in a Halbach mangle.

6. The magnetic sensing apparatus for tracking a magnetic target of claim 1 wherein said
target comprises at least four magnets diametrically opposed and stacked in groups of
at least two magnets.

7. The magnetic sensing apparatus for tracking a magnetic target of claim 1 wherein said
plurality of magnetic field sensing devices comprises 3D magnetic sensing devices
arranged in a 45-degree angle with respect to the magnetic field provided by said

magnetic target.

10
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8.

10.

11.

The magnetic sensing apparatus for tracking a magnetic target of claim 1 wherein said
magnetic target comprises at least one electromagnet.

The magnetic sensing apparatus for tracking a magnetic target of claim 1 wherein said
magnetic target comprises at least one magnetic coil.

The magnetic sensing apparatus of claim 1 wherein said magnetic sensing apparatus
is used as a piston position sensor further comprising:

a housing containing said plurality of magnetic field sensing devices;

a piston adapted to be moved along said housing; said piston associated with said
magnetic target;

wherein said apparatus uses said microprocessor to determine the position of said
piston along said housing.

The magnetic sensing apparatus of claim 1 used as a liquid level further comprising:

a float designed to float on the surface of a liquid wherein said target is associated

with said float such that the liquid level of said surface can be determined.

11
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CALCULATE MAGNETIC FIELD VECTOR AT
EACH SENSING ELEMENT (4, B, C)

$

SELECT LARGEST MAGNITUDE VECTOR (B). REFER TO
THIS VECTOR AS THE PRIME VECTOR AND THE SENSING
ELEMENT AT WHICH IT OCCURS AS THE PRIME ELEMENT

é

COMPARE THE MAGNITUDE OF VECTORS CCCURRING
ADJACENT TO THE PRIME VECTOR TO EACH OTHER,
AND BETERMINE WHICH ONE IS GREATER (Ma OR Mc)

é

SUBTRACT THE LESSER FROM THE GREATER (Ma OR Mc)

é

DIVIDE THIG DIFFERENCE BY THE SUM OF THE MAGNITUDES
OF THE 3 PREVIOUSLY MENTIONED VECTORS (Ma +Mb +Mc).
REFER TO THIS QUOTIENT AS THE MARGIN

$ é

IF Ma IS GREATER THAN Mc, THEN ADD IF MC 1S GREATER THAN Ma, THEN SUBTRACT
THE MARGIN TO THE INDEX (POSITION IN THE MARGIN FROM THE INDEX (POSITION IN
THE ARRAY) OF THE PRIME ELEMENT (1b) THE ARRAY} OF THE PRIME ELEMENT (b}

é $

MULTIPLY THE RESULT BY THE PHYSICAL DISTANCE
BETWEEN THE SENSING ELEMENTS IN THE ARRAY (D)

|

THE RESULTING PRODUCT IS AVALUE WHICH REPRESENTS THE
POSITION OF THE MAGNETIC TARGET ALONG A LINE PARALLEL
OR COINCIDENT WITH THE ARRAY OF SENSING ELEMENTS

FIG. 6
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