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(57) Abstract: A position sensor measures a magnetic flux of a magnetic field produced by a magnet system in a first direction
and a second direction. Values associated with the measured magnetic flux in the first direction are adjusted based on a first gain
and a first offset that are determined based on the measured magnetic flux and a reference magnetic flux in the first direction. Val-
ues associated with the measured magnetic flux in the second direction are adjusted based on a second gain and a second offset
that are determined based on the measured magnetic flux and a reference magnetic flux in the second direction. A position of the
magnet system with respect to the position sensor at a given time may then be determined based on the adjusted values of the mag-
netic flux in the first and second directions at the given time.
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LINEAR POSITION SENSOR SYSTEM

[0001) Linear position sensor systems are often utilized to monitor the movement of
a mechanical component, such as a hydraulic actuator, a brake system, or a transmission.
In known linear position sensor systems comprising a magnet and a position sensor, as
the magnet moves in a linear direction with respect to the position sensor, the position
sensor may measure a magnetic flux produced by the magnet and produce an electrical
signal that varies as the position of the magnet varies.

[0002] Figure 1 is a graph illustrating an output of a known linear position sensor
system. Figure 1 illustrates a magnetic flux in a first direction 102 as measured by a
position sensor vs. a position of the magnet with respect to the position sensor. Figure 1
additionally illustrates a magnetic flux in a second direction 104 as measured by a
position sensor vs. the position of the magnet with respect to the position sensor. The
problem is that current linear position sensor systems are only accurate in an area 105
between approximately a first zero crossing 106 of the magnetic flux in the first direction
and approximately a second zero crossing 108 of the magnetic flux in the first direction
where tolerances associated with ambient temperature, a geometry of a linear position
sensor system, an air gap within a linear position sensor system, a material of a magnet,
an angle of magnetization, and pole magnetization have minimal impact on the ability of
the position sensor to detect a position of a magnet with respect to the position sensor.
[0003] The solution is provided by the linear position sensor systems as described
herein capable of operating with greater magnet stroke lengths that are able to detect a
position of the magnet in an area 110 past the first zero crossing 106 of the magnetic flux
in the first direction and detect a position of the magnet in an area 112 past the second
zero crossing 108 of the magnetic flux in the first direction where factors such as ambient
temperature, a geometry of a linear position sensor system, an air gap within a linear
position sensor system, a material of a magnet, an angle of magnetization, and pole
magnetization have more significant impact on the ability of the position sensor of the
linear position sensor system to detect a position of a magnet system with respect to the
position sensor.

[0004] The invention will now be described by way of example with reference to the

accompanying drawings in which:
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[0005]  Figure 1 is a graph illustrating an output of a known linear position sensor
system,

[0006]  Figure 2 is a block diagram of one implementation of a linear position sensor
system utilizing three-dimensional/two-dimensional hall technology for detecting a
position of a magnet system with respect to a position sensor;

[0007] Figure 3 is a flow chart of one implementation of a method for detecting a
position of a magnet system with respect to a position sensor;

[0008] Figure 4 is a graph illustrating a measured magnetic flux in a first direction and
a measured magnetic flux in a second direction vs. a position of a magnet system with
respect to a position senor; and

[0009]  Figure 5 is a graph illustrating a measured magnetic flux in a first direction and
a measured magnetic flux in a second direction vs. a position of a magnet system with
respect to a position senor, and illustrating a reference magnetic flux in the first direction
and a reference magnetic flux in the second direction vs. a position of the magnet system
with respect to the position sensor.

[0010] Linear position sensor systems utilizing three-dimensional/two-dimensional
hall technology that are capable of accurately detecting a position of a magnetic system
with respect to a position sensor at extended magnet stroke lengths are described below.
The linear positions sensor systems described below are able to operate at extended
magnet stroke lengths, such as in areas 110, 112 past the zero crossings of the magnetic
flux in the first direction 106, 108 described above with respect to Fig. 1, where factors
such as ambient temperature, a geometry of a linear position sensor system, an air gap
within a linear position sensor system, a material of a magnet, an angle of magnetization,
and pole magnetization impact the ability of a position sensor of the linear position sensor
system to detect a position of a magnet system with respect to the position sensor.

[0011]  Fig. 2 is a block diagram of a linear position sensor system 200 for detecting a
position of a magnet system. Generally, the linear position sensor system 200 includes a
controller 202, a position sensor 204, and a magnet system 206. The magnet system 206
is positioned relative to the position sensor 204 in the linear position sensor system 200
such that the magnet system 206 moves in a linear direction relative to the position sensor
204. In some implementations, the magnet system 206 may include one magnet, where in

other implementations, the magnet system 206 includes more than one magnet. Examples
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of magnets that may be used in the magnet system 206 include permanent ring magnets
and permanent cylindrical magnets. However, other types of magnets may be used. In
some implementations, the magnet system may be positioned on a hydraulic actuator, a
brake position sensor, a transmission, or a clutch petal.

[0012]  During operation, as the magnet system 206 moves with respect to the position
sensor 204, the position sensor 204 measures the magnetic flux created by the magnet
system 206 in at least two directions. Examples of position sensors 204 that may be used
in the linear position sensor system 200 include linear magnetic sensors and magnetic
switches or latches. In some implementations, the position sensor 204 measures the
magnetic flux that the magnet system 206 applies orthogonally to the surface of the
position sensor 204 and the position sensor 204 measures the magnetic flux that the
magnet system 206 applies parallel to the surface of the position sensor 204. However,
the position sensor 204 may additionally or alternatively measure the magnetic flux that
the magnet system 206 applies in one or more other directions to the surface of the
position sensor 204.

[0013]  The controller 202 is in communication with the position sensor 204 and
utilizes the magnetic flux measurements of the position sensor 204 to determine a
position of the magnet system 206 with respect to the position sensor 204 at a given time.
In some implementations, the controller 202 may be an application-specific integration
circuit (“ASIC”), where in other implementations, the controller 202 comprises one or
more processors, such as a microprocessor, and one or more memory modules, such as a
tangible computer-readable storage medium. In these implementations, the processor 1s
configured to execute instructions stored in the memory to cause the system 200 to detect
a position of the magnet system 206 with respect to the position sensor 204.

[0014]  As explained in more detail below, to detect a position of the magnet system
206, the controller 202 calculates a first offset and a first gain for magnetic flux
measurements associated with the magnetic flux in the first direction. The controller 202
compares the magnetic flux measurements associated with the magnetic flux in the first
direction to reference flux measurements associated with the magnetic flux in the first
direction that are stored in the controller 202. In some implementations, the controller

202 calculates the first offset and the first gain based on one or more measured maximum
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flux values, a measured minimum flux value, one or more reference maximum values,
and a reference minimum flux value.

[0015] Similarly, the controller 202 calculates a second offset and a second gain for
the magnetic flux measurements associated with the magnetic flux in a second direction
that is different from the first direction. The controller 202 compares the magnetic flux
measurements associated with the magnetic flux in the second direction to reference flux
measurements associated with the magnetic flux in the second direction that are stored in
the controller 202. In some implementations, the controller 202 calculates the second
offset and the second gain based on a measured maximum flux, a measured minimum
flux value, a reference maximum flux value, and a reference minimum flux value.

[0016] The controller 202 adjusts at least a portion of the magnetic flux measurements
associated with the magnetic flux in the first direction based on the first gain and the first
offset, and the controller 202 adjusts at least a portion of the magnetic flux measurements
associated with the magnetic flux in the second direction based on the second gain and
the second offset. The controller 202 may then determine a position of the magnet systém
206 with respect to the position sensor 204 at a given time based on the adjusted values of
the measured magnetic flux in the first direction at the given time and the adjusted values
of the measured magnetic flux in the second direction at the given time.

[0017] By adjusting the measured magnetic flux values to align with the ideal,
reference magnetic flux values, the linear position sensor system 200 is able to operate at
stroke lengths where factors such as ambient temperature, a geometry of a linear position
sensor system, an air gap within a linear position sensor system, a material of a magnet,
an angle of magnetization, and pole magnetization have impact the ability of a position
sensor 204 to detect a position of a magnet system 206 with respect to the position sensor
204, such as in areas 110, 112 past the zero crossings of the magnetic flux in the first
direction 106, 108 described above with respect to Fig. 1.

[0018]  Figure 3 is a flow chart of one implementation of a computer-implemented
method for detecting a position of a magnet system with respect to a position sensor, such
as in the linear position sensor system described above with respect to Fig. 2. At step
302, a position sensor measures a magnetic flux of a magnet field in a first direction that
is produced by a magnet system moving in a linear direction with respect to the position

sensor, and the position sensor measures a magnetic flux of a magnetic field in a second
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direction that is produced by the magnetic system moving in the linear direction with
respect to the position sensor, where the first direction and the second direction are
different directions. In one implementation, the magnetic flux in the first direction is a
magnetic flux that is orthogonal to the surface of the position sensor and the magnetic
flux in the second direction is a magnetic flux that is parallel to the surface of the position
sensor. However, it will be appreciated that other directions of magnetic flux could also
be used.

[0019]  An example of the measured magnetic flux in the first direction and the
measured magnetic flux in the second direction vs. a position of the magnet system with
respect to the position sensor are illustrated in Fig. 4. The measured magnetic flux in the
first direction is labeled 402 and the measured magnetic flux in the second direction is
labeled 404.

[0020] Referring again to Fig. 3, in some implementations, at step 304, the controller
may filter one or more measured magnetic flux values from the measured magnetic flux
in the first direction prior to determining the first offset and the first gain and/or the
controller may filter one or more measured magnetic flux values from the measured
magnetic flux in the second direction prior to determining the second offset and the
second gain. For example, the controller may filter measured magnetic flux values from
the measured magnetic flux in the first and/or second directions based on whether the
values of the measured magnetic flux are within a predetermined amount of an ideal,
reference magnetic flux.

[0021] At step 306, the controller determines a first offset based on a first measured
maximum flux value, a second measured maximum flux value, and a measured minimum
flux value associated with the measured magnetic flux in the first direction, and a first
reference maximum flux value, a second reference maximum flux value, and a reference
minimum flux value associated with the magnetic flux in the first direction. As discussed
above, in some implementations the first reference maximum flux value, the second
reference maximum flux value, and the reference minimum flux value associated with the
magnetic flux in the first direction are stored in the controller.

[0022])  Fig. S is a diagram illustrating the measured magnetic flux in the first direction
502 and the measured magnetic flux in the second direction 504 vs. a position of the

magnet system with respect to the position sensor. Fig. 5 additionally illustrates a
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reference magnetic flux in the first direction 506 and a reference magnetic flux in the
second direction 508 vs. a position of the magnet system with respect to the position
sensor. The reference magnetic fluxes 506, 508 represent ideal magnetic flux
measurements where factors such as ambient temperature, a geometry of a linear position
sensor system, an air gap within a linear position sensor system, a material of a magnet,
an angle of magnetization, and pole magnetization do not impact the ability of a position
sensor to detect a position of a magnet system with respect to the position sensor.

[0023] The measured magnetic flux in the first direction 502 includes a first measured
maximum flux value 510, a second measured maximum flux value 512, and a measured
minimum flux 514. Similarly, the reference magnetic flux in the first direction 506
includes a first reference maximum flux value 516, a second reference maximum flux
value 518, and a reference minimum flux value 520. The first offset generally represents
error within the linear position sensor system caused by factors such as ambient
temperature, a geometry of a linear position sensor system, an air gap within a linear
position sensor system, a material of a magnet, an angle of magnetization, and pole
magnetization.

[0024] In some implementations, at step 306 the controller determines the first offset

using the equation:

(DminM ’ q)maXR _(I)maxR
o
[0025] FirstOffset = min R ,
1- q)max R
CI)min R
[0026] where @, ., r 1S @ mean of the first reference maximum flux value and the

second reference maximum flux value, @, r is the reference minimum flux value, @, m
is a mean of the first measured maximum flux value and the second measured maximum
flux value, and @, v is the measured minimum flux value associated with the magnetic
flux in the first direction. However, it will be appreciated that the first offset may be
calculated in other ways based on a first measured maximum flux value, a second
measured maximum flux value, and a measured minimum flux value associated with the
measured magnetic flux in the first direction, and a first reference maximum flux value, a
second reference maximum flux value, and a reference minimum flux value associated

with the magnetic flux in the first direction.
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[0027] At step 308, the controller determines the first gain based on the first offset, the
first measured maximum flux value, and the first reference maximum flux value
associated with the magnetic flux in the first direction; based on the first offset, the
second measured maximum flux value, and the second reference maximum flux value
associated with the magnetic flux in the first direction; or based on the first offset, the
measured minimum flux value, and the reference minimum flux value associated with the
magnetic flux in the first direction. For example, referring to Fig. 4, the controller may
determine the first gain based on the first offset, the first measured maximum flux value,
and the first reference maximum flux value in an area 405 up until a first zero crossing
406 associated with the magnetic flux in the first direction 402. The controller may
determine the first gain based on the first offset, the measured minimum flux value, and
reference minimum flux value in an area 407 between the first zero crossing 406
associated with the magnetic flux in the first direction 402 and a second zero crossing 408
associated with the magnetic flux in the first direction 402. Further, the controller may
determine the first gain based on the first offset, the second measured maximum flux
value, and the second reference maximum flux value in an area 409 after the second zero
crossing 408 associated with the magnetic flux in the first direction 402.

[0028] Similar to the first offset, the first gain generally represents error within the
linear position sensory system caused by factors such as ambient temperature, a geometry
of a linear position sensor system, an air gap within a linear position sensor system, a
material of a magnet, an angle of magnetization, and pole magnetization. In some
implementations, at step 308 the controller determines the first gain based on the first
offset, one of the first measured maximum flux value and the second measured maximum
flux value, and one of the first reference maximum flux value and the second reference
maximum flux value associated with the magnetic flux in the first direction using the
equation:

¢max R
FirstOffset+®___,,

FirstGain =

where @ .y r 1s one of the first reference maximum flux value and the second reference
maximum flux value and @, M is one of the first measured maximum flux value and the
second measured maximum flux value. However, it will be appreciated that the first gain
may be calculated in other ways based on the first offset, one of the first measured maximum

flux value and the second measured maximum flux value, and one of the first reference
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maximum flux value and the second reference maximum flux value associated with the
magnetic flux in the first direction.

[0029]  Further, in some implementations, at step 308 the controller determines the
first gain based on the first offset, the measured minimum flux value, and the reference

minimum flux value associated with the magnetic flux in the first direction using the

equation:
. . D r
[0030] FirstGain = — o s
FirstOffset +®_; ,,
[0031] where @, r 1S the reference minimum flux value and @, v is the

measured minimum flux value. However, it will be appreciated that the first gain may be
calculated in other ways based on the first offset, the measured minimum flux value, and
the reference minimum flux value associated with the magnetic flux in the first direction.
[0032] At step 310, the controller adjusts at least a portion of the values in the
measured magnetic flux in the first direction based on the first gain and the first offset. In
some implementations, the controller adjusts the values of the measured magnetic flux in
the first direction at one or more zero crossings associated with the magnetic flux in the
first direction and/or at one or more zero crossings associated with the magnetic flux in
the second direction. It will be appreciated that updating values of the measured
magnetic fluxes at zero crossings associated with the magnetic flux in the first direction
and/or the second direction assists in providing smooth curves for the measured magnetic
fluxes as the values of the measured magnetic fluxes are adjusted.

[0033] At step 312, the controller determines a second offset based on a measured
maximum flux value and a measured minimum flux value associated with the measured
magnetic flux in the second direction, and a reference maximum flux value and a
reference minimum flux value associated with the magnetic flux in the second direction.
Referring again to Fig. 5, the measured magnetic flux in the second direction 504 includes
a measured maximum flux value 526 and a measured minimum flux 528, and the
reference magnetic flux in the second direction 508 includes a reference maximum flux
value 530 and a reference minimum flux value 532. As with the first offset, the second
offset generally represents error within the linear position sensory system caused by

factors such as ambient temperature, a geometry of a linear position sensor system, an air
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gap within a linear position sensor system, a material of a magnet, an angle of
magnetization, and pole magnetization.
[0034] In some implementations, at step 312 the controller determines the second

offset using the equation:

q)minM : zm’(k —(Drme
[0035] SecondOffset = g‘ R ,
1 — —max R
Qmin R
[0036] where @, r is the reference maximum flux value, @, r is the reference

minimum flux value, @, 1S the measured maximum flux value, and @, p 1S the
measured minimum flux value associated with the magnetic flux in the second direction.
However, it will be appreciated that the second offset may be calculated in other ways
based on the measured maximum flux value and the measured minimum flux value
associated with the measured magnetic flux in the second direction and the reference
maximum flux value and the reference minimum flux value associated with the magnetic
flux in the second direction

[0037] At step 314, the controller determines the second gain based on the second
offset, the measured maximum flux value, and the reference maximum flux value
assoctated with the magnetic flux in the second direction, or alternatively, the controller
determines the second gain based on the second offset, the measured minimum flux value
and the reference minimum flux value associated with the magnetic flux in the second
direction. For example, referring to Fig. 4, the controller may determine the second gain
based on the second offset, the measured minimum flux value, and the reference
minimum flux value in an area 410 up to a zero crossing 412 associated with the magnetic
flux in the second direction 404, and the controller may determine the second gain based
on the second offset, the measured maximum flux value, and the reference maximum flux
value in an area 414 after the zero crossing 410 associated with the magnetic flux in the
second direction 404.

[0038]  Similar to the first gain, the second gain generally represents error within the
linear position sensory system caused by factors such as ambient temperature, a geometry
of a linear position sensor system, an air gap within a linear position sensor system, a

material of a magnet, an angle of magnetization, and pole magnetization. In some
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implementations, at step 314 the controller determines the second gain based on the
second offset, the measured maximum flux value, and the reference maximum flux value

associated with the magnetic flux in the second direction using the equation:

P

0039 SecondGain = max R ,
[ ! cconatam SecondOffset +®_,
[0040] where @, r is the reference maximum flux value and ®,,, v is the

measured maximum flux value. However, it will be appreciated that the second gain may
be calculated in other ways based on the second offset, the measured maximum flux
value, and the reference maximum flux value associated with the magnetic flux in the
second direction.

[0041] Further, in some implementations, at step 314 the controller determines the
second gain based on the second offset, the measured minimum flux value, and the
reference minimum flux value associated with the magnetic flux in the second direction

using the equation:

o

[0042] SecondGain = min R ,
SecondOffset +P_,. ,,
[0043] where ®_;, r 1s the reference minimum flux value and @, v the measured

minimum flux value. However, it will be appreciated that the second gain may be
calculated in other ways based on the second offset, the measured minimum flux value,
and the reference minimum flux value associated with the magnetic flux in the second
direction.

[0044] At step 316, the controller adjusts at least a portion of the values in the
measured magnetic flux in the second direction based on the second gain and the second
offset. In some implementations, the controller adjusts the values of the measured
magnetic flux in the second direction at one or more zero crossings associated with the
magnetic flux in the first direction and/or at one or more zero crossings associated with
the magnetic flux in the second direction.

[0045) In some implementations, at step 318, the controller may check to see if the
linear position sensor system is malfunctioning by performing one or more plausibility

checks. For example, the controller may perform a plausibility check with respect to the

-10-
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magnetic flux in the first direction by determining whether the first measured maximum
magnetic flux is within a predetermined amount of the first reference maximum magnetic
flux; whether the second measured maximum magnetic flux is within a predetermined
amount of the second reference maximum magnetic flux; whether the measured minimum
magnetic flux is within a predetermined amount of the reference minimum magnetic flux;
whether the first offset exceeds a predetermined threshold; and/or whether the first gain
exceed a predetermined threshold.

[0046] Similarly, the controller may perform a plausibility check with respect to the
magnetic flux in the second direction by determining whether the measured maximum
magnetic flux is within a predetermined amount of the reference maximum magnetic flux;
whether the measured minimum magnetic flux is within a predetermined amount of the
reference minimum magnetic flux; whether the second offset exceeds a predetermined
threshold; and/or whether the second gain exceeds a predetermined threshold. If the
controller determines that the linear position sensor system fails the plausibility check
with respect to the magnetic flux in the first direction and/or the magnetic flux in the
second direction, the controller may determine that the linear position sensor system is
malfunctioning and not proceed to determine a position of the magnet system.

[0047] It will be appreciated that in some implementations, the method loops 319 to
repeat the above-described steps over multiple strokes of the magnet system with respect
to the position sensor even as, at step 320, the controller determines a position of the
magnet system with respect to the position sensor.

[0048] At step 320, the controller determines a position of the magnet system at a
given time based on the adjusted values of the measured magnetic flux in the first
direction at the given time and the adjusted values of the measured magnetic flux in the
second direction at the given time. In one implementation, to determine the position of
the magnet system the controller determines a relationship, such as an angle, between the
adjusted value of the measured magnetic flux in the first direction at the given time and
the adjusted value of the measured magnetic flux in the second direction at the given
value. The controller obtains a value from a lookup table based on the determined
relationship and linearizes the value from the lookup table to determine the position of the

magnet system with respect to the position sensor at the given time.
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[0049] In another implementation, to determine the position of the magnet system the
controller utilizes an arctangent function to determine a relationship between the adjusted
value of the measured magnetic flux in the first direction at the given time and the
adjusted value of the measured magnetic flux in the second direction at the given time.
The controller then utilizes a polynomial position function to determine a value associated
with the determined relationship and linearizes the value to determine the position of the
magnet system with respect to the position sensor at the given time.

[0050] In yet another implementation, to determine the position of the magnet system
the controller utilizes a coordinate rotation digital computer (“CORDIC”) function to
determine an angle based on the adjusted value of the measured magnetic flux in the first
direction at the given time and the adjusted value of the measured flux in the second
direction at the given time. The controller then utilizes a polynomial position function to
determine a value associated with the determined angle and linearizes the value to
determine the position of the magnet system with respect to the sensor at the given time.
[0051]  As described above, linear position sensor systems may utilize three-
dimensional/two-dimensional hall technology by measuring the magnetic flux produced
by a magnet system in at least two directions. The measured magnetic fluxes are
.compared to ideal reference magnetic fluxes to determine offsets and gains associated
with each measured direction of the magnetic flux. Using the determined offsets and
gains, the values of the measured magnet fluxes are adjusted such that the linear position
sensor system may accurately detect a position of a magnetic system with respect to a
position sensor at extended magnet stroke lengths even where factors such as ambient
temperature, a geometry of a linear position sensor system, an air gap within a linear
position sensor system, a material of a magnet, an angle of magnetization, and pole
magnetization have a significant impact on the ability of a position sensor to detect a
position of a magnet system with respect to the position sensor. The ability to detect a
position of a magnet system with respect to a position sensor at extended magnet stroke
lengths provides advantages such as the ability to use smaller sized magnets in linear
position sensor systems and the ability to detect a position of a magnet over a greater

range of movement in mechanical devices.

-12-



WO 2012/009013 PCT/US2011/001228

[0052] It is intended that the foregoing detailed description be regarded as illustrative
rather than limiting, and that it be understood that it is the following claims, including all

equivalents, that are intended to define the spirit and scope of this invention.
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Claims

1. A computer-implemented method for detecting a position of a magnet system, the
method comprising:

measuring, at a position sensor, a magnetic flux of a magnetic field in a first direction
that is produced by a magnet system and measuring, at the position sensor, a magnetic flux of
a magnetic field in a second direction that is produced by the magnet system, where the first
direction and the second direction are different directions;

determining a first offset based on a first measured maximum flux value, a second
measured maximum flux value, and a measured minimum flux value associated with the
measured magnetic flux in the first direction and a first reference maximum flux value, a
second reference maximum flux value and a reference minimum flux value associated with
the magnetic flux in the first direction;

determining a first gain based on the first offset, one of the first measured maximum
flux value and the second measured maximum flux value, and one of the first reference
maximum flux value and the second reference maximum flux value associated with the
magnetic flux in the first direction, or based on the first offset, the measured minimum flux
value, and the reference minimum flux value associated with the magnetic flux in the first
direction,;

adjusting, at at least one of a zero crossing associated with the magnetic flux in the
first direction and a zero crossing associated with the magnetic flux in the second direction, at
least a portion of the values of the measured magnetic flux in the first direction based on the
first gain and the first offset;

determining a second offset based on a measured maximum flux value and a
measured minimum flux value associated with the measured magnetic flux in the second
direction and a reference maximum flux value and a reference minimum flux value
associated with the magnetic flux in the second direction;

determining a second gain based on the second offset, the measured maximum flux
value, and the reference maximum flux value associated with the magnetic flux in the second
direction, or based on the second offset, the measured minimum flux value, and the reference
minimum flux value associated with the magnetic flux in the second direction,;

adjusting, at at least one of a zero crossing associated with the magnetic flux in the

first direction and a zero crossing associated with the magnetic flux in the second direction, at
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least a portion of the values of the measured magnetic flux in the second direction based on
the second gain and the second offset; and

determining a position of the magnet system with respect to the position sensor at a
given time based on the adjusted values of the measured magnetic flux in the first direction

and the adjusted values of the measured magnetic flux in the second direction.

2. The computer-implemented method of claim 1, wherein determining the position of
the magnet system with respect to the position sensor at a given time comprises:

obtaining a value from a lookup table that is associated with a relationship between
the adjusted value of the measured magnetic flux in the first direction at the given time and
the adjusted value of the measured magnetic flux in the second direction at the given time;
and

linearizing the value from the lookup table.

3. The computer-implemented method of claim 2, wherein obtaining a value from a
lookup table comprises:

determining a relationship between the adjusted value of the measured magnetic flux
in the first direction at the given time and the adjusted value of the measured magnetic flux in
the second direction at the given time using an arctangent function; and

obtaining a value from a lookup table associated with the determined relationship.

4. The computer-implemented method of claim 2, wherein obtaining a value from a
lookup table comprises:

determining an angle based on the adjusted value of the measured magnetic flux in the
first direction at the given time and the adjusted value of the measured magnetic flux in the
second direction at the given time using a coordinate rotation digital computer (“CORDIC”)
function; and

obtaining a value from a lookup table associated with the determined angle.

5. The computer-implemented method of claim 1, wherein determining the position of
the magnet system with respect to the position sensor at a given time comprises:

determining a relationship between the adjusted value of the measured magnetic flux
in the first direction at the given time and the adjusted value of the measured magnetic flux in

the second direction at the given time using an arctangent function;
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determining a value associated with the relationship using a polynomial position
function; and

linearizing the value.

6. The computer-implemented method of claim 1, wherein determining the position of
the magnet system with respect to the position sensor at a given time comprises:

determining an angle based on the adjusted value of the measured magnetic flux in the
first direction at the given time and the adjusted value of the measured flux in the second
direction at the given time using a coordinate rotation digital computer (“CORDIC”)
function;

determining a value associated with the angle using a polynomial position function;
and

linearizing the value.

7. The computer-implemented method of claim 1, further comprising:

determining whether the position sensor is malfunctioning based on at least one of a
plausibility check associated with the first measured maximum magnetic flux, the second
measured maximum magnetic flux, the measured minimum magnetic flux, the first reference
maximum magnetic flux, the second reference maximum flux and the reference minimum
magnetic flux in the first direction, and a plausibility check associated with the measured
maximum magnetic flux, the measured minimum magnetic flux, the reference maximum

magnetic flux, and the reference minimum magnetic flux in the second direction.

8. The computer-implemented method of claim 1, further comprising:
filtering values from at least one of the measured magnetic flux in the first direction
prior to determining the first offset and the first gain, and the measured magnetic flux in the

second direction prior to determining the second offset and the second gain.
9. The computer-implemented method of claim 1, wherein determining the first offset

comprises:

calculating the first offset using the equation:

-16-



WO 2012/009013 PCT/US2011/001228

Y
M —maxR _p
(I)minR
l_q)maxR ’

P

P

max R

FirstOffset =

min R

wherein @« r is a mean of the first reference maximum flux value and the second
reference maximum flux value, @, r is the reference minimum flux value, @, M is a mean
of the first measured maximum flux value and the second measured maximum flux value,
and ®pin m is the measured minimum flux value associated with the magnetic flux in the first
direction; and

wherein the first gain is determined based on the first offset, one of the first measured
maximum flux value and the second measured maximum flux value, and one of the first
reference maximum flux value and the second reference maximum flux value associated with
the magnetic flux in the first direction using the equation:

o
FirstGain = max R

FirstOffset +®_,_,,

wherein @ .. r 1S one of the first reference maximum flux value and the second

reference maximum flux value and ® . M 1s one of the first measured maximum flux value

and the second measured maximum flux value.

10. The computer-implemented method of claim 9, wherein determining the first offset
comprises:
calculating the first offset using the equation:

[0)) q)maxR —-P

minM max R
(DminR
3
1_ cI)maxR

o

FirstOffset =

min R

wherein ®., r 1S @ mean of the first reference maximum flux value and the second
reference maximum flux value, @, r is the reference minimum flux value, @, M iS @ mean
of the first measured maximum flux value and the second measured maximum flux value,
and @ v is the measured minimum flux value associated with the magnetic flux in the first
direction; and

wherein the first gain is determined based on the first offset, the measured minimum
flux value, and the reference minimum flux value associated with the magnetic flux in the

first direction using the equation:
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F~ c; s min R

wherein @, r 1s the reference minimum flux value and @, M is the measured

minimum flux value.

11.  The computer-implemented method of claim 1, wherein determining the second offset
comprises:

calculating the second offset using the equation:

(DminM' o

SecondOffset =
min R

wherein @, r is the reference maximum flux value, @y, r is the reference minimum
flux value, @2 M is the measured maximum flux value, and @, v is the measured minimum
flux value associated with the magnetic flux in the second direction; and

wherein the second gain is determined based on the second offset, the measured
maximum flux value, and the reference maximum flux value associated with the magnetic

flux in the second direction using the equation:

q)max R
SecondOffset + D

SecondGain = ,

max M

wherein @« r 1S the reference maximum flux value and @, M 1S the measured

maximum flux value.

12.  The computer-implemented method of claim 1, wherein determining the second offset
comprises:
calculating the second offset using the equation:

q)minM.%_(p

min R

SecondOffset =

q)min R
wherein @, r is the reference maximum flux value, ® g r is the reference minimum
flux value, @, M is the measured maximum flux value, and ®pin M is the measured minimum

flux value associated with the magnetic flux in the second direction; and
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wherein the second gain is determined based on the second offset, the measured
minimum flux value, and the reference minimum flux value associated with the magnetic flux
in the second direction using the equation:

(Dmin R
SecondOffset +®_,,,,

SecondGain =

wherein @, r 15 the reference minimum flux value and ® i, M the measured

minimum flux value.

13. A linear position sensor system for detecting a position of a magnet system with
respect to a position sensor, the system comprising:
a position sensor configured to measure a magnetic flux of a magnetic field produced
by a magnet system; and
a controller in communication with the position sensor, the controller comprising a
computer-readable storage medium and a processor, the controller configured to:
direct the position sensor to measure a magnetic flux of a magnetic field in a
first direction that is produced by a magnet system and to direct the position sensor to
measure a magnetic flux of a magnetic field in a second direction that is produced by
the magnet system, where the first direction and the second direction are different
directions;
determine a first offset based on measured maximum and minimum flux
values of the measured magnetic flux in the first direction and reference maximum
and minimum flux values of the magnetic flux in the first direction;
determine a first gain based on the first offset, a measured maximum flux
value of the measured maximum flux values, and a reference maximum flux value of
the reference maximum flux values in the first direction, or based on the first offset,
the measured minimum flux value, and the reference minimum flux value in the first
direction,;
adjust, at at least one of a zero crossing associated with the magnetic flux in
the first direction and a zero crossing associated with the magnetic flux in the second
direction, at least a portion of the values of the measured magnetic flux in the first
direction based on the first gain and the first offset;
determine a second offset based on measured maximum and minimum flux
values of the measured magnetic flux in the second direction and reference maximum

and minimum flux values of the magnetic flux in the second direction;
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determine a second gain based on the second offset, the measured maximum
flux value, and the reference maximum flux value in the second direction, or based on
the second offset, the measured minimum flux value, and the reference minimum flux
value in the second direction;

adjust, at at least one of a zero crossing associated with the magnetic flux in
the first direction and a zero crossing associated with the magnetic flux in the second
direction, at least a portion of the values of the measured magnetic flux in the second
direction based on the second gain and the second offset; and

determine a position of the magnet system with respect to the position sensor
at a given time based on the adjusted values of the measured magnetic flux in the first
direction and the adjusted values of the measured magnetic flux in the second

direction.

14.  The system of claim 13, wherein to determine the position of the magnet system with
respect to the position sensor at a given time, the controller is configured to:

obtain a value from a lookup table that is associated with a relationship between the
adjusted value of the measured magnetic flux in the first direction at the given time and the
adjusted value of the measured magnetic flux in the second direction at the given time; and

linearize the value from the lookup table.

15. The system of claim 13, wherein the controller is further configured to determine
whether the position sensor is malfunctioning based on at least one of a plausibility check
associated with the measured maximum and minimum magnetic flux values and the
corresponding reference maximum and minimum magnetic flux values in the first direction,
and a plausibility check associated with the measured maximum and minimum magnetic flux
values and the corresponding reference maximum and minimum magnetic flux values in the

second direction.

220-



PCT/US2011/001228

WO 2012/009013

1/5

00¢ 9L 06 Gl

00!

I OIA

we
NOILISOd 13novi |

gL 0§ G2 00 692 09 G

Jo v b e e e adaa oty eb oy e s b vl 4y

(NN N S A

904
L/

00i- G2- 0Sl- G- 00z

o0/

AN ETENNEEE BN NI OON-

009
009
0ot~
0oe-
0°0¢-
00L-

O}

-
[~Anns g
[~Annszg

ol

S0l

00

00l
00¢
00¢
0oy
005

on

ISR AAANRALARNERERIRREANALAR AIEANRIRATLARRINRARRASARE RRARDLERRE!

£ 009

E 002

w
E)
o



WO 2012/009013 PCT/US2011/001228

2/5

200

206

MAGNET SYSTEM

202 204

CONTROLLER POSITION SENSOR

FIG. 2



WO 2012/009013 PCT/US2011/001228

3/5

302

MEASURE MAGNETIC FLUX IN A FIRST <
DIRECTION AND A SECOND DIRECTION

t 304
FILTER MEASURED MAGNETIC FLUX VALUES
¢ 306
DETERMINE FIRST OFFSET
i ~308
DETERMINE FIRST GAIN
l 310

ADJUST VALUES OF MEASURED
MAGNETIC FLUX BASED ON FIRST OFFSET

AND FIRST GAIN
l ~312
DETERMINE SECOND OFFSET
¢ 314
DETERMINE SECOND GAIN
¢ 316

ADJUST VALUES OF MEASURED
MAGNETIC FLUX BASED ON SECOND

QFFSET AND SECOND GAIN
¢ 318
PERFORM PLAUSIBILITY CHECK ]
319
¢ 320

DETERMINE POSITION OF MAGNET SYSTEM
WITH RESPECT TO POSITION SENSOR

FIG. 3




PCT/US2011/001228

WO 2012/009013

4/5

m\cv 474 90¢
NOLLISOd LINDVIN _\ g

00 & 06l &gk 00 |52 06 6¢ 00 G2 06 6/ 00 S21- 0SSk G- 00z

Pev el e by ot aah by saatesaeda paa b ooty s tes g ) dsaate oot o dlsaaale s
v 3
- ~ \'// 3
») -
T "
ol :
bOp ]
200 3
A/ m
FAwnsks 60 Lor e : >
[~Annszg < A > 414 w

0°0Z-
0°09-
006
0oy
0°0¢-
002
00t

<
o

00t
002
00¢
7
005
009
004

Lwlg



PCT/US2011/001228

WO 2012/009013

5/5

[ww] NOILISOd LINDVI

b 86 L G

I} X ] i

€

1

S DIA

}

1

vl

ml

Y A

vis

0cs

805

cES

IS

8IS

085

%S

s

0i5

0°00004-
- 00006
- 0'0008-
- 000027
- 0'0009-
- 00005
- 00001
- 0000¢-
- 0'0002-

0°00001

[SINNODI NOILISOd HOSN3S LV HLONINLS @131



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2011/001228

A. CLASSIFICATION OF SUBJECT MATTER

INV. GO1D5/14 GO1D5/244
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

GO1D

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

the whole document

Y EP 1 847 810 Al (SICK AG [DE])
24 October 2007 (2007-10-24)
abstract; figures 1,4

7 February 2001 (2001-02-07)
abstract; figures 1-5

AL) 15 April 2010 (2010-04-15)
abstract; figures 1,6,7

Y DE 10 2008 045177 Al (FESTO AG & CO KG
[DE]) 4 March 2010 (2010-03-04)

Y EP 1 074 815 Al (FESTO AG & CO [DE];
NONVOLATILE ELECTRONICS INC [US])

Y US 2010/091926 Al (KISHIBE TARO

1-15

1-15

1-15

[JP] ET 1-15

_/__

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not
considered to be of particular relevance

"E" earlier document but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or
which is cited to establish the publication date of another
citation or other special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or
other means

"P" document published prior to the international filing date but
later than the priority date claimed

"T" later document published after the international filing date
or priority date and not in conflict with the application but
cited to understand the principle or theory underlying the
invention

"X" document of particular relevance; the claimed invention
cannot be considered novel or cannot be considered to
involve an inventive step when the document is taken alone

"Y" document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the
document is combined with one or more other such docu-
merr:ts, such combination being obvious to a person skilled
inthe art.

"&" document member of the same patent family

Date of the actual completion of the international search

24 November 2011

Date of mailing of the international search report

02/12/2011

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Kallinger, Christian

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2011/001228
C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT
Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y US 5 453 684 A (NAKAYAMA AKIHITO [JP]) 1-15

26 September 1995 (1995-09-26)
columns 1-2; figure 1

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2



INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2011/001228
Patent document Publication Patent family Publication

cited in search report date member(s) date

DE 102008045177 Al 04-03-2010 DE 102008045177 Al 04-03-2010
EP 2159546 A2 03-03-2010

EP 1847810 Al 24-10-2007  EP 1847810 Al 24-10-2007
US 2008224692 Al 18-09-2008

EP 1074815 Al 07-02-2001  NONE

US 2010091926 Al 15-04-2010  CN 101213423 A 02-07-2008
DE 112007000005 T5 03-07-2008
JP 4453758 B2 21-04-2010
KR 20080012823 A 12-02-2008
W 200801535 A 01-01-2008
US 2010091926 Al 15-04-2010
WO 2007148461 Al 27-12-2007

US 5453684 A 26-09-1995 DE 69311039 D1 03-07-1997
DE 69311039 T2 02-10-1997
EP 0588549 A2 23-03-1994
JP 3173531 B2 04-06-2001
JP 6105206 A 15-04-1994
US 5453684 A 26-09-1995

Form PCT/ISA/210 (patent family annex) (April 2005)




	BIBLIOGRAPHY
	DESCRIPTION
	CLAIMS
	DRAWINGS
	SEARCH_REPORT

