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A torque sensor is provided. The torque sensor includes a shaft configured to receive an applied torque. The shaft includes a first
region and a second region, both regions being magnetoelastic. The first region and the second region generate a first magnetic
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second sensor senses the second magnetic field, and the third sensor senses an ambient magnetic field.
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(57) Abstract: A torque sensor is provided. The torque sensor includes a shaft configured to receive an applied torque. The shaft
includes a first region and a second region, both regions being magnetoelastic. The first region and the second region generate a first
magnetic field and a second magnetic field in response to the applied torque. The shaft also includes a third region disposed between
the first region and the second region. The third region generates a substantially negligible magnetic tield in response to the applied
torque. The torque sensor also includes a first sensor disposed adjacent to the first region, a second sensor disposed adjacent to the
second region, and a third sensor disposed adjacent the third region. The first sensor senses the first magnetic field, the second sensor
senses the second magnetic field, and the third sensor senses an ambient magnetic field.
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DUAL-BAND MAGNETOELASTIC TORQUE SENSOR
CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This paragraph has been intentionally left blank.

TECHNICAL FIELD

[0002] The present disclosure relates generally to systems, sensors, and methods of
measuring applied torque using magnetoelastic techniques.

BACKGROUND

[0003] There are many systems and methods for measuring an applied torque using
a magnetoelastic torque sensor. The magnetoelastic torque sensor comprises a shaft which
receives the applied torque. The shaft comprises a number of magnetic regions, the magnetic
characteristics of which change in response to the applied torque. A plurality of sensors is disposed
along the shaft, near the magnetic regions, and measure the magnetic fields generated by the
magnetic regions. In this way, the torque sensor is able to detect changes in applied torque via the
measured magnetic fields.

[0004] While these torque sensors have generally worked for their intended
purposes, certain disadvantages remain. For example, there remains a need in the art for these
torque sensors to be more compact, without sacrificing an ability to accurately sense the magnetic
fields or an ability to reject unwanted ambient magnetic field.

[0005] As such, there are opportunities to address at least the aforementioned

problems.

Date Regue/Date Received 2022-02-10



CA 03046180 2013%-06-05

WO 2018/109674 PCT/IB2017/057858

SUMMARY

[0006] One embodiment of a torque sensor is provided. The torque sensor includes
a shaft configured to receive an applied torque. The shaft includes a first region and a second
region, both regions being magnetoelastic. The first region and the second region are configured
to generate a first magnetic field and a second magnetic field in response to the applied torque.
The shaft also includes a third region disposed between the first region and the second region. The
third region is configured to generate a substantially negligible magnetic field in response to the
applied torque. The torque sensor also includes a first sensor disposed adjacent to the first region,
a second sensor disposed adjacent to the second region, and a third sensor disposed adjacent the
third region. The first sensor is configured to sense the first magnetic field, the second sensor is
configured to sense the second magnetic field, and the third sensor is configured to sense an
ambient magnetic field.

[0007] One embodiment of a method of sensing an applied torque using a torque
sensor is provided. The torque sensor includes a shaft, which includes a first region and a second
region, both regions being magnetoelastic. The first region and the second region of the shaft are
configured to generate a first magnetic field and a second magnetic field in response to the applied
torque. The shaft also includes a third region disposed between the first region and the second
region. The third region is configured to generate a substantially negligible magnetic field in
response to the applied torque. The method includes steps of receiving the applied torque with the
shaft of the torque sensor and sensing the first magnetic field, the second magnetic field, and the
ambient magnetic field.

[0008] One embodiment of a vehicular component for determining a magnitude of
an applied torque is provided. The vehicular component includes a mechanism for applying the

applied torque and a torque sensor. The torque sensor includes a shaft configured to receive the



applied torque, which includes a first region and a second region, both regions being
magnetoelastic. The first region and the second region of the shaft are configured to generate a
first magnetic field and a second magnetic field in response to the applied torque. The shaft also
includes a third region disposed between the first region and the second region. The third region
is configured to generate a substantially negligible magnetic field in response to the applied torque.
The vehicular component also includes a first sensor disposed adjacent to the first region, a second
sensor disposed adjacent to the second region, and a third sensor disposed adjacent the third region.
The first sensor is configured to sense the first magnetic field, the second sensor is configured to
sense the second magnetic field, and the third sensor is configured to sense an ambient magnetic
field. The vehicular component also includes a controller coupled to the first sensor, the second
sensor, and the third sensor. The controller being configured to determine the magnitude of the
applied torque based on the first magnetic field, the second magnetic field, and the ambient
magnetic field.

[0009] The arrangement of the first magnetoelastic region, the second
magnetoelastic region, and the null-magnetized region allow the torque sensor to be more compact,
while maintaining an ability to accurately sense the magnetic fields and reject the ambient
magnetic field as well as noise from the ambient magnetic field. The torque sensor, system and
method may exhibit other advantages other than those described herein. Other features and
advantages of the torque sensor, method, and vehicular component will be readily appreciated as
the same becomes better understood by reference to the following detailed description when
considered in connection with the accompanying drawings.

[0009a] The following aspects are also described herein

1. A torque sensor comprising:

Date Regue/Date Received 2022-02-10



a shaft configured to receive an applied torque and comprising:
a first end, an opposing second end, and an axis being defined between the first and
second ends;
a first region being magnetoelastic and being configured to generate a first magnetic
field in response to the applied torque;
a second region being magnetoelastic and being configured to generate a second
magnetic field in response to the applied torque; and
a third region disposed between the first region and the second region and being
configured to generate a substantially negligible magnetic field in response to the applied
torque;
wherein the first region, the second region, and the third region each comprise a
first end and an opposing second end such that the first end of the first region and the
second end of the second region define a length of the first, second, and third regions along
the axis;
a first sensor disposed adjacent to the first region and being configured to sense the first
magnetic field and an ambient magnetic field;
a second sensor disposed adjacent to the second region and being configured to sense the
second magnetic field and the ambient magnetic field; and
a third sensor disposed adjacent to the third region and being configured to sense the
ambient magnetic field
wherein the length of the first, second, and third regions along the axis of the shaft is
defined as a compressed length, with the compressed length being shorter than an uncompressed

length of the regions by a known compression factor, and

3a
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wherein the known compression factor is based on increasing an immunity to noise of the
ambient magnetic field of the torque sensor while maintaining an acceptable displacement
tolerance of the torque sensor such that:

an immunity to noise of the ambient magnetic field of the compressed torque sensor
is higher than an immunity to noise of the ambient magnetic field of an uncompressed
torque sensor, and

a displacement tolerance of the compressed torque sensor is within a range of
acceptable displacement tolerances to maintain an ability to accurately sense the first and
second magnetic fields.

2. The torque sensor of aspect 1, wherein the known compression factor is V2.

3. The torque sensor of aspect 1 or 2, wherein the range of acceptable displacement
tolerances includes 0.05 mm/% signal loss.

4. The torque sensor of aspect 3, wherein the range wherein the range of acceptable
displacement tolerances includes 0.1 mm/% signal loss.

5. The torque sensor of any one of aspects 1 to 4, wherein the applied torque is applied
to the shaft of the torque sensor about the axis.

6. The torque sensor of any one of aspects 1 to 5, wherein the third region is disposed
between the first region and the second region such that the first end of the third region contacts
the second end of the first region and the second end of the third region contacts the first end of
the second region.

7. The torque sensor of any one of aspects 1 to 6, wherein the length of the first region

is substantially equivalent to the length of the second region.

3b
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8. The torque sensor of any one of aspects 1 to 7, wherein a magnitude of the applied
torque is determinable based on the sensed first magnetic field, the sensed second magnetic field,
and the sensed ambient magnetic field by rejecting the ambient magnetic field sensed by the third
Sensor.

9. The torque sensor of aspect 8, wherein the magnitude of the applied torque is
determinable based on the ambient magnetic field sensed by the first sensor and the ambient
magnetic field sensed by the second sensor by rejecting the ambient magnetic field sensed by the
first sensor, the second sensor, and the third sensor.

10. The torque sensor of any one of aspects 1 to 9, wherein:

the first sensor is configured to sense the first magnetic field by sensing a magnitude of an
axial or radial component of the first magnetic field; and

the second sensor is configured to sense the second magnetic field by sensing a magnitude
of an axial or radial component of the second magnetic field.

11.  The torque sensor of any one of aspects | to 10, wherein the first sensor, the second
sensor, and the third sensor are disposed on a housing spaced from and adjacent to the shaft.

12. A vehicular component for determining a magnitude of an applied torque, the
vehicular component comprising:

a mechanism for applying the applied torque;

the torque sensor according to any one of aspects 1 to 11; and

a controller coupled to the first sensor, the second sensor, and the third sensor of the torque
sensor and being configured to determine the magnitude of the applied torque based on the first

magnetic field, the second magnetic field, and the ambient magnetic field.

3¢
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13.  The vehicular component of aspect 12, wherein the mechanism for applying the
applied torque is a mechanism of an electric power steering unit of a vehicle, an engine of a vehicle,
or a transmission unit of a vehicle.

BRIEF DESCRIPTION OF THE DRAWINGS

3d
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[0010] Other advantages of the present disclosure will be readily appreciated, as
the same becomes better understood by reference to the following detailed description when

considered in connection with the accompanying drawings wherein:

[0011] FIG. 1 provides a perspective view of a dual-band torque sensor.
[0012] FIG. 2 provides a diagrammatic view of the dual-band torque sensor.
[0013] FIG. 3 provides a diagrammatic view of the dual-band torque sensor with a

first ambient magnetic field superimposed.

[0014] FIG. 4 provides a method of determining a magnitude of an applied torque.

[0015] FIG. 5 provides a diagrammatic view of the dual-band torque sensor with a
second ambient magnetic field superimposed.

[0016] FIG. 6 provides a diagrammatic view of a tri-band torque sensor.

[0017] FIG. 7a and 7b provide graphs of a magnetic field strength generated by the
dual-band torque sensor and a magnetic field strength generated by the tri-band torque sensor, with
respect to distance along each torque sensor.

[0018] FIG. 8 provides a graph wherein the magnetic field strengths shown in FIG.
7a and FIG. 7b are superimposed.

[0019] FIG. 9 provides a graph wherein a magnetic field strength of a compressed

dual-band torque sensor and the magnetic field of the tri-band torque sensor are superimposed.

DETAILED DESCRIPTION
[0020] 1. Torque Sensor Overview
[0021] FIG. 1 illustrates one embodiment of a torque sensor 10 for measuring a

magnitude of the applied torque 34. The torque sensor 10 may be utilized in suitable applications

and for any suitable component or system where the applied torque 34 is measured. For example,
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the torque sensor 10 may be utilized in, but not limited to, vehicular systems, such as electric power
steering systems.

[0022] Referring to the embodiment of FIG. 1, the applied torque 34 having
magnitude 1 is applied to a first end 13 of a shaft 12 of the torque sensor 10. However, the applied
torque 34 may be applied to any section of the torque sensor 10. For example, the applied torque
34 may be applied to a second end 15 of the torque sensor 10 or at any point between ends 13, 15
of the torque sensor 10. Furthermore, the applied torque 34 may be applied to more than one
section of the torque sensor 10. Additionally, the applied torque 34 may be applied in clockwise
or counterclockwise direction when looking at the first end 13 of the torque sensor 10. Depending
on the system that utilizes the torque sensor 10, the applied torque 34 may be applied in either or
both directions.

[0023] Although the shaft 12, as shown in FIG. 1, has a cylindrical configuration,
the shaft 12 may have any suitable shape defining any suitable cross-sectional area (e.g. a square,
a triangle, an oval, an octagon, etc.) for enabling the torque sensor 10 to properly function.
Additionally, in other embodiments, the shaft 12 may be hollow or solid. Furthermore, in some
embodiments, the shaft 12 may be stationary and fixed at ends 13, 15 to a larger system, which
enables application of the applied torque 34 to deform the shaft 12. In other embodiments, the
shaft 12 may rotate upon application of the applied torque 34.

[0024] As shown in FIG. 1, the shaft 12 may include a first region 14, which may
be magnetoelastic, and a second region 16, which may also be magnetoelastic. A region may be
magnetoelastic if the region generates a magnetic field in response to a mechanical force. For
example, in the embodiment of FIG. 1, the first region 14 and second region 16 may be magnetized

to generate a magnetic field in response to the applied torque 34 being applied to the shaft 12. In
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some embodiments, the first and second regions 14, 16 may be magnetized circumferentially and
may be magnetized to carry a positive or negative polarity. In FIG. 1, the first and second region
14, 16 are magnetized to have a positive polarity, as illustrated by upward pointing arrows. The
first region 14 and the second region 16 may be referred to hereinafter as “the first magnetoelastic
region 14 and “the second magnetoelastic region 16, respectively.

[0025] Also shown in FIG. 1, the shaft 12 may include a third region 18 disposed
between the first and second magnetoelastic regions 14, 16. The third region may be configured
to generate a substantially negligible magnetic field in response to the applied torque 34. In other
words, the magnetic field generated by the third region 18 may be minimal when compared to the
magnetic field generated by the first and second magnetoelastic regions 14, 16 and/or may be
treated as negligible when determining the applied torque 34. As shown, the third region 18 may
be disposed between the first and second magnetoelastic regions 14, 16. As such, the third region
18 may carry a negligible magnetic polarization and may be illustrated in FIG. 1 using a null
symbol (@). The third region may be referred to hereinafter as “the null-magnetized region 18”.

[0026] Because the shaft 12 of the torque sensor 10 includes two magnetoelastic
regions 14, 16, the torque sensor 10 may be referred to herein as a “dual-band” torque sensor 10,
For convenience, the torque sensor 10 will be referred to herein as “the torque sensor 107, but as
“the dual-band torque sensor 10” when the torque sensor 10 is being compared to other torque
sensors, such as a “tri-band” torque sensor.

[0027] FIG. 2 illustrates another view of the torque sensor 10, wherein relevant
lengths and relevant points along the shaft 12 are labeled. As shown in FIG. 2, the first
magnetoelastic region 14 may be bound by a first end 26 and a second end 28. The second

magnetoelastic region 16 may be bound by a first end 30 and a second end 32. The null-
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magnetized region 18 may be bound by a first end 35 and a second end 36, where the first end 35
ot the null-magnetized region 18 contacts the second end 28 of the first magnetoelastic region 14
and the second end 36 of the null-magnetized region 18 contacts the first end 30 of the second
magnetoelastic region 16. It is to be appreciated that the ends of the regions may be seamlessly
integrated into the shaft 12 by virtue of magnetization, and without demarcation as shown in FIG.
2. Furthermore, FIG. 2 notes a length of each region 14, 16, 18. Specifically, L1 represents a length
of the first magnetoelastic region 14, L, represents a length of the second magnetoelastic region
16, and Ly represents a length of the null-magnetized region 18.

[0028] FIG. 3 illustrates yet another view of the torque sensor 10, wherein magnetic
fields generated by the first magnetoelastic region 14 and the second magnetoelastic region 16 are
shown. As shown in FIG. 3, the first magnetoelastic region 14 may generate a first magnetic field
140, which may be composed of an axial magnetic field component 141 and a radial magnetic
field component 142. Similarly, the second magnetoelastic region 16 may generate a second
magnetic field 160, which may be composed of an axial magnetic field component 161 and a radial
magnetic field component 162. When the applied torque 34 is applied to the shaft 12, the applied
torque 34 may alter a magnitude of the axial and radial components of the magnetic field in
proportion to the magnitude of the applied torque. Furthermore, unlike the first and second
magnetoelastic regions 14, 16, the null-magnetized region 18 does not generate a magnetic field.
This quality of the null-magnetized region 18 may be a manufactured, designed, or intrinsic
quality.

[0029] In one embodiment, the first and second magnetoelastic region 14, 16 may
be substantially equivalent in length and may generate substantially equivalent magnetic fields.

Specifically stated, in such an embodiment, L1 may be substantially equivalent to L»; the first and
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second magnetoelastic regions 14, 16 have substantially equivalent magnetic polarities; and the
first and second magnetic tields 140, 160 are substantially equivalent in direction and magnitude.
However, it should be noted that, in other embodiments, the first and second magnetoelastic
regions 14, 16 may vary in length and may generate unequal magnetic fields. Furthermore, while
the first and second magnetoelastic regions 14, 16 have a positive polarity in FIG. 1, the first and
second magnetoelastic regions 14, 16 may have a negative polarity.

[0030] Referring back to FIG.1, the torque sensor 10 may also include sensors 20,
22, 24 disposed in relation to regions 14, 16, 18, respectively. Specifically, a first sensor 20 may
be disposed adjacent to the first magnetoelastic region 14. Similarly, a second sensor 22 may be
disposed adjacent to the second magnetoelastic region 16. A third sensor 24 may be disposed
adjacent to the null-magnetized region 18. Furthermore, it should be noted that the sensors 20, 22,
24 may be disposed adjacent to the regions 14, 16, 18 and need not be directly connected to the
shaft 12. For example, in one embodiment, the sensors 20, 22, 24 may be disposed in a housing
that may be adjacent to, but spaced from, the shaft 12. As such, the sensors 20, 22, 24 and the
housing do not influence the applied torque 34 through friction.

[0031] Referring to FIG. 3, the first sensor 20 may be configured to sense the first
magnetic field 140 generated by the first magnetoelastic region 14 and the second sensor 22 may
be configured to sense the second magnetic field 160 generated by the second magnetoelastic
region 16. As shown, the first sensor 20 may be configured to sense the magnitude of the axial
magnetic field component 141 of the first magnetic field 140. Similarly, the second sensor 22 may
be configured to sense the magnitude of the axial magnetic field component 161 of the second
magnetic field 160. It should be noted that, in other embodiments, the first sensor 20 may be

configured to sense the magnitude of the radial component 142 of the first magnetic field 140 or
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the axial and radial components 141, 142 of the first magnetic field 140. Likewise, the second
sensor 22 may be configured to sense the magnitude of the radial component 162 of the second
magnetic field 160 or the axial and radial components 161, 162 of the second magnetic field 160.
As such, the first sensor 20 may be configured to produce a reading of the first magnetic field 140
and the second sensor 22 may be configured to produce a reading of the second magnetic field
160.

[0032] Also shown in FIG. 3, the first and second sensors 20, 22, as well as the
third sensor 24 may be configured to sense a magnitude of an ambient magnetic field, the ambient
magnetic field 190 illustrated using multiple dot-dashed lines and labeled Bx. By definition, the
ambient magnetic field 190 may be a magnetic field generated by sources external to the torque
sensor 10, such that the applied torque 34 has a minimal effect on the ambient magnetic field. For
example, in an embodiment where the torque sensor 10 may be utilized by an electric power
steering unit, the ambient magnetic field 190 may be a magnetic field generated by components of
the electric power steering unit not including the torque sensor 10. Referring to embodiment of
F1G. 3, the third sensor 24 may be configured to sense the magnitude of the ambient magnetic field
190 and may be configured to produce a reading of the ambient magnetic field. Similarly, the first
and second sensors 20, 22 may be configured to sense the magnitude of the ambient magnetic field
190 in addition to the first and second magnetic fields 140, 160, respectively. As such, the first
and second sensors 20, 22 may be configured to produce a reading of the ambient magnetic field
190 in addition to a reading of the first and second magnetic fields 140, 160, respectively.

[0033] Furthermore, it should be noted that the first sensor 20 may include more
than one sensor for sensing the first magnetic field 140 and the ambient magnetic field 190. For

example, in one embodiment, the first sensor 20 may include a plurality of sensors, which are
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adjacent to the first magnetoelastic region 14 and are configured to sense the first magnetic field
140. In such an embodiment, the plurality of sensors may produce the reading of the first magnetic
field 140 and the ambient magnetic field 190 by averaging readings produced by each sensor of
the plurality of sensors. Likewise, the second sensor 22 may include a plurality of sensors for
sensing and producing the reading of the second magnetic field 160 and the ambient magnetic field
190. The third sensor 24 may also include a plurality of sensors for sensing and producing the
reading of the ambient magnetic field 190.

[0034] It should also be noted that the sensors 20, 22, 24 may be any sensor suitable
for sensing a magnetic field. For example, the sensors 20, 22, 24 may include at least one of a
Hall effect sensor, a giant magnetoresistance magnetometer, an AMR magnetometer, a magneto-
optical sensor, a search coil magnetic field sensor, a magnetodiode, a fluxgate magnetometer, or
any other sensor suitable for sensing a magnetic field.

[0035] As shown in FIG. 1, the sensors 20, 22, 24 may be coupled to a controller
38, which may be configured to determine the magnitude of the applied torque 34 based on the
previously described readings produced by the sensors 20, 22, 24. In some embodiments, the
controller 38 and the torque sensor 10 may be components of a vehicular subsystem for
determining the magnitude of the applied torque 34. In one such embodiment, the vehicular
subsystem may be an electric power steering unit of a vehicle. In such an embodiment, the
controller 38 of the electric power steering unit may receive the reading of the first magnetic field
140, the reading of the second magnetic field 160, and the reading of the ambient magnetic field.
The controller 38 may then determine the magnitude of the applied torque 34 based on the readings
produced by the sensors 20, 22, 24. Furthermore, it should be noted that the controller 38 may

comprise any suitable logic, signal processing means, or components for enabling performance of

10
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the described functions. Additionally, it should be noted that, in other embodiments, the sensors
20, 22 may be similarly configured to measure other forces applied to the shatt 12, such as stress
and strain, and the controller 38 may be configured to determine a magnitude of such other forces.

[0036] Advantageously, due to above-described features of the torque sensor 10,
the torque sensor 10 may be more compact, allowing the torque sensor 10 to be more immune to
ambient magnetic field noise. In this way, the torque sensor 10 may reduce production costs, may
fit smaller assemblies, and produce more accurate determinations of the magnitude of the applied
torque 34.

[0037] II. A Method of Determining the Magnitude of the Applied Torque

[0038] FIG. 4 demonstrates one embodiment of a method of determining the
magnitude of the applied torque. The method includes a step 201 of providing the torque sensor
10; a step 202 of receiving the applied torque 34 with the shaft 12 of the torque sensor 10; a step
203 of sensing and producing a reading of the first magnetic field 140 and the ambient magnetic
field 190 with the first sensor 20 of the torque sensor 10; a step 204 of sensing and producing a
reading of the second magnetic field 160 and the ambient magnetic field 190 with the second
sensor 22 of the torque sensor 10; a step 205 of sensing and producing a reading of the ambient
magnetic field 190 with the third sensor 24 of the torque sensor 10; and a step 206 of determining
the magnitude of the applied torque 34 with the controller 38 based on the readings of the first
magnetic field 140, the second magnetic field 160, and the ambient magnetic field 190. As shown
in FIG. 4, step 206 may include a step 207 of rejecting the ambient magnetic field 190.

[0039] To determine the magnitude of the applied torque 34 during step 206, a
system of equations may be defined for the readings produced by the sensors 20, 22, 24. For

example, the system of equations may express the readings produced by the sensors 20, 22, 24
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(represented by Si, Sz, and S3) in terms of a magnitude of an axial component of a magnetic field
proportional to the applied torque 34 (1), a magnitude of an axial component of the ambient
magnetic field 190 (Bx), and a magnitude of a first-order spatial derivative of the ambient magnetic
field 190 (6x). In the system of equations, the magnitude of the axial component of the magnetic
field proportional to the applied torque 34 corresponds to the magnitude of the applied torque 34,
which is being solved for in step 206. Furthermore, the magnitude of the axial component of the
ambient magnetic field 190 (Bx) and the magnitude of the first-order spatial derivative of the
ambient magnetic field 190 (8x), in combination, approximate an effect of the ambient magnetic
field 190 on the readings produced by the sensor 20, 22, 24, In embodiments where there is little
variation from the ambient magnetic field 190, such as the embodiment of FIG. 3, this
approximation leads to minimal error when calculating the magnitude of the applied torque 34,
because there is little noise from the ambient magnetic field 190. The system of equations may be

defined as follows:

51 = Ty + Bx + 6}6!
52 = Tx + Bx 6}{'
53 - Bx

[0040] It should be noted that, while the sensors 20, 22, 24 may be configured to
sense a magnitude of a radial component of a magnetic field, the sensors 20, 22, 24 in the above
system of equations are configured to sense a magnitude of an axial component of a magnetic field.
Furthermore, it may be assumed that the first and second magnetic fields 140, 160 generated by
the first and second magnetoelastic regions 14, 16 are substantially equivalent magnetic fields, the
magnitude of the axial component of the first and second magnetic fields 140, 160 are substantially
equivalent to the magnitude ot the axial component of the magnetic field proportional to the

applied torque 34 (1x). Additionally, it may be assumed that the torque sensor 10 may be placed
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on a coordinate plane with an origin at the exact center of the non-magnetic region 18 and that the
two outer regions 14, 16 are of identical length.

[0041] In the above-defined system of equations, it may be assumed that sensors
20, 22, 24 are adjacent to the regions 14, 16, 18 and, therefore, that the readings produced by the
sensors 20, 22, 24 may be expressed using the properties of the regions 14, 16, 18. For example,
the first sensor 20 may be disposed adjacent to the first magnetoelastic region 14. As such, the
reading produced by the first sensor 20 (S1) may be represented as a sum of the magnetic field
proportional to the applied torque 34 (1x), the ambient magnetic field 190 (By), and the first-order
spatial derivative of the ambient magnetic field 190 (6x). Similarly, the second sensor 22 may be
disposed adjacent to the second magnetoelastic region 16. Additionally, the second sensor 22 may
be located on an opposite side of the coordinate plane from the first sensor 20. As such, the reading
produced by the second sensor 22 (S2) may include the magnetic field proportional to the applied
torque 34 (tx) and the ambient magnetic field 190 (By), as well as a reversal of the first-order spatial
derivative (3x). The third sensor 24 may be disposed adjacent to the null-magnetized region 18
with the origin of the coordinate plane at an exact center of the null-magnetized region 18.
Therefore, the reading produced by the third sensor 24 (S;3) includes the ambient magnetic field
190 (By).

[0042] Using the system of equations above, one may solve for 1x and determine
the magnitude of the axial component of the magnetic field proportional to the applied torque 34

(1x). For example, using the system of equations above, one could express 1« in the following way:

S1—25;+ 85,
e
[0043] Therefore, after the controller 38 receives the readings produced by the

sensors 20, 22, 24 (Si1, Sz, and S3), the controller 38 may determine the magnitude of the axial
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component of the magnetic field proportional to the applied torque 34 (1x). Because 1x may be
proportional to the applied torque 34, once 1x is determined, the controller 38 may determine the
magnitude of the applied torque 34.

[0044] As previously stated, step 206 of determining the magnitude of the applied
torque 34 with the controller 38 may include step 207, the step of rejecting the ambient magnetic
field 190. Referring to the expression of tx above, it should be noted that, by adding S1 and S2 and
subtracting 2*S;, the ambient magnetic field 190 (Bx) may be effectively rejected from the
expression of Tx. Otherwise stated, the magnitude of the ambient magnetic field 190 (Bx) does not
affect the determination of 1x and, subsequently, the determination of the magnitude of the applied
torque 34.

[0045] It should be noted that, in other embodiments of the method, steps 201-206
may be ordered in any suitable fashion. For example, in some embodiments, steps 203, 204, and
205 may occur in any suitable order and may occur simultaneously. Furthermore, some steps of
the method may occur continuously. For example, the applied torque 34 may be received by the
shaft 12 while steps 203, 204, and 205 occur. In another example, steps 203, 204, 205, and 206
may occur continuously such that the sensors 20, 22, 24 may continuously produce readings and
the controller 38 may continuously determine the magnitude of the applied torque 34.

[0046] III. The Compact Nature of the Dual-Band Torque Sensor

[0047] As previously stated, the above-described features of the torque sensor 10
allow the torque sensor 10 to be more compact. To aid in explaining the compact nature of the
torque sensor 10, FIG. 6 illustrates a torque sensor 10’ for comparison. [t should be noted that

torque sensor 10’ is discussed herein to further demonstrate features and advantages of the dual-
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band torque sensor 10. Furthermore, it should be understood that the torque sensor 10’ is distinct
and independent from the torque sensor 10.

[0048] As shown in FIG. 6, the torque sensor 10’ includes three magnetoelastic
regions 14°, 16°, 18’ and may be referred to herein as a tri-band torque sensor 10° (recall that
torque sensor 10 may be referred to as the dual-band torque sensor 10). As shown, the first
magnetoelastic region 14 and the second magnetoelastic region 16’ are of substantially equivalent
magnetic polarity. In contrast to the dual-band torque sensor 10, the tri-band torque sensor 10’
comprises a third magnetoelastic region 18°, of opposite magnetic polarity to the first
magnetoelastic region 14’ and the second magnetoelastic region 16°. The tri-band torque sensor
10° also includes the sensors 20°, 22°, 24’ to sense the magnetic fields produced by the
magnetoelastic regions 147, 16°, 18’ in response to the applied torque 34°.

[0049] In comparison to the tri-band torque sensor 10°, the dual-band torque sensor
10 shown in FIG. 1 may be more compact without compromising signal quality. The dual-band
torque sensor 10 may accomplish this by taking advantage of the null-magnetized region 18 and
its placement relative the first magnetoelastic region 14 and the second magnetoelastic region 16.

[0050] FIG. 7a provides a graph of a magnetic field strength (B) of the dual-band
torque sensor 10, with respect to a distance along the dual-band torque sensor 10 (x). In
comparison, FIG. 7b shows a magnetic field strength (B) of the tri-band torque sensor 10°, with
respect to a distance along the tri-band torque sensor 10° (x). As shown, the distance along the
torque sensors 10, 10” is in reference to the relevant lengths labeled in FIG. 2 and FIG. 6,
respectively. Furthermore, in FIG. 7a and 7b, the torque sensors 10, 10’ are placed on coordinate
planes such that an exact center of the null-magnetized region 18 and the third magnetoelastic

region 18’ coincides with an origin of the coordinate planes.
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[0051] FIG. 8 provides a graph superimposing the magnetic field strengths shown
in FIG. 7a and 7b, respectively. It is to be appreciated that, by superimposing the magnetic field
strengths shown in FIG. 7a and 7b, FIG. 8 assumes that the first end 26 of the first magnetoelastic
region 14 of the dual-band torque sensor 10 matches up with the first end 26 of the first
magnetoelastic region 14’ of the tri-band torque sensor 10°, that the first end 35 of the null-
magnetized region 18 of dual-band torque sensor 10 matches up with the first end 35” of the third
magnetoelastic region 18’ of the tri-band torque sensor 10°, that the first end 30 of the second
magnetoelastic region 16 of the dual-band torque sensor 10 matches up with the first end 30’of the
second magnetoelastic region 16 of the tri-band torque sensor 10°, and that the second end 32 of
the second magnetoelastic region 16 of the dual-band torque sensor 10 matches up with the second
end 32” of the second magnetoelastic region 16" of the tri-band torque sensor 10’. Furthermore,
FIG. 8 assumes that the first magnetoelastic region 14 of the dual-band torque sensor 10 and the
first magnetoelastic region 14’ of the tri-band torque sensor 10’ are of substantially equivalent
magnetic polarity. Likewise, FIG. 8 assumes the second magnetoelastic region 16 of the dual-
band torque sensor 10 and the second magnetoelastic region 16’ ot the tri-band torque sensor 10’
are of substantially equivalent magnetic polarity. Additionally, the applied torques 34, 34” applied
to torque sensors 10, 10°, respectively, are assumed to be substantially equivalent for comparative
purposes and will both be referred to hereafter as “the applied torque 34”.

[0052] Furthermore, it should be noted that the graph of FIG. 8 assumes that the
sensors 20°, 22°, 24’ are placed in the same positions as sensors 20, 22, 24. As such, sensors 20,
22,24, 20,22, 24’ are placed such that the sensors 20, 22, 24, 20°, 22°, 24’ sense a maximum
magnitude of the magnetic field of the dual-band torque sensor 10 or the tri-band torque sensor

10> at critical points (peaks and valleys) of the magnetic field strength. This is because the
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maximum magnitudes of the magnetic fields at the critical points are proportional to the applied
torque 34. However, in some embodiments, the sensors 20, 22, 24, 20°, 22°, 24’ sense not only
the maximum magnitude of the magnetic field at the critical points, but also a magnitude of the
magnetic field at locations adjacent to the critical points. In such embodiments, it may be said that
sensors 20, 22, 24, 20°, 22°, 24” sense an axial position noise at locations adjacent to the critical
points. Additionally, it may be said that sensors 20, 22, 24, 20°, 22°, 24’ sense minimal axial
position noise at the critical points. This phenomena may be quantified using a displacement
tolerance of a torque sensor.

[0053] The displacement tolerance of a torque sensor may be defined as a ratio
between a displacement of magnetic field sensors within the torque sensor and the corresponding
axial position noise received. For example, referring to FIG. 8, the displacement tolerance of the
torque sensors 10, 10” may be readily noted. To reiterate, the sensors 20, 22, 24, 20°, 22°, 24’ are
placed to sense a maximum magnitude of the magnetic field of the dual-band torque sensor 10 or
the tri-band torque sensor 10° at critical points (peaks and valleys) of the magnetic field strength.
In the embodiment of FIG. 8, this occurs at x = 0 mm, 5 mm, and 10 mm, assuming the torque
sensors 10, 10° have an equal length of 10 mm. Accordingly, by comparing the magnetic field
strength for the dual-band torque sensor 10 at x = 0 mm and x = 1 mum, a displacement of 1 mm
causes approximately 10% signal loss. Similarly, for the tri-band torque sensor 10, a displacement
of 1 mm causes approximately 20% signal loss. As such, displacement tolerance (DT in the

equation below) for the torque sensors 10, 10’ may be calculated as follows:

1mm mm

DTgr g = —— = 0.1 — ™™
dual-band 10% signal loss % signal loss

1mm
, =0.05——""
20% signal loss % signal loss

DTiri—pana =
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As such, based on the displacement tolerance values for the torque sensors 10, 10°, the dual-band
torque sensor 10 is less sensitive to displacement errors of its sensors 20, 22, 24 than the tri-band
torque sensor 10° is to displacement errors of its sensors 20°, 227, 24°. Said differently, the dual-
band torque sensor 10 has a higher displacement tolerance than the tri-band torque sensor 10°.

[0054] The dual-band torque sensor 10 has a higher displacement tolerance than
the tri-band torque sensor 10’ because the tri-band torque sensor 10’ includes the third
magnetoelastic region 18°, while the dual-band torque sensor 10 includes the null-magnetized
region 18. Referring to FIG. 8, the magnetic field strength sensed by the sensors 20°, 22°, 24’ of
the tri-band torque sensor 10’ begins at the same value (in FIG. 8) as the magnetic field strength
sensed by the sensors 20, 22, 24 of the dual-band torque sensor 10. This is because the first
magnetoelastic regions 14, 14’ are of substantially equivalent magnetic polarity. Similarly, the
strengths of both magnetic fields end at the same value (in FIG. 8) because the second
magnetoelastic regions 16, 16’ are of substantially equivalent magnetic polarity. However,
because the third magnetoelastic region 18’ of the tri-band torque sensor 10’ may be of negative
magnetic polarity and the null-magnetized region 18 of the dual-band torque sensor 10 has no
magnetic polarity, the magnetic field strength sensed by the tri-band torque sensor 10’ reaches a
negative value in FIG. 8.

[0055] As shown in FIG. 8, the magnetic field strength of the tri-band torque sensor
10* declines more rapidly to reach the negative value. As a result, the critical points of the
magnetic field strength of the tri-band torque sensor 10’ are much sharper when compared to
critical points of the magnetic field strength of the dual-band torque sensor 10, as shown in FIG.
8. Therefore, the magnetic field at locations adjacent to the critical point may be much lower in

magnitude for the magnetic field of the tri-band torque sensor 10°. As such, because the magnitude
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of the magnetic field at locations adjacent to the critical point may be lower for the magnetic field
ot'the tri-band torque sensor 10’ than for the magnetic field of the dual-band torque sensor 10, the
dual-band torque sensor 10 has aresultantly higher displacement tolerance than the tri-band torque
sensor 10°.

[0056] However, although the dual-band torque sensor 10 has a higher
displacement tolerance than the tri-band torque sensor 10°, the displacement tolerance of the tri-
band torque sensor 10’ may be within a range of acceptability that allows the torque sensor 10’ to
accurately determine the magnitude of the applied torque 34. Therefore, the dual-band torque
sensor 10 may be compressed and still determine the magnitude of the applied torque 34
accurately. This compression may be accomplished by compressing the axial length of the regions
14, 16, 18 of the dual-band torque sensor 10.

[0057] In order to ensure that the compressed dual-band torque sensor 10 still
determines the applied torque 34 accurately, the critical points of the graph of the magnetic field
strength of the dual-band torque sensor 10 may be compressed to match the critical points of the
graph of the magnetic field strength of the tri-band torque sensor 10°. As such, the dual-band
torque sensor 10 may be compressed by compressing the graph of the magnetic field strength of
the dual-band torque sensor 10.

[0058] To determine a compression factor by which the regions 14, 16, 18 of the
dual-band torque sensor 10 may be compressed, the magnetic field strength of the dual-band torque
sensor 10 (Buyua) and the magnetic field strength of the tri-band torque sensor 10’ (Byi) may be
modeled using a pair of equations. Given the sinusoidal nature of the strengths of the magnetic

fields, Baual and B may be expressed as follows:

_ 1+cos(2mx)

Bdual - 2 »
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Byi = cos(2mx)
[0059] Furthermore, to determine the compression factor by which the regions 14,
16, 18 of the dual-band torque sensor 10 may be compressed, the compression factor (o) may be

expressed using Baua and By

1+cos(2max)
2 >

Bayai(o) =
Bir; = cos(2mx)

[0060] As such, the compression factor (o) may be adjusted to adjust Baua(at). In
this way, when a > 1, the critical points of Baua(at) may be compressed and the dual-band torque
sensor 10 may also be compressed.

[0061] Furthermore, to determine the compression factor by which the regions 14,
16, 18 of the dual-band torque sensor 10 may be compressed, the compression may be considered
with regard to an effect the compression has on the displacement tolerance of the dual-band torque
sensor 10. As previously stated, although the dual-band torque sensor 10 has a higher displacement
tolerance than the tri-band torque sensor 10°, the displacement tolerance of the tri-band torque
sensor 10’ may be within a range of acceptability that allows the torque sensor 10’ to accurately
determine the magnitude of the applied torque 34. As such, to ensure that the displacement
tolerance ofthe dual-band torque sensor 10 is also within a range of acceptability, the displacement
tolerance of the dual-band torque sensor 10 may be set to be equal to the displacement tolerance
of the tri-band torque sensor 10°. To accomplish this, the axial position noise sensed by the sensors
20, 22, 24 and the axial position noise sensed by the sensors 20°, 22°, 24’ may both be represented
using 4. Assuming a normalized magnetic field strength, A may be expressed accordingly:

__ 1+4cos(2max)

1-1= \
2

1 — 2 = cos(2rx)
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[0062] Therefore, to consider the effect the compression has on the axial position

noise sensed by sensors 20, 22, 24, the compression factor («) may be expressed in terms of A

accordingly:
_cosTH(1—-22)
" cosTI(1-1)
[0063] Using the above equation, the value of a when the axial position noise (A)

sensed by the sensors 20, 22, 24 is minimized may be determined by setting A as equal to 0. By
taking the limit of a as A = 0, we obtain a value of o, or compression factor, equal to v/2.
[0064] FIG. 9 provides a graph illustrating the magnetic field strength of the tri-

band torque sensor 10° and the magnetic field strength of the dual-band torque sensor 10 after the

regions 14, 16, 18 have been compressed by a factor of v2. As shown, the critical points of the
graph of the magnetic field strength of the dual-band torque sensor 10 have been compressed to
match the critical points of the graph of the tri-band torque sensor 10°. As a result, the compression
of the regions 14, 16, 18 of the dual-band torque sensor 10 allows the dual-band torque sensor 10
to more compactly determine the magnitude of the applied torque 34, while maintaining an
acceptable displacement tolerance. As such, the dual-band torque sensor is able to acceptably
reject axial position noise due to displacement error from the sensors 20, 22, 24 and accurately
determine the magnitude of the applied torque 34.

[0065] It should be noted that the dual-band torque sensor 10 may be compressed
in a variety of ways. The dual-band torque sensor 10 may be compressed in any suitable manner
such that the displacement tolerance of the dual-band torque sensor 10 is within a range of
acceptability and the dual-band torque sensor 10 may accurately determine the magnitude of the

applied torque 34. For example, in some embodiments, the first and second magnetoelastic regions
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14, 16 may be compressed. In other embodiments, the non-magnetic region 18 may be
compressed. In still other embodiments, the regions 14, 16, 18 may be compressed.

[0066] IV. Increased Immunity to Ambient Magnetic Field Noise

[0067] As previously stated, the dual-band torque sensor 10 may be more compact,
allowing the dual-band torque sensor 10 to be more immune to ambient magnetic field noise. As
discussed in Section I, the dual-band torque sensor 10 may reject the ambient magnetic field 190
to determine the magnitude of the applied torque 34. In this section, Section IV, an immunity of
the dual-band torque sensor to noise from the ambient magnetic field 190 is discussed and
compared with an immunity of the previously-described tri-band torque sensor 10’ to noise from
the ambient magnetic field 190.

[0068] To compare the immunities of the torque sensors 10, 10’ to noise from the
ambient magnetic field 190, the system of equations from Section Il may be modified to apply to
both the dual-band torque sensor 10 and the tri-band torque sensor 10°. Recall that the system of
equations from Section Il expresses the readings of the sensors 20, 22, 24 in terms of the magnitude
of an axial component of a magnetic field proportional to the applied torque 34 (1x), the magnitude
of the axial component of the ambient magnetic field 190 (Bx), and the magnitude of a first-order
spatial derivative of the ambient magnetic field 190 (8x). As shown below, the system of equations
may be modified to also express the readings of the sensors 20°, 22°, 24’ the sensors of the tri-
band torque sensor 10°. The system of equations may be defined as follows, where k = 0 for the
dual-band torque sensor 10 and k = -1 for the tri-band torque sensor 10’:

52= TX+BX_6X'

le = TX+BX+5XV
3= kx*t, +B,+0.
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[0069] Therefore, using the above system of equations, the magnitude of an axial
component of a magnetic field proportional to the applied torque 34 (1x) for the dual-band torque

sensor 10 and the tri-band torque sensor 10> may be expressed as follows:

. S1—253+S5:
if k=01, = 1Tz+2, and
s 51—253+S5:
ifk =-1,1, = 1T3+2.
[0070] The above-defined system of equations assumes that the tri-band torque

sensor 10° may be placed on a coordinate plane with an origin at the exact center of the third
magnetoelastic region 18’ of the tri-band torque sensor 10°. Furthermore, the system of equations
assumes that the first magnetoelastic regions 14, 14’ and the second magnetoelastic regions 16,
16> of the dual-band torque sensor 10 and the tri-band torque sensor 10’ are of substantially
equivalent length and that each generates a magnetic field with an axial magnitude equivalent to
1x. Additionally, the system of equations assumes that the third magnetoelastic region 18 and the
non-magnetic region 18 are of substantially equivalent length. However, the system of equations
also assumes that the third magnetoelastic region 18’ generates a magnetic field with an axial
magnitude equivalent to 1y, but with a negative polarity, while the non-magnetic region 18 does
not generate a magnetic field.

[0071] It should be noted that, in the above system of equations, which are used by
the dual-band torque sensor 10 and the tri-band torque sensor 10’ to calculate the applied torque
34, the magnitude of the axial component of the ambient magnetic field 190 (By) and the magnitude
of the first-order spatial derivative of the ambient magnetic field 190 (6x) approximate an effect of
the ambient magnetic field 190 on the readings produced by the sensor 20, 22, 24. Also previously
stated, in embodiments where there is little variation from the ambient magnetic field 190, such as

the embodiment of FIG. 3, this approximation leads to minimal error when calculating the
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magnitude of the applied torque 34, because there is little noise from the ambient magnetic field
190. However, in embodiments where there is more variation trom the ambient magnetic field
190, such as the embodiment of FIG. 5, this approximation leads to more error when calculating
the magnitude of the applied torque 34, because there is more noise from the ambient magnetic
field 190. As such, the immunity of the dual-band torque sensor 10 to the noise of the ambient
magnetic field 190 is compared to the immunity of the tri-band torque sensor 10’ to the noise of
the ambient magnetic field 190.

[0072] To determine the immunities of the torque sensors 10, 10’ to the noise of
the ambient magnetic field 190, the magnitude of the axial component of the ambient magnetic
field 190 (Bx) and the magnitude of a first-order spatial derivative of the ambient magnetic field
190 (8x) may be replaced with a power series representing the ambient magnetic field 190. The
ambient magnetic field 190 (represented as B(x)) may be expanded into a power series centered

about the origin of the previously-established coordinate plane where x may be a distance from

the origin:
B(x) = By+ Byjx + Byx?+ 4+ B,x™ + -
As follows:
B(0) = B,
B(x) = B+ Bix + Byx? + -+ + Byx™ + -+, and
B(—x) = By — Byx + Byx% + - — By 1 x*" 1 + By x®™ 4 -
[0073] We may apply this equation for the ambient magnetic field 190 (B(x)) to

the above system of equations,
S1 = Ty + B(—x),

52 - k*Tx‘l‘Bo,
S; = T, + B(x).
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Solving for 1x, we obtain:

5125345,

if k= O,Tx—T—E,and

. §51—283+S €
if k=—17, =220 ¢

2
where € = (B,x? + Byx* ... + By, x*™).

[0074] It may be readily noted that, for both the dual-band torque sensor 10 and the
tri-band torque sensor 10°, the 1« value for an ambient magnetic field 190 may be defined as a sum
of the previously solved for 1x value and an ambient magnetic field noise (€) from even
polynomials of the power series representing the ambient magnetic field 190. Furthermore,
comparing the 1x values for the dual-band torque sensor 10 and the tri-band torque sensor 10’, it
may be readily noted that the sensors 20°, 22°, 24’ of the tri-band torque sensor 10’ sense half as
much noise as the dual-band torque sensor 10.

[0075] However, as previously described in Section III, the regions 14, 16, 18 of

the dual-band torque sensor 10 may be compressed by a factor of V2. Therefore, Xdu may be

expressed as:

_ Xeri
Xaual = N

As follows, the non-uniform ambient magnetic field noise (€4uat) for the dual-band torque sensor
10 and the non-uniform ambient magnetic field noise (em) for the tri-band torque sensor 10” may

be expressed as:

(Bzxt'riz + B4_xt-ri4 _— Banzn + .- ), and

N =

€Etri =

2n

xtri4 Xtri
e+ BZTLF + )

2

1 2
€dual = E (Bzxm‘ + B4-
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[0076] Therefore, due to the compact nature of the dual-band torque sensor 10, the
ambient magnetic field noise (€quar) of the dual-band torque sensor 10 will, as a result, be lower
than the ambient magnetic field noise (e€4) of the tri-band torque 10°. As such, the dual-band
torque sensor 10 has a higher immunity to ambient magnetic field noise, compared to the tri-band
torque sensor 10°.

[0077] Thus, the dual-band torque sensor 10 may be more compact and may be
more immune to ambient magnetic field noise than the tri-band torque sensor 10’. In this way, the
torque sensor 10 may reduce production costs, fit into smaller assemblies, and produce more
accurate determinations of the magnitude of the applied torque 34.

[0078] Several embodiments have been discussed in the foregoing description.
However, the embodiments discussed herein are not intended to be exhaustive or limit the
invention to any particular form. The terminology which has been used is intended to be in the
nature of words of description rather than of limitation. Many moditications and variations are
possible in light of the above teachings and the invention may be practiced otherwise than as

specifically described.
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CLAIMS

1. A torque sensor comprising:
a shaft configured to receive an applied torque and comprising:

a first end, an opposing second end, and an axis being defined between the first and
second ends;

a first region being magnetoelastic and being configured to generate a first magnetic
field in response to the applied torque;

a second region being magnetoelastic and being configured to generate a second
magnetic field in response to the applied torque; and

a third region disposed between the first region and the second region and being
configured to generate a substantially negligible magnetic field in response to the applied
torque;

wherein the first region, the second region, and the third region each comprise a
first end and an opposing second end such that the first end of the first region and the
second end of the second region define a length of the first, second, and third regions along
the axis;
a first sensor disposed adjacent to the first region and being configured to sense the first

magnetic field and an ambient magnetic field;
a second sensor disposed adjacent to the second region and being configured to sense the
second magnetic field and the ambient magnetic field; and

a third sensor disposed adjacent to the third region and being configured to sense the

ambient magnetic field
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wherein the length of the first, second, and third regions along the axis of the shaft is
defined as a compressed length, with the compressed length being shorter than an uncompressed
length of the regions by a known compression factor, and

wherein the known compression factor is based on increasing an immunity to noise of the
ambient magnetic field of the torque sensor while maintaining an acceptable displacement
tolerance of the torque sensor such that:

an immunity to noise of the ambient magnetic field of the compressed torque sensor
is higher than an immunity to noise of the ambient magnetic field of an uncompressed
torque sensor, and
a displacement tolerance of the compressed torque sensor is within a range of

acceptable displacement tolerances to maintain an ability to accurately sense the first and

second magnetic fields.

2. The torque sensor of claim 1, wherein the known compression factor is V2.

3. The torque sensor of claim 1 or 2, wherein the range of acceptable displacement
tolerances includes 0.05 mm/% signal loss.

4. The torque sensor of claim 3, wherein the range wherein the range of acceptable
displacement tolerances includes 0.1 mm/% signal loss.

5. The torque sensor of any one of claims 1 to 4, wherein the applied torque is applied
to the shaft of the torque sensor about the axis.

6. The torque sensor of any one of claims 1 to 5, wherein the third region is disposed
between the first region and the second region such that the first end of the third region contacts
the second end of the first region and the second end of the third region contacts the first end of

the second region.
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7. The torque sensor of any one of claims 1 to 6, wherein the length of the first region
is substantially equivalent to the length of the second region.

8. The torque sensor of any one of claims 1 to 7, wherein a magnitude of the applied
torque is determinable based on the sensed first magnetic field, the sensed second magnetic field,
and the sensed ambient magnetic field by rejecting the ambient magnetic field sensed by the third
Sensor.

9. The torque sensor of claim 8, wherein the magnitude of the applied torque is
determinable based on the ambient magnetic field sensed by the first sensor and the ambient
magnetic field sensed by the second sensor by rejecting the ambient magnetic field sensed by the
first sensor, the second sensor, and the third sensor.

10.  The torque sensor of any one of claims 1 to 9, wherein:

the first sensor is configured to sense the first magnetic field by sensing a magnitude of an
axial or radial component of the first magnetic field; and

the second sensor is configured to sense the second magnetic field by sensing a magnitude
of an axial or radial component of the second magnetic field.

11.  The torque sensor of any one of claims 1 to 10, wherein the first sensor, the second
sensor, and the third sensor are disposed on a housing spaced from and adjacent to the shaft.

12. A vehicular component for determining a magnitude of an applied torque, the
vehicular component comprising:

a mechanism for applying the applied torque;

the torque sensor according to any one of claims 1 to 11; and
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a controller coupled to the first sensor, the second sensor, and the third sensor of the torque
sensor and being configured to determine the magnitude of the applied torque based on the first
magnetic field, the second magnetic field, and the ambient magnetic field.

13. The vehicular component of claim 12, wherein the mechanism for applying the
applied torque is a mechanism of an electric power steering unit of a vehicle, an engine of a vehicle,

or a transmission unit of a vehicle.
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