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SENSOR SYSTEM INCLUDING
A MAGNETIZED SHAFT

Cross-Reference to Related Applications
The present application claims the benefit of the filing date of U.S. Provisional
Application Serial No. 60/729,383, entitled SENSOR SYSTEM INCLUDING A
MAGNETIZED SHAFT, filed October 21, 2005, and is a continuation-in-part of U.S.
Application Serial No. 11/270,049, entitled SENSOR SYSTEM INCLUDING AN
ELLIPTICALLY MAGNETIZED SHAFT, filed November 9, 2005, the entire teachings of

which applications are hereby incorporated herein.

Technical Field
This disclosure relates to sensors, and more particularly to a sensor system including a

magnetized shaft.

Background

In the control of systems having rotating shafts, torque is a fundamental parameter of
interest. Accordingly, sensors for sensing the torque applied to a rotating shaft have been
developed. Sensors that do not contact the rotating shaft are desirable. Non-contact sensors
may create and/or monitor a magnetic field about a rotating shaft that is proportional to the
torque applied to the shaft.

In one known configuration, the rotating shaft, or one or more axial portions thereof,
may be circumferentially magnetized, i.e., magnetically polarized in single direction
following a circular path coaxial with the axis of the shaft. When the shaft is under zero
torque, the magnetic field established by the shaft does not include a component in the
direction of the shaft axis. When torque is applied to the shaft, the circumferential magnetic
field becomes increasingly helical with increasing torque. The helical magnetization
resulting from the applied torque includes an axial component in the direction of the axis of
the shaft and a circumferential component. The axial component may be directly
proportional to the applied torque. A magnetic sensor located proximate the shaft may detect

the axial component and provide an output indicative of the level of torque applied to the
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shaft.

Proper magnetization of the shaft in such an embodiment is critical to operation.
Manufacturing errors in magnetizing the shaft or in assembling the shaft in the system, can
lead to a complete failure of the sensor system. Also, the shaft magnetization may weaken
over time. However, the lack of a sensible axial field component when the shaft is at zero
torque does not allow a simple, passive external means for determining if the shaft is
magnetized properly or even magnetized at all.

One known approach to providing a sensor having a quiescent axial magnetic field at
zero torque involves circumferentially magnetizing a shaft while the shaft is under a
predetermined torque. Since the circumferential field is induced in the presence of the
predetermined torque, a non-measurable axial field component occurs at the torque applied
during magnetization, and when the torque on the shaft is removed the circamferential field is
skewed resulting in a quiescent axial field component. Although such a configuration allows
diagnostics at zero torque, it also suffers from several deficiencies. For example,
magnetizing the shaft under a predetermined torque is a cumbersome and expensive process
that does not allow facile large volume production.

In addition, a circumferentially magnetized configuration may only allow for
measurement of torque, and not position or speed. In some applications it may be desirable
for the sensor to also, or alternatively, provide position and/or speed sensing with the same
set of electronics.

Accordingly, there is a need for a sensor system including a magnetized shaft
providing a measurable axial field component at zero torque that may be efficiently and cost-
effectively produced. There is also a need for a sensor system including a magnetized shaft

that provides sensing of torque, position, and/or speed

Brief Description of the Drawings
Features and advantages of embodiments of the disclosed subject maiter will become
apparent as the following Detailed Description proceeds, and upon reference to the Drawings,
where like numerals depict like parts, and in which:
FIG. 1 is a block diagram of an exemplary system consistent with the present

invention;
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FIG. 2 diagrammatically illustrates an exemplary sensor consistent with the present
invention;

FIG. 3 is a cross-sectional view of the shaft of FIG. 2 taken along the line A-A of
FIG. 2 illustrating elliptical magnetization of the shaft;

FIG. 4 diagrammatically illustrates another exemplary sensor consistent with the
present invention;

FIG. 5 is a perspective view of a shaft and pairs of electrode clamps to illustrate one
method of inducing elliptical magnetization in a shaft consistent with the present invention;

FIG. 6 is a top view of the shaft and electrode clamps of FIG. 5;

FIG. 7 is a cross-sectional view of the shaft and electrode clamps of FIG. 6 taken
along the line A-A 6f FIG. 6;

FIG. 8 is a view of a shaft and electromagnet tilted relative to the shaft to illustrate
another method of inducing elliptical magnetization in a shaft consistent with the present
invention;

FIG. 9 is a cross-sectional view of the shaft and electromagnet of FIG. 8 taken along
the line A-A of FIG. §;

FIG. 10 is a view of a shaft and permanent magnet tilted relative to the shaft to
illustrates another method of inducing elliptical magnetization in a shaft consistent with the
present invention;

FIG. 11 is a cross-sectional view of the shaft and permanent magnet of FIG. 10 taken
along the line A-A of FIG. 10;

FIG. 12 diagrammatically illustrates another embodiment of a sensor having two
elliptically magnetized regions with AC analysis of a time varying magnetic field as the shaft
rotates;

FIG. 13 diagrammatically illustrates another embodiment of a sensor having two
elliptically magnetized regions with AC analysis of a time varying magnetic field as the shaft
rotates to concurrently monitor shaft parameters in addition to torque;

FIG. 14 is a transverse cross-section of the active region of the shaft of FIG. 13
illustrating an example of radial displacement of the two fluxgate coils of FIG. 13;

FIG. 15 is a side view of a shaft and electrode clamps illustrating another system and

method of magnetizing a shaft consistent with the present invention;
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FIG. 15A is a radial sectional view of the embodiment of FIG. 15 taken between
electrode clamp assemblies;

FIG. 16 is a side view of a shaft and electrode clamps illustrating another system and
method of magnetizing a shaft consistent with the present invention;

FIG. 17 is a side view of a shaft and electrode clamps illustrating another system and
method of magnetizing a shaft consistent with the present invention;

FIG. 18 is a side view of a shaft magnetized using a configuration as shown in FIG.
17 and including a double differential detector configuration;

FIG. 19 is a side view of a shaft and electrode clamps illustrating another system and
method of magnetizing a shaft consistent with the present invention;

FIG. 20 is a side view of a shaft and electrode clamps illustrating another system and
method of magnetizing a shaft consistent with the present invention;

FIG. 20A is a radial sectional view of the embodiment of FIG. 20 taken through the
electrode clamp assemblies;

FIG. 21 is a top view of a shaft and electrode clamps illustrating another system and
method of magnetizing a shaft consistent with the present invention;

FIG. 21A is a radial sectional view of the embodiment of FIG. 21 taken through the
electrode clamp assemblies;

FIG. 22 is a side view of a shaft and electrode clamps illustrating another system and
method of magnetizing a shaft consistent with the present invention;

FIG. 22A is a radial sectional view of the embodiment of FIG. 22 taken through the
electrode clamp assemblies;

FIG. 23 is a top view of a shaft and electrode clamps illustrating another system and
method of magnetizing a shaft consistent with the present invention;

FIG. 23A is a radial sectional view of the embodiment of FIG. 23 taken through a first
pair of the electrode clamp assemblies;

FIG. 23B is a radial sectional view of the embodiment of FIG. 23 taken through a
second pair of the electrode clamp assemblies;

FIG. 24 is a top view of a shaft and electrode clamps illustrating another system and
method of magnetizing a shaft consistent with the present invention;

FIG. 24A is a perspective view of the embodiment of FIG. 24;
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FIG. 25 is a top view of a shaft and electrode clamps illustrating another system and
method of magnetizing a shaft consistent with the present invention;

FIG. 25A is a perspective view of the embodiment of FIG. 25;

FIG. 26 is a top view of a shaft and electrode clamps illustrating another system and
method of magnetizing a shaft consistent with the present invention;

FIG. 26A is a perspective view of the embodiment of FIG. 26;

FIG. 27 is a side view of a shaft consistent with the present invention including first
and second active regions;

FIG. 27A is a side view of a shaft consistent with the present invention illustrating
establishment of saturation zones by taping an axial current through a center of the shaft;

FIG. 28 is a side view of a shaft and electrode clamps illustrating another system and
method of magnetizing a shaft consistent with the present invention;

FIG. 29 is a side view of a shaft and electrode clamps illustrating another system and
method of magnetizing a shaft consistent with the present invention;

FIG. 30 diagrammatically illustrates one embodiment of a contact pin;

FIG. 31 is a view of a shaft and a plurality of contact pins in contact with the shaft in
a first exemplary configuration for establishing magnetized active region in the shaft;

FIG. 32 is a view of a shaft and a plurality of contact pins in contact with the shaft in
a second exemplary configuration for establishing magnetized active region in the shaft;

FIG. 33 diagrammatically illustrates one exemplary system and method for providing
unbalanced currents for establishing first and second active regions in a shaft consistent with
the present invention;

FIG. 34 diagrammatically illustrates radially and tangentially oriented flux gate coils
consistent with the present invention;

FIG. 35 diagrammatically illustrates an axially oriented flux gate coils consistent with
the present invention;

FIG. 36 diagrammatically illustrates an exemplary housing for positioning three flux
gate coils around a shaft consistent with the present invention;

FIG. 37 diagrammatically illustrates an exemplary housing for positioning four flux
gate coils around a shaft consistent with the present invention;

FIG. 38 is a plot of sensor output vs. torque for an exemplary sensor consistent with

the present invention;
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FIG. 39 is a plot of sensor output vs. shaft rotational angle for an exemplary sensor
consistent with the present invention; and
FIG. 40 is a plot of sensor output vs. shaft rotational angle for an exemplary sensor

consistent with the present invention.

Although the following Detailed Description will proceed with reference being made
to illustrative embodiments, many alternatives, modifications, and variations thereof will be
apparent to those skilled in the art. Accordingly, it is intended that the claimed subject matter

be viewed broadly.

Detailed Description

The description provided herein is with reference to various exemplary embodiments.
It is to be understood that the embodiments described herein are presented by way of
illustration, not of limitation. The present invention may be incorporated into a wide variety
of systems without departing from the spirit and scope of the invention.

Tuming now to FIG. 1, there is shown in block diagram form one exemplary
embodiment of a system 100 including a sensor 104 consistent with the present invention. As
shown, the system 100 may include a controller 106 and one or more systems 108 and 110
controlled by the controller 106. The sensor 104 may monitor the torque applied to the shaft
102. In one exemplary embodiment, the shaft 102 may be coupled, to or form a portion of, a
power take-off shaft of a tractor. An output representative of the torque applied to the power
take-off may be coupled from the sensor 104 to the controller 106. The controller may be a
microcontroller, e.g. including an appropriately programmed microprocessor and associated
memory, configured to control the systems 108 and 110 in response to the sensor output.

In another exemplary embodiment, the shaft 102 may be coupled to, or form a portion
of, a steering shaft of a vehicle steering system. The sensor 104 may provide an output
representative of the torque applied to the steering wheel shaft to the controller 106. The
controller 106 may control one or more vehicle systems 108, 110 in response to the sensor
output. For example, system 108 may include an automatic braking system where braking is
influenced by the torque applied to the steering wheel shaft. If an operator of the vehicle is
performing an evasive maneuver, the sensor 104 may sense a torque applied to the steering

wheel shaft that exceeds a threshold level. In response, the controller 106 may provide a
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control signal to the automatic braking system 108. The braking system 108 may then
selectively manage the vehicle brakes to control the vehicle. The system 110 may include a
traction control system wherein engine responsiveness and other parameters are influenced
by the torque applied to the steering wheel shaft.

FIG. 2 diagrammatically illustrates one exemplary embodiment of a sensor 104a
consistent with the present invention. The illustrated exemplary sensor system includes a
cylindrical shaft 102a including an elliptically magnetized active region 202 and a magnetic
field sensor 205. The active region 202 may be established by magnetizing a portion of a
homogenous shaft between two passive regions 204 and 206. The shaft 10 may be formed of
a magnetorestrictive material capable of maintaining a magnetization induced therein
following repeated application of torque and returning the magnetization to the direction
established at polarization when the torque is reduced to zero. A variety of materials
exhibiting these properties are well known to those of ordinary skill in the art. Some
exemplary materials for forming the shaft are described in detail in U.S. Patent No.
6,553,847, the teachings of which are incorporated herein by reference.

A variety of configurations for the magnetic field sensors 205 useful in connection
with the present invention are also well known to those of ordinary skill in the art. In one
embodiment, for example, the magnetic field sensors may be configured as fluxgate sensors.
Hall Effect sensors may also or alternatively be used depending on the level of the sensed
field.

With continued reference to FIG. 2, consistent with the present invention the active
region 202 may be elliptically magnetized when the shaft is under zero torque. As used
herein “elliptically magnetized” and “elliptical magnetization™ refer to a magnetic
polarization of a shaft established at an oblique angle to the centerline axis of the shaftin a
non-circular elliptical path around the shaft. As shown, for example, the active region 202
may be polarized in a direction indicated by arrow B at an oblique angle 2 to a center line
axis 212 of the shaft. In one embodiment an elliptical magnetization may be imparted with a
direction of polarization at an angle 2 between about 10° and 80°. It should be understood,
however, that although the angle 2 is illustrated in FIG. 2 as being less than 90 degrees, the
angle 2 may also be greater than 90 degrees depending the desired orientation of the elliptical
magnetization, and may be selected to establish a desired magnitude of the axial component

250 at zero torque. Also, the active region may extend over an axial extent of the shaft
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between a first end 240 and second end 242 that are substantially parallel with the direction
of magnetization B. The axial extent of the active region may be selected depending upon
the application, e.g. to accommodate manufacturing or operating tolerances in the axial
position of the shaft.

The elliptically magnetized active region 202 establishes a magnetic field including a
nonzero axial component 250 that may be sensed by the magnetic field sensor when the shaft
102 is at zero torque. This allows for diagnostic testing to ensure proper magnetization,
installation and/or calibration of the shaft 102. As torque is applied to the shaft in any
direction, the elliptical magnetization may be skewed from its original position at zero torque
resulting in a change in the magnitude of axial component of the magnetic field. The change
in the axial component of the magnetic field may be proportional to the applied torque. The
magnetic field sensor 205 may sense the magnitude of the axial component and provide an
output signal representative of the torque applied to the shaft 102.

Although sensing a nonzero axial component 250 of the magnetic field at zero torque,
electronics associated with the magnetic sensor 205 may be calibrated to provide a desired
sensed output at zero torque. In one embodiment, the sensed output at zero torque may be set
to half the input voltage. The electronics may also be configured to reset the zero-torque
output to a different level to allow for diagnostic testing, e.g. to ensure proper magnetization,
installation, and/or calibration of the shaft 102.

FIG. 3 is a cross-sectional view of the shaft of FIG. 2 taken along the line A-A of
FIG. 2 illustrating an elliptical magnetization of the shaft. The line A-A is taken along the
direction of magnetization B at the angle 2 to the center line axis 212 of the shaft. As such,
the cross sectional view of the active region of the shaft is elliptically shaped illustrating the
elliptical direction of magnetization of the active region indicated by arrow 302.

A sensor system consistent with the present invention may include a shaft having a
plurality of magnetized active regions. FIG. 4, for example, diagrammatically illustrates an
exemplary embodiment of a sensor system 104b including a shaft 102b having first 202-1 and
second 202-2 elliptically magnetized active regions and associated first 205-1 and second
205-2 magnetic field sensors. In the illustrated exemplary embodiment, the direction of
polarization of the active region 202-1 indicated by arrow B1 is in the opposite direction
compared to the direction of polarization of the active region 202-2 indicated by arrow B2.

Providing the active regions with opposed magnetization directions may allow for differential
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sensing using sensors 205-1 and 205-2 to facilitate noise cancellation. Although the
illustrated embodiment shows two active regions, any number of active regions may be
provided. In addition, the active regions may be elliptically magnetized at the same oblique
angle relative to the centerline axis 212 of the shaft, or at different angles.

Turning now to FIGS 5-7, there is illustrated one exemplary system and method for
inducing an elliptical magnetization in a shaft consistent with the present invention. In
general, the illustrated exemplary embodiment establishes an elliptical magnetization by
providing a current through an active region of a shaft at an oblique angle to the center line
axis of the shaft. FIG. 5 illustrates a portion of the shaft 102 and first 550 and second 552
electrode clamp assemblies. The first electrode clamp assembly 550 includes an upper clamp
502 and a lower clamp 504. The upper clamp 502 may include portions defining a first
portion 510 of a shaft opening, and the lower clamp 504 may include portions defining a
second portion 512 of the shaft opening. When the upper 502 and lower 504 clamps are
joined, e.g. using fasteners extending through openings 514, 516, 518 and 520, the first 510
and second 512 portions of the shaft opening defined by the upper and lower clamp portions
may be positioned in opposed relationship to define a shaft opening 700 having an
elliptically-shaped cross section, as illustrated in FIG. 7. The second electrode clamp
assembly 552 may be constructed in a manner similar to the first electrode clamp assembly
550, including upper 506 and lower 508 clamps, which join to define shaft opening having an
elliptically-shaped cross section.

As shown in FIG. 6, when the upper 502 and lower 504 clamps of the first clamp
assembly 550 and the upper 506 and lower 508 clamps of the second clamp assembly 552 are
joined about the shaft 102, the first 550 and second 552 clamp assemblies are disposed at an
oblique angle to the centerline axis 212 of the shaft corresponding to the intended angle 6 of
the elliptical magnetization. A current source 600 may be coupled to the first and second
electrode clamp assemblies for establishing current flow through the shaft indicated by
arrows from the second clamp assembly to the first clamp assembly. The current flow I
results in an elliptical magnetization of the active region 202 indicated by arrow B, and
further illustrated in the cross-sectional view of FIG. 7 taken along the line A-A of FIG. 6.
The elliptical magnetization exhibits a nonzero axial component at zero torque.

The magnitude of the field induced in the shaft may depend on the requirements of

the intended application. In one embodiment, a current of 400A may be used to elliptically
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magnetize a shaft for achieving field strength at the shaft surface of about 3000 Gauss. The
shaft magnetization may decrease from the shaft surface to the center of the shaft. In another
embodiment, the current source may provide a current of 1,000A for elliptically magnetizing
the shaft.

FIGS 8-9 illustrate another exemplary system and method for inducing an elliptical
magnetization in a shaft consistent with the present invention. In the illustrated exemplary
embodiment, the shaft 102 is magnetized to include an active region 202 using an
electromagnet 806 oriented at oblique angle 0 to the center line 212 of the shaft. FIG.9is a
cross-sectional view of the shaft and electromagnet 806 of FIG. 8 taken along the line A-A of
FIG. 8 further illustrating the elliptical magnetization of the active region 202 induced by the
electromagnet 806.

FIGS 10-11 illustrate another exemplary system and method for inducing an elliptical
magnetization in a shaft consistent with the present invention. In the illustrated exemplary
embodiment, the shaft 102 is magnetized to include an active region 202 using a permanent
magnet 1006 oriented at an oblique angle 2 to the center line 212 of the shaft. FIG. 11isa
cross-sectional view of the shaft and permanent magnet of FIG. 10 taken along the line A-A
of FIG. 10 further illustrating the elliptical magnetization of the active region 202 induced by
the permanent magnet 1006.

FIG. 12 illustrates another embodiment 104c of a sensor consistent with the present
invention. The illustrated exemplary embodiment includes first 1280 and second 1282 active
regions with elliptical magnetization. The first active region 1280 may be established by
providing a current from the electrode clamp 1212 to the electrode clamp 1214, as illustrated
by the arrows between clamps 1212 and 1214. Similarly, the second active region 1282 may
be established by providing a current from the electrode clamp 1210 to the electrode clamp
1208, as illustrated by the arrows between clamps 1210 and 1208. The sensor 104c may
include a fluxgate coil 1205 and an A.C. coupled magnetometer 1206.

In operation, the fluxgate coil 1205 may sense alternating magnetic polarities as the
shaft rotates due to the elliptical magnetizations of the active regions of the shaft. Fora
constant applied torque, the output of the magnetometer 1206 may be an alternating signal
having amplitude proportional to the applied torque. The frequency of the alternating signal

may be proportional to the shaft speed to provide shaft speed measurements in addition to

10
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torque measurements. By A.C. coupling the magnetometer 1206, any undesired D.C. or
slowly varying magnetic fields, such as common mode field signals, may be rejected.

Accordingly, the sensor 104c having elliptical magnetization produces a time varying
magnetic field sensed by the fluxgate coil 1205. Only one fluxgate coil 1205 may be
necessary. The A.C. processing of the sensor 104c may reject undesired slowly varying
common mode magnetic fields. The complexity of the signal processing may therefore be
significantly reduced compared to conventional D.C. processing. In addition, A.C.
processing may eliminate D.C. offsets and system noise associated with D.C. processing (1/f
noise). D.C. drift in the output may also be avoided, and signal-to-noise (S/N) levels of the
output signal may be improved compared to conventional D.C. processing.

FIG. 13 illustrates an embodiment 104d of the sensor including first 1380 and second
1382 active regions with elliptical magnetization, and first 1302 and second 1304 fluxgate
coils. The first 1302 and second 1304 fluxgate coils may be coupled to associated
magnetometers 1316, 1311, respectively. The elliptical magnetization may produce a time-
varying magnetic field sensed by the fluxgate coils as the shaft rotates. In addition to
monitoring torque, the sensor 104d of FIG. 13 may monitor parameters such shaft position,
shaft speed, and the power transmitted by the shaft.

The flux gate coils 1302 and 1304 may be positioned about the shaft so that the
signals to the associated magnetometers 1316 and 1311 are time-varying and 90 degrees out
of phase with each other. Additional circuitry 1318, 1320, 1322, and 1315 may utilize one or
both of the outputs of the magnetometers 1316 and 1311, either directly or indirectly, to
monitor torque, shaft position, shaft speed, and power transmitted.

In the exemplary embodiment illustrated in FIG. 13, the flux gate coils 1302 and 1304
are axially spaced about relative to the active regions 1380, 1382 to produce time-varying
signals 90 degrees out of phase with each other. The flux gate coils 1302 and 1304 may also,
or alternatively, be circumferentially displaced relative to the shaft. FIG. 14, for example,
illustrates the coils 1302 and 1304 spaced at 90 degrees from each other around the
circumference of the shaft to provide time-varying signals 90 degrees out of phase with each
other.

In operation, the output signal of the 0 degree magnetometer 1316 may be a time
varying voltage signal that is 90 degrees out of phase with the time varying voltage signal
output from the 90 degree magnetometer 1311. Torque circuitry 1318 may accept the output

11
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signals from the magnetometers 1316 and 1311 and provide an output signal at terminal 1350
representative of torque applied to the shaft. The torque circuitry 1318 may calculate the
magnitude of the square root of the sum of the square of the two magnetometer output signals
to provide the output signal representative of the applied torque.

The position circuitry 1320 may accept the output signals from both magnetometers
1316 and 1311 and provide an output signal representative of a position of the shaft at
terminal 1352. The position circuitry 1320 may calculate the arc tangent of the ratio of the
output signal of the 90 degree magnetometer 1311 to the 0 degree magnetometer 1316 to
provide the output signal representative of the position of the shaft.

The shaft speed circuitry 1322 may accept one output signal from either the 90 degree
magnetometer 1311 or the O degree magnetometer 1316 and provide an output signal
representative of the speed of the shaft at terminal 1354. The shaft speed circuitry 1322 may
analyze the frequency of the input time varying signal to ascertain the speed of the shaft.
Finally, the product circuitry 1315 may multiply the output signal of the torque circuitry 1318
with the output of the shaft speed circuitry 1322 to determine the power transmitted through
the shaft. An output signal representative of the power transmitted through the shaft may
then be provided at terminal 1356. Those skilled in the art will recognize various circuitry
configurations to provide the functionality of circuitry 1318, 1320, 1322, and 1315.

A sensor system consistent with the present invention may include a shaft including
one or more active regions provided in other or additional configurations. A single
magnetized active region in a shaft consistent with the present invention may include at least
partially opposing magnetic polarizations to impart alternating magnetic field polarities to a
sensor positioned adjacent the active region as the shaft rotates. Opposing magnetic
polarizations in a single magnetized active region may be established by providing currents in
an axial extent shaft that are in at least partially opposing directions in a radial cross-section
the axial extent. The alternating magnetic field polarities imparted to a sensor in such a
configuration may cause the sensor to provide a sinusoidal output that may be used to sense
torque on the shaft, the rotational and/or axial position of the shaft and/or the shaft rotational
speed.

Turning to FIG. 15, for example, an active region may be formed in a shaft 102 using
first and second sets of electrode clamp assemblies configured for establishing a first current

indicated by arrow 1508 generally parallel to the shaft axis in a first radial portion of the
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active region and a second current indicated by arrow 1510 in a direction opposite to the first
carrent in a second radial portion of the active region. In the illustrated exemplary
embodiment, the first electrode clamp assembly includes a first clamp 1500 disposed on the
shaft and a second clamp 1502 positioned in a spaced and opposed relationship on an
opposite side of the shaft from the first clamp. The second electrode clamp assembly
includes a first clamp 1504 disposed on the shaft and a second clamp 1506 positioned in a
spaced and opposed relationship on an opposite side of the shaft from the first clamp. The
first and second electrode clamp assemblies are spaced from each other along the length of
the shaft to establish the axial length of the active region.

To avoid shorting of adjacent clamps, current may be established in the illustrated
directions using two separate current sources with isolated grounds. In various exemplary
embodiments described current sources are not shown for simplicity. Instead, positive and
negative terminal connections of current sources may be indicated using “+” and “- signs on
associated electrode clamps. As shown in FIG. 15, the positive terminals of separate current
sources may be connected to clamps 1500 and 1506, respectively, and the negative terminals
of the current sources may be connected to clamps 1502 and 1504 respectively. In a
configuration where the distance between the clamps is sufficiently large, a single current
source may be used to establish the illustrated current flow.

FIG. 15A is a radial cross-sectional view of the configuration of FIG. 15 taken
between the first and second clamp assemblies and illustrating the direction of current flow in
the radial cross-section of the active region. Current into the sheet is indicated by an “x” and
current out of the sheet is indicated by a “e.” As shown, the configuration establishes
currents in opposing directions in the same axial extent of the shaft.

The opposing currents in the shaft may establish opposing magnetic fields in the same
active region. When torque is applied one portion of the active region may establish a
positive axial field component while the other portion of the active region may produce a
negative axial field component. As the shaft is rotated the altering positive and negative field
components may be sensed by one or more magnetic field sensors positioned adjacent the
shaft. The sensor may provide a sinusoidal output indicative of torque on the shaft, shaft
rotational speed and/or shaft position.

FIG. 16 illustrates another electrode clamp configuration for forming an active region

in a shaft consistent with the present invention. As shown, an active region may be formed in
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a shaft 102 using first and second sets of electrode clamp assemblies coupled to the shaft an
oblique angle 0 to the shaft axis 212 to provide at least partially elliptical contact surfaces. In
the illustrated exemplary embodiment, the first electrode clamp assembly includes a first
clamp1600 angularly disposed on the shaft and a second clamp 1602 positioned in a spaced
opposed relationship on an opposite side of the shaft from the first clamp to thereby provide a
partially elliptical contact surfaces between the first and second clamps and the shaft. The
second electrode clamp assembly includes a first clamp 1604 angularly disposed on the shaft
and a second clamp 1606 positioned in a spaced opposed relationship on an opposite side of
the shaft from the first clamp to thereby provide a partially elliptical contact surfaces between
the first and second clamps and the shaft. The first and second electrode clamp assemblies
are spaced from each other along the length of the shaft to establish the axial length of the
active region.

Current for magnetizing the active region may be established in the directions
indicated by the arrows extending the between the clamps, by connecting clamps 1600 and
1606 to a positive terminal of a current source and connecting clamps 1602 and 1604 to a
negative terminal of the current source. Again, as the shaft rotates alternating plus and minus
fields produce a sinusoidal field that may be sensed by a magnetic field sensor positioned
adjacent the shaft. The sensor may provide a sinusoidal output indicative of torque on the
shaft, shaft rotational speed and/or shaft position. In the illustrated embodiment, the sensor
offset value, i.e. the sensor output at zero torque, and the phase and amplitude of the sensor
sinusoidal output may be adjusted by adjusting the angle 6.

FIG. 17 illustrates another electrode clamp configuration for forming first and second
active regions in a shaft consistent with the present invention. In the illustrated exemplary
embodiment, first, second and third sets of electrode clamp assemblies may be coupled to the
shaft in spaced, opposed relationship, as illustrated and described in connection with FIG. 15.
In the embodiment of FIG. 17, however, first and second active regions having opposing
magnetizations may be established to facilitate double differential measurements. In
particular, clamps 1702, 1704 and 1706 may be coupled to the positive terminal(s) of a single
current source or separate current sources, and clamps 1700, 1706 and 1708 may be coupled
to the associated negative terminals to establish the currents indicated by arrows shown

between the clamps.
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Although a single differential sensing configuration may be useful in connection with
a system consistent with the present invention, in some applications a differential
measurement may interpret an interfering signal as a valid signal. A permanent magnet, for
example, produces gradients that a differential measurement may pick up as valid signal. A
magnetic field associated with a permanent magnet may decay in a non-linear fashion as
distance is increased from the magnet. If a permanent magnet, e.g. as part of a mechanic’s
tool, is placed near a sensor with single differential measurement, error in the sensor output
signal may be produced. A double differential measurement may be used to avoid such an
EITOor.

FIG. 18 illustrates a shaft including first and second regions formed, for example,
using the configuration of FIG.17 and an associated double differential
detector/magnetometer configuration. A shown, separate flux gate sensors 1802, 1804, 1806
and 1808 may be positioned adjacent the respective active regions for sensing magnetic fields
in the directions indicated by the arrows adjacent the sensors. The sensor outputs may be
provided to a double differential detector 1810, which may determine the difference between
the differences between the sensor outputs associated with each clamp assembly, i.e. the
differential of a differential. This double differential approach may be effective in canceling
first order magnetic field gradients, and result in a four fold increase in signal strength as
opposed to a two fold increase in the case of a traditional differential measurement.

FIG. 19 illustrates another electrode clamp configuration for forming first and second
and third active regions in a shaft consistent with the present invention. In the illustrated
exemplary embodiment, first, second, third, and fourth sets of clamp assemblies may be
coupled to the shaft in spaced, opposed relationship, as illustrated and described in
connection with FIG. 15. In the embodiment of FIG. 19, however, clamps 1900, 1906, 1908
and 1914 may be conductive electrode clamps and clamps 1902, 1904, 1910 and 1912 may
be non-conductive clamp. Clamps 1906 and 1908 may be coupled to the positive terminal(s)
of a single current source or separate current sources, and clamps 1900 and 1914 may be
coupled to the associate negative terminals to establish the currents indicated by arrows
shown between the clamps. As the shaft rotates, the magnetizations established by the
illustrated current flow may be sensed by one or more sensors, e.g. positioned axially in the
center of the middle active region, which may provide a sinusoidal output indicative of

torque, speed and/or position.
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FIG. 20 illustrates another exemplary embodiment of an electrode clamp
configuration for forming a magnetized active region in a shaft consistent with the present
invention. In illustrated embodiment first 2002 and second 2004 electrode clamps are
positioned generally parallel to the axis of the shaft 102. The first electrode is disposed on a
top surface of the shaft and a second electrode is disposed on a bottom surface of the shaft
approximately 180 degrees from the first electrode.

Current for magnetizing the active region of the shaft may be established by
connecting the first clamp 2002 to a positive terminal of a current source and the second
clamp 2004 to a negative terminal of the current source. FIG. 20A is a radial cross-sectional
view of the configuration of FIG. 20 taken through the first and second electrode clamps with
the arrows illustrating the resulting direction of current flow in the radial cross-section of the
active region. As shown, the configuration establishes currents, and hence magnetic
polarities, in opposing directions in the same axial extent of the shaft. As the shaft rotates the
altering positive and negative field components may be sensed by one or more magnetic field
sensors positioned adjacent the shaft. The sensor may provide a sinusoidal output indicative
of torque on the shaft, shaft rotational speed and/or shaft position.

FIG. 21 illustrates another exemplary embodiment of an electrode clamp
configuration for forming a magnetized active region in a shaft consistent with the present
invention. The embodiment of FIG. 21 includes first and second electrode clamps similar to
the configuration of FIG. 20, except the electrodes are disposed at an angle 0 to the shaft axis.
Current for magnetizing the active region of the shaft may be established by connecting the
first clamp 2102 to a positive terminal of a current source and the second clamp 2104 to a
negative terminal of the current source. This configuration results in current, and hence
magnetic polarities, flowing and twisting on the surface of the shaft in at least partially
opposing directions in the same axial extent of the shaft. Again, as the shaft rotates
alternating magnetic field polarities produce a sinusoidal field that may be sensed by a
magnetic field sensor positioned adjacent the shaft. The sensor may provide a sinusoidal
output indicative of torque on the shaft, shaft rotational speed and/or shaft position. In the
illustrated embodiment, the sensor offset value, i.e. the sensor output at zero torque, and the
phase and amplitude of the sensor sinusoidal output may be adjusted by adjusting the angle 0.

FIG. 22 illustrates another exemplary embodiment of an electrode clamp

configuration for forming a magnetized active region in a shaft consistent with the present

16



WO 2007/048143 PCT/US2006/060169

invention. The embodiment of FIG. 22 is similar to the embodiment of FIG. 20, except first
2202, second 2204, third 2206 and fourth 2208 electrode clamps are provided generally
parallel to the surface of the shaft and approximately 90 degrees from each other. Current for
magnetizing the active region of the shaft may be established by connecting the clamps 2204
and 2208 to a positive terminal(s) of one or more current sources and the clamps 2202 and
2206 to the negative terminal(s) of the current sources.

FIG. 22A is a radial cross-sectional view of the configuration of FIG. 22 taken
through the electrode clamps with the arrows illustrating the resulting direction of current
flow in the radial cross-section of the active region. As shown, the configuration establishes
currents, and hence magnetic polarities, in opposing directions in the same axial extent of the
shaft. As the shaft rotates through one revolution four changes in the magnetic field polarity
may be sensed by one or more magnetic field sensors positioned adjacent the shaft. The
sensor may provide a sinusoidal output indicative of torque on the shaft, shaft rotational
speed and/or shaft position. Due to the changes in magnetic polarity, the sinusoidal output
may have a higher frequency than the embodiment of, for example, FIG. 20

FIG. 23 illustrates another exemplary embodiment of an electrode clamp
configuration for forming a magnetized active region in a shaft consistent with the present
invention. The embodiment of FIG. 23 is similar to the embodiment of FIG. 20, except a first
active region is established by first 2302 and second 2304 electrode clamps and a second
active region is established by third 2306 and fourth 2308 electrode clamps. Current for
magnetizing the active regions of the shaft 102 may be established by connecting clamps
2302 and 2308 to a positive terminal(s) of one or more current sources and clamps 2304 and
2306 to the negative terminal(s) of the current sources. FIG. 23A is a radial cross-sectional
view of the configuration of FIG. 23 taken through clamps 2306 and 2308 and FIG.23B is a
radial-cross sectional view of the configuration of FIG. 23 taken through clamps 2302 and
2304.

The arrows in FIGS. 23A and 23B illustrate the direction of current flow in the radial
cross-sections of the active regions. As shown, the configuration establishes currents, and
hence magnetic polarities, in opposing directions in the first active region of the shaft, and
opposing currents in the second active region that are in directions opposite to that of the first
active region. This configuration facilitates a double differential measurement of the change

in magnetic flux resulting from torque on the shaft.
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FIGS. 24 and 24A illustrate another exemplary embodiment of an electrode clamp
configuration for forming a magnetized active region in a shaft consistent with the present
invention. The embodiment of FIG. 24 includes a first electrode clamp assembly including a
first 2400 and second 2402 clamps and a second electrode clamp assembly including first
2406 and second 2408 clamps. Current for magpetizing the active regions of the shaft may
be established in the direction of the arrows in FIG. 24 by connecting the electrode clamps to
one or more current sources as shown. In the illustrated embodiment, current may flow 90
degrees on the surface of shaft taking a spiral path.

FIGS. 25 and 25A illustrate another exemplary embodiment of an electrode clamp
configuration consistent with the present invention. The embodiment of FIG. 25 is similar to
the embodiment of FIG. 24, except first and second active regions are established using first
2502, second 2504 and third 2508 electrode clamp assemblies. Current for magnetizing the
active regions of the shaft may be established in the direction of the arrows in FIG. 25 by
connecting the electrode clamps to one or more current sources as shown. This
configuration allows for a double differential measurement, as described above.

FIGS. 26 and 26A illustrates another exemplary embodiment of an electrode clamp
configuration for forming a magnetized active region in a shaft consistent with the present
invention. The embodiment of FIG. 26 includes two sets of three electrodes disposed at 60
degree intervals around the shaft. As shown the first set 2602 of three electrodes may be
connected to a positive terminal of a current source and the second set 2604 of three
electrodes may be connected to a second set of three electrodes to establish current in the
direction of the arrows in FIG. 26. In this configuration, current may flow 60 degrees on the
surface of shaft from one electrode to another, thereby establishing more magnetic poles and
a higher frequency sinusoidal output.

FIG. 27 illustrates a shaft consistent with the present invention including first 2702
and second 2704 active regions where one region may be used to measure torque while the
other fegion measures position. The torque region 2702 may be magnetized according to any
of the schemes described herein. The position sensing region 2704 may be magnetized in a
coil or permanent magnet to simply create two poles. As the shaft 102 rotates a sinusoidal
signal is generated that does not vary with torque and can be used to measure the shaft

rotational position.
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Consistent with the present invention, configurations for establishing one or more
magnetized active regions may also be establish saturation zones on opposing sides of the
active region(s). As is know, a saturation zone may be provided for establishing strong
magnetic boundaries for the active region, resulting in an active region that is more stable and
affected less by nearby ferrous objects. In one embodiment, a current may be passed axially
through the shaft prior to establishing the magnetized active region, e.g. using electrode
clamp assemblies, as described above. The axial current through the shaft may establish
strong saturation zones on either side of the subsequently established active region. FIG. 27A
illustrates another embodiment wherein an initial saturation current is tapped through the
middle of the shaft, i.e. to establish a saturation current in the direction of the illustrated
arrows. This configuration may be used to establish saturation zones of opposite polarities
on opposite sides of a subsequently formed active region.

Saturation zones may also be formed using electrode clamp configurations. FIG. 28,
for example, illustrates an exemplary configuration using electrode clamp assemblies for
establishing saturation zones on opposite sides of an active region for configuration similar to
the embodiment of FIG. 15. FIG. 29 illustrates an exemplary configuration using electrode
clamp assemblies for establishing saturation zones on opposite sides of an active region for
configuration similar to the embodiment of FIG. 20.

Turning now to FIGS. 30-32 contact pins, instead of electrode clamps, may be used to
establish current flow forming one or more active regions consistent with any embodiment
consistent with the present invention. Contact pins may be used to establish any desired
magnetization in a shaft. FIG. 30 illustrates one exemplary embodiment of a contact pin
3000 that may be utilized to provide a conductive contact point for passing current through
the shaft. The pin 3000 may include a nonconductive fixture plate 3006 and a conductive
contact pin 3010. A spring 3004 may be provided between a portion of the nonconductive
fixture plate 3006 and a portion 3020 of the conductive contact pin 3010 to bias the contact
pin 3010 against the shaft 102.

As illustrated for example in FIG. 31, contact pins, e.g. pins 3102, 3104, 3106, 3108,
3110 and 3112, may be coupled around the shaft to establish current flow in the direction of
the arrows, similar to the embodiment of FIG. 15. The embodiment of FIG. 31 may also be
used to establish an elliptical magnetization by arranging pairs of pins at an angle to each

other and sequentially passing current through the shaft between the associated pairs.
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Contact pins may be used to establish any signature magnetization in a shaft. FIG. 32
illustrates one exemplary embodiment including six conductive pins providing six contact
points 3202, 3204, 3206, 3208, 3210, and 3212, respectively, on the surface of the shaft to
establish a unique magnetic signature. A current source may be programmed to sequentially
pass current through selected pairs of the contact pins to create a magnetic signature in the
shaft, e.g. in the direction of the illustrated arrows. The magnetic signature may be utilized to
make additional non-torque measurements such as speed of rotation measurements. The
magnetic signature may provide several poles in one revolution of the shaft to provide
additional resolution in speed sensing. The magnetic signature may also create a time
varying signal which may be different from a sine/cosine signal and which can be uniquely
differentiated from sinusoidal noise.

Again, embodiments consistent with the invention may use a single or multiple
current sources for magnetizing one or more active regions in a shaft. In any embodiment
consistent with the present invention, separate sources may be used to balance or deliberately
un-balance the magnetizing currents, e.g. for adjusting sensor gain and offset (output at zero
torque). As shown for example in FIG. 33, separate sources 3302 and 3304 may be applied
to establish magnetization zones in the shaft, as described in FIG. 12. Torque may then be
measured to determine the established offset and gain. If the desired offset and gain are not
established the outputs of the sources, e.g. V1 and/or V2, may be modified and offset and
gain may measured. This process may be repeated until the desired offset and gain are
achieved. This approach may be used to eliminate the need to match specific shafts to
specific associated sensors.

Once a shaft is magnetized consistent with the present invention, the shaft may be
mechanically conditioned to stabilize the shaft and/or to adjust gain and offset. In one
embodiment, controlled mechanical shock pulses imparted to the shaft by vibration impact
device may be used to stabilize the shaft. In another embodiment, segmented demagnetizing
solenoid coils may be used to tune the shaft after magnetization.

In any embodiment consistent with the present invention, magnetic field components
associated with one or more active regions may be sensed by one or more magnetic field
sensors positioned adjacent the shaft. In an embodiment wherein the sensors are configured
as flux gate sensors, the flux gate coils may positioned in a radial, axial and/or tangential

relationship to the shaft. FIG 34 illustrates a radially oriented flux gate coil 3402 and a
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tangentially oriented flux gate coil 3404, and FIG. 35 illustrates an axially oriented flux gate
coil 3502. Each coil may provide a separate sinusoidal output indicative of torque on the
shaft, shaft rotational speed and/or shaft position.

Use of three radial coils may allow torque measurement while rejecting common
mode fields. As shown, for example, in FIG. 36, three radial coils 3604, 3606 and 3608 may
be disposed in a housing 3602 that is slipped over the shaft 102 to place the coils in proximity
to the shaft for sensing fields generated in an active region as the shaft rotates. The sum of
the outputs from the three coils 3604, 3606 and 3608 may be taken as an indication of torque,
while the combined effect of a constant field on the coils results in cancellation of any
common mode field component. In another embodiment, four coils 3704, 3706, 3708 and
3710 may be disposed in a housing that is slipped over the shaft 102, as shown for example in
FIG. 37. Modifying the spacing of the coils in the embodiment of FIG. 37 allows for
adjustment of gain and offset.

A sensor consistent with the present invention may produce a sinusoidal output where
the amplitude of sinusoidal output is proportional to torque. Magnetic sensor elements, e.g.
flux gate coils, may be arranged to provide sine and cosine signals as the shaft rotates. DC
fields may be rejected from measurements by AC coupling the outputs in a magnetometer.
Also, trigonometric relationships may be implemented in the magnetometer with respect to
the sine and cosine outputs to determine torque and position. In particular, torque may be
determined by

torque = V(sin? + cos?)
and position may be determined by
position = arctan (sin/cos).

Since the V(sinZ + cos?) only produces positive numbers, a system consistent with the
invention may include a method to produce a negative output when negative torque is
measured. In one embodiment, a position sensor may be used to determine the direction of
instantaneous rotational angle change. If the instantaneous angle change is in a positive
direction, then torque will have a first predetermined polarity. If the instantaneous angle is in
a negative direction, then torque will have a polarity opposite to the first polarity. A system
consistent with the present invention may also, or alternatively, use a DC average of signal

picked up by specific coil placement. If DC average of a sinusoid (torque dependent) is
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positive, then torque may be considered positive. If the DC average is negative, then torque
may be considered negative.

The sine/cosine relationship may allow use of one set of electronics (for example one
ASIC) for obtaining position and torque. Rotational speed may be obtained from one of the
sinusoids, e.g. by counting the rate of occurrence of the peak amplitude. The sine/cosine
relationship may also be used for diagnostics. Any departure from the sensed sin/cosine
relationship may trigger a diagnostics signal.

A sensor consistent with the present invention may also include an anti-aging
algorithm. Magnets (soft or hard material) may age with time and temperature. This change
may be small and acceptable in many applications, but in certain critical application this may
not be acceptable. A sensor consistent with the present invention may correct the sinusoidal
amplitudes (or the resulting calculated torque) based on a reference signal from one or more
coils that provide a sinusoidal output that does not change with torque. For example, the
magnetized zone 2704 used to measure position in the embodiment of FIG. 27 may produce
a sinusoid having an amplitude that does not change with applied torque but changes with
aging. The change in this amplitude with aging may be used as a reference signal to correct
sensor torque output with aging. For example, the amplitude of the sensor torque output may
be maintained in a constant ratio to the reference signal. Any embodiment consistent with
the present invention may incorporate an anti-aging algorithm using a sensor output that does
not vary with torque.

Turning now to FIGS 38-40 there are provide plots of sensor output vs. torque and
rotational angle for an embodiment including a single magnetized active region magnetized
as shown in FIG. 20 and including first and second radial field coils on opposite sides of the
active zone and first and second tangential coils on opposite sides of the active zone. The
each of the coils may be centered in the active region with the coil center line disposed at
about 6mm from the shaft surface. Differential measurements of the radial and tangential
coil outputs may be used to reject common mode fields.

Plot 3802 in FIG. 38 illustrates peak-to-peak output amplitude vs. applied torque for
sinusoidal output derived from the radial coils and plot 3804 illustrates the peak-to-peak
output amplitude vs. applied torque for the sinusoidal output derived from the tangential
coils. As shown, output varies substantially linearly with applied torque for both the radial

and tangential coils.
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FIG. 39 includes plots 3900 of the radial coil output vs. shaft rotational angle for
applied torques of -5.0 NM, -2.5 NM, 0 NM, 2.5 NM, and 5.0NM. The plots exhibit
increasing peak to peak amplitude with increasing torque. FIG. 40 includes plots 4000 of the
tangential coil output vs. shaft rotational angle for applied torques of -5.0 NM, -2.5 NM, 0
NM, 2.5 NM, and 5.0NM. The plots exhibit increasing peak to peak amplitude with
increasing torque, as well as a phase shift between different torque values. For example, plot
4004 is associated with an applied torque of 5.0 NM and plot 4004, which is shifted in phase
from plot 4002, is associated with an applied torque of -5.0 NM.

According to one aspect of the invention, there is provided a sensor including a shaft
having at least one magnetized active region having at least partially opposing magnetic
polarizations; and a magnetic sensor positioned adjacent the active region. The sensor may
be configured to provide a sinusoidal output in response to the opposing magnetic
polarizations as the shaft rotates. The sinusoidal output may be representative of a torque
applied to the shaft.

According to another aspect of the invention, there is provided a method of inducing a
magnetization in a magnetorestrictive shaft used in a sensor system for monitoring torque
applied to the shaft including, the method including directing a current through an axial
extent of the shaft in a direction that is not a single axial direction.

According to yet another aspect of the invention there is provided a sensor including a
shaft having at least one active region having an elliptical magnetization; and a magnetic
sensor configured to sense a magnetic field about the shaft. The magnetic field may be
representative of a torque applied to the shaft.

According to yet another aspect of the invention there is provided a sensor including a
shaft having at least one magnetized active region; a first fluxgate coil positioned about the
shaft and coupled to a first magnetometer and configured to provide a first sinusoidal signal
as the shaft is rotated; a second fluxgate coil positioned about the shaft configured to provide
a second sinusoidal signal as the shaft is rotated, the second sinusoidal signal being ninety
degrees out of phase with the first sinusoidal signal; and torque circuitry configured to accept
the first and second sinusoidal signals and provide an output signal representative of torque
applied to the shaft.

Other aspects are set forth in the preceding description and associated drawings. The

terms and expressions which have been employed herein are used as terms of description and
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not of limitation, and there is no intention, in the use of such terms and expressions, of
excluding any equivalents of the features shown and described (or portions thereof), and it is
recognized that various modifications are possible within the scope of the claims. Also, the
various features and aspects disclosed herein may be combined with one another. All such
variations and combinations are contemplated within the scope of the present invention.
Other modifications, variations, and alternatives are also possible. Accordingly, the claims

are intended to cover all such equivalents.
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What is claimed is:

1. A sensor comprising:

a shaft having at least one magnetized active region, said at least one active region
having at least partially opposing magnetic polarizations; and

a magnetic sensor positioned adjacent said active region and configured to provide a
sinusoidal output in response to said opposing magnetic polarizations as said shaft rotates,

said sinusoidal output being representative of a torque applied to said shaft.

2. The sensor of claim 1, wherein an amplitude of said sinusoidal signal is

representative of a rotational position of said shaft.

3. The sensor of claim 1, wherein a frequency of said sinusoidal signal is

representative of a speed of said shaft.

4. The sensor of claim 1, wherein said shaft comprises magnetized saturation

zones on opposing sides of said active region.

5. A method of inducing a magnetization in a magnetorestrictive shaft used in a
sensor system for monitoring torque applied to the shaft comprising, said method comprising:
directing a current through an axial extent of the shaft in a direction that is not a single

axial direction.

6. The method of claim 5, said method comprising directing current through said

shaft at an oblique angle to an axis of the shaft.

7. The method of claim 6, wherein said oblique angle is between about 10
degrees and 80 degrees.
8. The method of claim 5, said method comprising directing first and second

currents through said axial extent of said shaft in at least partially opposing directions.
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9. The method of claim 5, said method comprising directing first and second

currents through said axial extent in at least partially opposing circumferential directions.

10.  The method of claim 5, said method comprising directing first and second

currents through said axial extent in at least partially opposing axial directions.

11. A sensor comprising:

a shaft having at least one active region, said at least one active region having an
elliptical magnetization; and

a magnetic sensor configured to sense a magnetic field about said shaft, said magnetic

field being representative of a torque applied to said shaft.

12. The sensor of claim 11, wherein said elliptical magnetization has a nonzero
axial component directed along a center line axis of said shaft at zero torque applied to said
shaft, and wherein said magnetic sensor is configured to sense said nonzero axial component

at zero torque.

13.  The sensor of claim 11, wherein said elliptical magnetization is induced by
current driven between a pair of electrode clamps, said pair of electrode clamps oriented in
parallel with each other and further oriented at an oblique angle with respect to a center line
axis of said shaft, wherein said elliptical magnetization has a nonzero axial component along
a center line axis of said shaft at zero torque, and wherein said nonzero axial component at

zero torque is at least partially dependent on a value of said oblique angle.

14. The sensor of claim 11, wherein said elliptical magnetization has a nonzero
axial component along a center line axis of said shaft at zero torque, and wherein nonzero

axial component changes as said torque is applied to said shaft.

15.  The sensor of claim 11, wherein said magnetic field sensed by said magnetic
sensor comprises alternating magnetic polarities as said shaft is rotated and said magnetic
sensor provides a sinusoidal signal having an amplitude representative of said torque applied
to said shaft.
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16.  The sensor of claim 15, wherein a frequency of said sinusoidal signal is

representative of a speed of said shaft.

17. A sensor comprising:

a shaft having at least one magnetized active region;

a first fluxgate coil positioned about said shaft and coupled to a first magnetometer
and configured to provide a first sinusoidal signal as said shaft is rotated;

a second fluxgate coil positioned about said shaft configured to provide a second
sinusoidal signal as said shaft is rotated, said second sinusoidal signal being ninety degrees
out of phase with said first sinusoidal signal; and

torque circuitry configured to accept said first and second sinusoidal signals and

provide an output signal representative of torque applied to said shaft.

18.  The sensor of claim 17, wherein said torque circuitry is configured to calculate
a square root of a sum of said first sinusoidal signal squared and said second sinusoidal signal

squared to provide said output signal representative of torque applied to said shaft.

19.  The sensor of claim 17, further comprising shaft speed circuitry configured to
accept at least one of said first and said second sinusoidal signals and to provide an output
signal representative of a speed of said shaft, wherein a frequency of said at least one of said

first and second sinusoidal signals is representative of said speed of said shaft.
20.  The sensor of claim 17, further comprising positioning circuitry to calculate an

arc tangent of a ratio of said second sinusoidal signal to said first sinusoidal signal, wherein a

result of said arc tangent operation is representative of a position of said shaft.
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