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(57) Abrége/Abstract:

A vehicle guidance system (12) for guiding a vehicle (10) along a magnetic marker (20) including a first magnetic sensor (28)
having a sensing axis (32) for measuring a first magnetic field. A second magnetic sensor (30) has a sensing axis (36),
measuring a second magnetic field. The second axis crosses the first axis at a vehicle guide point (38). A processor (16)
configured to recelve data representative of the magnetic field and calculates a lateral offset between the guide point and
magnetic marker based upon the measured magnetic fields. A method for guiding a vehicle includes measuring magnetic field
strength proximate the marker, measuring ambient magnetic field strength remote from the marker, nulling the ambient magnetic
fleld by removing the remote magnetic field strength from the proximate magnetic field strength, calculating a lateral
displacement between the vehicle responsive to the lateral displacement between the vehicle and the marker.
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(57) Abstract: A vehicle guidance system (12)
for guiding a vehicle (10) along a magnetic
marker (20) including a first magnetic sensor
(28) having a sensing axis (32) for measuring
a first magnetic field. A second magnetic
sensor (30) has a sensing axis (36), measuring
a second magnetic field. The second axis
crosses the first axis at a vehicle guide point
(38). A processor (16) configured to receive
data representative of the magnetic field and
calculates a lateral offset between the guide
point and magnetic marker based upon the
measured magnetic fields. @A method for
guiding a vehicle includes measuring magnetic
field strength proximate the marker, measuring
ambient magnetic field strength remote from
the marker, nulling the ambient magnetic field
by removing the remote magnetic field strength
from the proximate magnetic field strength,
calculating a lateral displacement between the
vehicle responsive to the lateral displacement
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DRIVERLESS VEHICLE GUIDANCE SYSTEM AND METHOD
CROSS-REFERENCE TO RELATED APPLICATION
This application claims the benefit of U.S. Provisional Application No.
60/341,195, filed December 12, 2001, the entire disclosure of the application 1s
considered part of the disclosure of this application and is hereby incorporated by

reference.

BACKGROUND OF THE INVENTION

The present invention is directed to an apparatus and method for guiding a
driverless vehicle along a path defined by a magnetic marker such as, for example, a
strip of magnetic tape, magnetic paint, or bonded magnetic powder.

Driverless vehicles with automated guidance systems have become
increasingly commonplace in industrial applications. These vehicles are used to
transport material along predetermined guide paths within a facility. Various methods
of guiding the vehicle, such as dead reckoning, electrified guide wires, optical or
magnetic markers, and inertial systems, are readily available n the art. However,
each of these systems have drawbacks related, for example, to system cost and
complexity, installation cost, guide path revision flexibility, and operational accuracy.
The sources of these deficiencies can relate to numerous system components
including the type of guide path marker as well as the sensor or other system
components that locate or track the guide path. For example, in an electrified guide
wire system, a conductor wire is buried in the floor of the facility. The vehicle
guidance system senses and tracks the magnetic field generated by current passing
through the buried wire. These electrified guide wire systems are very accurate
during operation but have high installation cost and low guide path revision flexibility
as new guide wires must be buried in the floor if the guide path is to be revised.
Conversely, inertial guidance systems using wheel encoders and gyroscopes provide
high guide path flexibility but are Iﬁore expensive and complex.

In recent years, the use of driverless vehicle technology within the material
handling industry has increased. There has been a corresponding growth in the desire
for lower cost driverless vehicles, specifically for lighter duty applications. These
lighter duty applications generally require vehicle designs that are less robust than

traditional driverless vehicles. However, the need for guidance accuracy, reliability,
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and flexibility does not diminish with the size of the vehicle. In fact, the need for
flexibility and cost efficiencies in the guidance system 1s generally more acute for less
expensive vehicles as the guidance system accounts for a greater percentage of the
overall vehicle cost. Accordingly, and in view of the fact that the most accurate and
flexible guidance systems are also commonly the most complex and expensive, a need
exists for a reliable, flexible, and cost effective automated guidance system that may
be used with less robust vehicle designs.

Automated guided carts (AGCs) are representative of this growing market.
AGCs are used to transport a variety of relatively light loads throughout assembly
facilities. Due to their small size and low vehicle cost, customers commonly desire
lower guide path marker installation costs and flexibility in redefining the cart guide
path to accommodate revisions to the plant layout or assembly processes. A variety
of guide path marking techniques have evolved to begin to address this need. For
example, magnetized tape may be disposed on the floor of a facility to mark the guide
path. Prior art sensor assemblies for guiding driverless vehicles along magnetic paths
include an array of Hall effect switches to magnetically sense marked paths.
Examples of these prior art devices include U.S. Patent No. 4,990,841, 1ssued
February 5, 1991 and entitled "Magnetically Guided Vehicle," and U.S. Patent No.
5,434,781, issued July 18, 1995 and entitled "Method And Apparatus For Guiding A
Driverless Vehicle Using A Sensor Tracking A Cable Emitting An Electromagnetic
Field."”

SUMMARY OF THE INVENTION

A vehicle guidance system for guiding a vehicle along a magnetic marker
including a first magnetic sensor having a sensing axis, the first sensor measuring a
first magnetic field. A second magnetic sensor has a sensing axis, the second sensor
measuring a second magnetic field. The sensing axis of the second magnetic sensor
crosses the sensing axis of the first magnetic sensor at a vehicle guide point. A
processor is configured to receive data representative of the magnetic field measured
by the first and second sensors and to calculate a lateral offset between the guide point
and the magnetic marker based upon the measured magnetic fields.

The present invention also provides a method for guiding a vehicle 1n response
to a marker having magnetic field. The steps of the method include measuring

magnetic field strength proximate the marker, measuring ambient magnetic field
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strength remote from the marker, nulling the ambient magnetic field by removing the
remote magnetic field strength from the proximate magnetic field strength, calculating
an offset or lateral displacement between the vehicle and the marker using the nulled
magnetic field strength, and guiding the wvehicle in response to the lateral
displacement between the vehicle and the marker.

Further scope of applicability of the present invention will become apparent
from the following detailed description, claims, and drawings. However, 1t should be
understood that the detailed description and specific examples, while indicating
preferred embodiments of the invention, are given by way of illustration only, since
various changes and modifications within the spirit and scope of the invention will
become apparent to those skilled 1n the art.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will become more fully understood from the detailed
description given here below, the appended claims, and the accompanying drawings
in which:

FIG. 1 is a perspective view of a driverless vehicle positioned in operative
alignment with a magnetic marker on a floor;

FIG. 2 is a partial cross-sectional view taken along lines 2-2 in FIG. 1
illustrating a magnetic guidance system within the vehicle positioned 1n operative
alignment with the magnetic marker;

FIG. 3 is an electrical schematic of the magnetic guidance system 1llustrating a
sensor assembly including guidance system sensors, a signal processor, and a motion
controller in accordance with the present invention;

FIG. 4 is a graph illustrating representative output from the guidance system
SeNsors;

FIG. 5 is a graph illustrating the operable range of the guidance system; and

FIG. 6 is a perspective view of the driverless vehicle positioned in operative
alignment with a magnetic marker having a forked or Y intersection.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

The present invention generally relates to a driverless vehicle including an
improved guidance system for tracking a magnetically marked path. In the
embodiment illustrated in the attached drawings, particularly FIGS. 1-3, the invention

1s shown to include a driverless vehicle 10 with a guidance system 12 having a sensor
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assembly 14, a signal processor 16, and a motion or steering controller 18. As 1s
shown in FIG. 1, the vehicle 10 1s configured to follow a magnetic guide path or
marker 20 fixed to a floor 22. The guidance system 12, illustrated in FIG. 3, permits
active tracking along the path or marker 20. More particularly, as 1s described in
greater detail below, the signal processor 16 receives output signals from the sensor
assembly 14 and determines an offset or lateral displacement of the vehicle 10 from
the path or marker 20. The signal processor 16 communicates steering control
information to the motion controller 18 which then adjusts the movement of the
vehicle 10 to track the path or marker 20. The improvements of the present invention
are generally directed toward the sensor assembly 14 and the signal processor 16 1n
order to provide improved accuracy in vehicle position determination relative to the
path or marker 20.

Unlike prior driverless vehicle guidance systems, the guidance system 12 of
the present invention includes a sensor assembly 14 having a plurality of highly
sensitive magnetic field sensors each of which provides an analog output. The
magnetic field sensors preferably have a sensitivity on the order of 16(mV/V)/(kA/m).
Additionally, the magnetic field sensors preferably have a detectable field change of 1
Gauss or less and, more preferably, of 10 milliGauss or less. In the illustrated
embodiment, the magnetic field sensors are giant magnetoresistive (GMR) sensors.
While a variety of such sensors are generally known in the art for applications outside
of vehicle guidance, the present invention incorporates these highly sensitive
magnetic field sensors into a vehicle guidance system to provide improvements over
existing guidance systems. While a variety of giant magnetoresistive sensors are
available in the art and may be used within the present invention, the described
embodiment includes magnetic field sensors distributed by Philips Semiconductors,
headquartered in Eindhoven, The Netherfands, as part numbers KMZ51 and KMZ52.
Both the KMZ52 and KMZ51 sensors provide uncompensated sensitivity on the order
of 16(mV/V)/(kA/m). The KMZ52 magnetic field sensor 1s a dual Wheatstone bridge
sensor having perpendicular major H-field or sensing axes whereas the KMZ51
magnetic field sensor is a single Wheatstone bridge sensor. Further details on the
operational capabilities of these and similar sensors are readily available in the art,
including  through  product information at the Philips web  site

(www.semiconductors.philips.com). Notwithstanding the above-described giant
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magnetoresistive sensors KMZ52 and KMZ51, those skilled in the art will appreciate
that other highly sensitive magnetic field sensors, including Hall effect devices, may
also be used without departing from the scope of the present invention.

As is more fully explained below, the invention detects offset or lateral
displacement from the marked guide path 20 which is characterized by the strongest
polarized DC magnetic field sensed by the sensor assembly 14. In the illustrated
embodiment, the sensor assembly 14 includes a dual bridge giant magnetoresistive
(GMR) device 24 schematically illustrated in FIG. 2 to include magnetic field sensors
28 and 30 which are preferably, though not necessarily, mounted and configured in a
X-shaped arrangement or "X" configuration such that a major sensing axis 32 of the
first magnetic field sensor 28 is oriented at positive forty-five degrees (+45°) relative
to a lateral centerline 26 of the vehicle 10 and a major sensing axis 36 of the second
magnetic field sensor 30 is oriented at negative forty-five degrees (-45°) relative to
the lateral centerline 26 of the vehicle 10, with the major sensing axes 32 and 36
intersecting to define a vehicle guide point 38. As described in greater detail below,
the vehicle guide point 38 is the reference point for the vehicle 10 with regard to
calculating offset from the path or marker 20. The GMR device 24 may be positioned
on the vehicle 10 such that the vehicle guide point 38 is aligned with the lateral
centerline 26 of the vehicle 10 as illustrated in FIG. 2 or, alternatively, may be spaced
from the vehicle lateral centerline 26. In the latter instance, the lateral vehicle
centerline 26 is spaced from the path or marker 20 when the vehicle guide point 38 1s
aligned with the path or marker 20. Accordingly, the lateral position of the sensor
assembly 14 or the vehicle guide point 38 can be spaced from the lateral vehicle
centerline 26 so that a steerable wheel, if aligned with the lateral vehicle centerline 26,
will not ride on and wear the path 20. The GMR device 24 may be positioned at the
front, center, or rear of the vehicle 10. In other words, the GMR device 24 may be
positioned at any longitudinal point along the length of the vehicle 10. In the
illustrated embodiment, the GMR device 24 consists of a Phillips KMZ52 Magnetic
Field Sensor. However, a pair of KMZ51 Magnetic Field Sensors, or similar single
bridge sensors, or highly sensitive Hall effect devices may also be used. The non-
linear outputs of the GMR device 24 are communicated to the signal processor 16

which then provides a linear result characterizing the location of the strongest
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polarized DC magnetic field represented by the polarized DC magnetic field of the

path or marker 20 as the offset relative to the vehicle guide point 38.

In addition to magnetic field sensors 28 and 30, the sensor assembly 14 of the
present invention also includes a pair of ambient magnetic field sensors 40 and 42
spaced laterally a predetermined distance 44 to each side of the vehicle guide point 38
(with one ambient field sensor 40 on the port side of vehicle 10 and the other ambient
field sensor 42 on the starboard side of the vehicle 10). The two ambient field sensors
40 and 42 are also preferably set at a forty-five degree (45°) angle outbound from the
vehicle guide point 38 as illustrated in FIG. 2. In the illustrated embodiment, the
distance 44 between each ambient field sensor 40 and 42 and the vehicle guide point
38 is on the order of two (2) inches and, preferably, one and three-quarters (1.75)
inches. While this distance 44 is dependent on the width of the path or marker 20 and
other parameters including sensor height 46, the illustrated embodiment of the
invention includes a two (2) inch distance 44 for a path or marker 20 having a width
of two (2) inches and a sensor height 46 of two (2) inches.

As is more fully explained below, the ambient field sensors 40 and 42 provide
magnetic field measurements for use in nulling or compensating for the ambient
magnetic field in the surrounding operating environment as well as any magnetic field
caused by the vehicle frame to more accurately track the center of the path or marker
20 and, when desired, for guiding the vehicle 10 along the edges 48 and 50 of the
magnetized path 20. In the first instance, the measurements from the ambient field
sensors 40 and/or 42 are used to correct the data acquired from the GMR device 24 by
subtracting out or nulling any uniform background DC magnetic field and vehicle
frame DC magnetic field, or a fraction thereof. This nulling feature further enables
increased gain for output signals A and B from the magnetic field sensors 28 and 30
respectively and discrimination of very small differences in magnetic field strength
between the magnetic field and ambient field sensors 28, 30, 40 and 42. The ability
of the guidance system 12 to discriminate small magnetic field strength differences
between the magnetic field and ambient field sensors 28, 30, 40, and 42 through the
combination of the highly sensitive giant magnetic field sensors 28 and 30 and
ambient field nullification feature provides a guidance system 12 which permits the
use of magnetic markers having lower strength magnetic fields, such as magnetically

impregnated coatings, paint, tape, bonded magnetic powder, and the hke. These
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lower strength magnetic markers are generally less costly to install and more easily
accommodate path changes thereby dramatically decreasing installation cost and time.
Moreover, the sensor assembly 14 can positively detect the magnetized path or
marker 20 and thereby reduce the chance of the vehicle 10 being diverted by ambient
magnetic fields which may be caused by otherwise unaccounted for magnetized
material in the floor 22.

By way of example rather than limitation, the benefits of the invention include
a system which nullifies ambient magnetic fields to permit the vehicle 10 to be guided
along lower strength magnetic fields relative to the prior art. More particularly, and
without limiting the scope of the invention relative to other features and advantages
not found in the prior art, unlike previous applications of magnetoresistive sensor
technology, the present invention: (a) nulls the earth's field and/or other uniform
ambient fields to discriminate the presence of the marked path or marker 20 and
prevent erroneous field detection; (b) orients the magnetic field and ambient field
sensors 28, 30, 40, and 42 to sense magnetic media on a horizontal surface; (c) utilizes
the phase of the output to establish acceptable operating area; and (d) uses the output
in a servo loop for steering.

The output from the two magnetic field sensors 28 and 30 1s communicated to
the signal processor 16 (FIG. 3) which is configured to process such sensor output and
provide a control value to the motion controller 18 that 1s proportional to the distance
to a plane 52 (FIG. 2) drawn perpendicular to the surface of the path or marker 20 and
parallel to the length of the path or marker 20. As such, the sensor assembly 14 can
be used to measure offset or lateral displacement of the vehicle guide point 38 relative
to the path or marker 20 which is useable in a servo loop to control vehicle steering.
A representative offset O is shown in FIG. 2 relative to the plane 52 at the centerline
of the path or marker 20. However, as is described in greater detail below, the sensor
assembly 14 may also track one of the edges 48 or 50 of the path 20.

As generally illustrated in FIG. 3, the signal processor 16 processes the sensor
data to provide a motion control measurement representative of the offset or lateral
displacement for use in a servo loop steering system. Inputs to the signal processor 16
include output signals A and B, as shown in FIG. 4, from the magnetic field sensors
28 and 30 respectively as well as output signals C and D, also shown 1n FIG. 4, from

the ambient field sensors 40 and 42 respectively in order to discriminate valid
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magnetic signals from the magnetic field sensors 28 and 30. As 1s described 1n
greater detail below, the non-linear output of the two magnetic field sensors 28 and 30
is communicated to the signal processor 16 which processes the sensor output and
provides a linear result representative of the offset or later displacement of the vehicle
guide point 38 relative to the path or marker 20. The orientation and operation of the
sensor assembly 14 as well as the computational processes of the present invention
are in some ways similar to the "X-coil" inductive pickup described in the assignee's
U.S. Patent No. 5,434,781, issued July 18, 1995 and entitled "Method And Apparatus
For Guiding A Driverless Vehicle Using A Sensor Tracking A Cable Emitting An
Electromagnetic Field," the disclosure of which is expressly incorporated herein by
reference. In contrast to the X-coil's inductive sensing of an alternating current as
used in the '781 patent, the present invention relies on the magneto-resistive effect on
a Wheatstone bridge for detecting the DC field of a magnetically marked path. Other
notable differences between the '781 patent and the present invention include the fact
that the device described in the '781 patent provides sinusoidal wave forms which are
filtered and synchronously demodulated to provide a DC level to the processor
whereas the output of the magnetic sensor bridges in the present invention provide a
square wave that is DC voltage modulated about a bias pomnt. As the present
invention directly senses the DC field, no filtering is required. The signal processor
16 of the present invention performs demodulation by sensing both high and low
voltages of the square wave and comparing them to a master clock signal which
drives the flip of the magnetic field and ambient field sensors 28, 30, 40 and 42
whereas the device of the '781 patent demodulates the sensors with respect to the
phase of one of the sensors. Additionally, since a DC magnetic field as sensed by the
magnetic field sensors 28 and 30 may be due to an ambient field, the sensor assembly
14 includes additional ambient field sensors 40 and 42 to discriminate a valid path or
marker 20 from relatively high uniform or ambient fields.

The computational processes performed by the present invention will now be
described with reference to the output signals or measurements of the magnetic field
and ambient field sensors 28, 30, 40, and 42 which are represented by output signals
A, B, C, and D, respectively in FIG. 4. Measurement of output signals A, B, C, and D
is performed by measuring the peak to peak output of the magnetic field and ambient

field sensors 28, 30, 40, and 42, respectively, and assigning a positive or negative
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polarity to each sensor output as referenced to the flip coil signal of the sensors. This
measurement defines the output signals A, B, C, and D for the following
computations. When following the center of the path or marker 20, the signal
processor 16 determines the offset (O) between the vehicle guide point 38 and the
center of the path or maker 20 according to:
O =G(A-B)/(A+B), where G=1

It should be noted that the above equation does not factor in the distance that the
GMR device 24 is mounted above the path or marker 20, or in other words the sensor
height 46, in the manner described in the '781 patent. It has been determined that over
a change in sensor height 46, that is approximately equal to the operating signal range
of the magnetic field sensors 28 and 30, there is only a very small change in the offset
calculation. This small change is attributable, at least in part, to the small ratio of the
width of the path 20 relative to the sensor height 46. Those skilled in the art will
appreciate that incorporation of a height factor or sensor height 46 into the above
equation may be used without departing from the scope of the invention as defined by
the appended claims. For example, the scaling factor G may be empirically
determined based on a nominal sensor height and media field strength to correct the
sensor output to be an equal or scaled measurement of the offset.

When the vehicle 10 is following the right or starboard edge 50 of the path or
marker 20, the right edge offset (OR) between the vehicle guide point 38 and the right
edge 50 of the path or marker 20 1s calculated by:

OR =G [(D-B)/(D+B)] + K

where G is a scaling gain (slope) dependent on the distance 44 between the

right or starboard magnetic field sensor 30 and the right or starboard ambient

field sensor 42, wherein for a distance 44 of one and three-quarter (1.75)

inches, the scaling gain G is equal to one (1); and K 1s an offset, dependent on

the width of the magnetic path or marker 20 and the sensor distance 44 to

provide the same null position as the center of path offset calculation (O)

above, wherein the offset K is equal to one and one-half (1.5) inches for a path

width of two (2) inches and sensor height 46 of two (2) inches.

When following the left or port edge 48 of the path or marker 20, the left edge
offset (OL) between the vehicle guide point 38 and the left edge 48 of the path or

marker 20 1s calculated by:
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OL =G [(A-C)/(A+C)] - K

where G is a scaling gain (slope) dependent on the distance 44 between the left

or port magnetic field sensor 28 and the left or port ambient field sensor 40,

wherein for a distance 44 of one and three-quarter (1.75) inches, the scaling

gain G 1s equal to one (1); and K 1s an offset, dependent on the width of the
magnetic path or marker 20 and the sensor spacing 44 to provide the same null
position as the center of path offset calculation (O) above, wherein the offset

K is equal to one and one-half (1.5) inches for a path width of two (2) inches

and sensor height 46 of two (2) inches.

More particularly, with regard to the sensor offset, the use of a two (2) inch
wide magnetic tape as the path or marker 20 and a sensor height 46 of two (2) inches,
the ambient field sensors 40 and 42 should be placed such that their major sensing
axes 54 and 58 respectively cross the plane of the marker 20 at a minimum distance of
approximately two (2) inches outside the edges 48 and 50 of the marker 20
respectively to prevent the ambient field sensors 40 and 42 from picking up a
significant amount of signal emanating from the marker 20. In this configuration, the
ambient field sensors 40 and 42 provide measurements that are representative of the
ambient field, although they will be slightly higher than the ambient field in view of a
residual pick-up from the path 20, this residual pick-up 1s generally small enough 1n
comparison to the amplitude of the measurements of magnetic field sensors 28 and 30
that the signal may be used for discriminating whether the magnetic field sensors 28
and 30 are sensing an appropriately larger signal representative of the path 20. In
general, as the path width increases, the spacing of the ambient field sensors 40 and
42 must also increase to provide representative ambient readings. If the readings from
the ambient field sensors 40 and 42 are to be used to track the edges 48 and 50 of the
path 20, the distance 44 must not be too large otherwise the ambient field sensors 40
and 42 would not be able to distinguish the path 20 from ambient field.

With the night edge of path offset equation (OR) and the left edge of path
offset equation (OL) above, the guidance system 12 may determine the offset or
lateral displacement of the vehicle 10, and more specifically the vehicle guide point
38, from either edge 48 or 50 of the path or marker 20 thereby permitting guidance
along an edge 48 or 50 which is useful to smoothly move the vehicle 10 through areas

where a path 20 splits into two path segments or joins another path segment.
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With the above in mind, it should be appreciated that discrimination of the
ambient field and the presence/absence of magnetic path may be done in a variety of
ways. For example, with the sensor assembly 14 approximately centered over a
magnetic path 20 and placed perpendicular to the path 20, the sum of (A+B) will be
greater than (C+D). Spacing of the ambient field sensors 40 and 42 from the
magnetic field sensors 28 and 30 by an appropriate distance 44 based on the width of
the magnetic path 20, on the order of two (2) inches in the illustrated embodiment,
will result in ambient field sensors 40 and 42 sensing only slightly greater than
ambient field. This set-up can therefore be used to discriminate a valid path signal
from a high ambient (or uniform) field. This set-up can also be used to indicate that
the guidance system 12 is within a predetermined safe operating window that 1s, as a
redundant test to the distance calculations given in offset equations (O), (OR), and
(OL) above. The width of this window 1s determined by the distance 44 of ambient
field sensors 40 and 42 from the GMR device 24, along with other factors such as
sensor height 46 and width of path 20.

More particularly, output signals C and D can be used in a nulling circuit
which is useful in increasing the sensitivity of the sensor assembly 14. For example, a
measurement of output signal C and/or D, monitored by the signal processor 16, may
be used to control the compensation coil currents of channels A, B, C, and D
simultaneously until the compensation coil generates a field of equal magnitude and
opposite sign to the ambient field experienced by channel C and/or D. By this
method, any field experienced by channel C and/or D, assumed to be ambient, 1s
nulled. Likewise, the equivalent field for channels A and B is also nulled. Assuming
the distance and environment between the magnetic field and ambient field sensors
28, 30, 40, and 42 result 1n a consistent ambienf field measurement between all
sensors 28, 30, 40, and 42, this effectively nulls the ambient field. Once this 1s
accomplished, the gain of all channels A-D may be increased using an automatic gain
control to enable sensing of magnetic media with comparatively low field strength,
since the measurable difference between path signal and ambient field 1s enhanced.
Successive 1teration of this process results in higher sensitivity for any field deviating
from the ambient field.

The ambient field nullification and channel gain process also enhances the

sensitivity of the guidance system 12 by regaining signal bandwidth previously
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occupied by ambient field data. Stated differently, removal of the common bias of
channels A, B, C, and D in combination with automatic gain control allows higher
sensitivity and precision. For example, with the use of the signal processor 16 the
resolution of the analog to digital conversion and input amplitude define the precision
to which the difference between measurements of the magnetic field and ambient field
sensors 28, 30, 40 and 42 may be made.

The readings of output signals A and B may be used in conjunction with 1tems
described above, or simply raw predetermined thresholds as a verification of vald
path presence and position. For example, in the sample data included in FIG. 4, a
polarized field threshold of zero (0) may be defined experimentally to identify that
output signals A or B must have amplitudes above this level to signify valid path
signal.

Further, the action of the compensation coil, or the subtraction of a rectified
bias, may be used to compensate for metal within the surroundings of the sensor
assembly 14 which have similar effect to an ambient field and add to the ambient field
measured. By this method, sensor performance may be made virtually impervious to
usual mounting effects above and to the side of the sensor assembly 14.

As an alternative to following either the left edge 48 or right edge 50 of the
path or marker 20 by calculating the left edge offset (OL) or right edge offset (OR),
the guidance system 12 can be operated to track either edge 48 or 50 by maintaining a
constant magnetic field reading from one sensor 28 or 30 respectively. In this
manner, the guidance system 12 can maintain the position of the vehicle 10 relative to
an edge 48 or 50. For example, to track the left edge 48, the gmidance system 12
steers the vehicle 10 so as to maintain a constant magnetic field reading from the left
sensor 28. More specifically, the guidance system 12 steers the vehicle 10 so as to
constantly maintain a left sensor magnetic field reading which is equal to the running
magnetic field average of the left sensor 28. Thus, if the left sensor 28 had a running
magnetic field reading average of 89 Gauss, the guidance system 12 maintains the
vehicle position with respect to the left edge 48 for a short amount of travel by
steering the vehicle 10 so as to maintain a left sensor magnetic reading of 89 Gauss.
Likewise, to track the right edge 50, the guidance system 12 steers the vehicle 10 so
as to constantly maintain a right sensor magnetic field reading which is equal to the

running magnetic field average of the right sensor 30. Thus, if the right sensor 30 had
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a running magnetic field reading average of 91 Gauss, the guidance system 12
maintains the vehicle position with respect to the right edge 50 for a short amount of
travel by steering the vehicle 10 so as to maintain a right sensor magnetic reading of
91 Gauss.

This alternative method of tracking an edge 48 or 50 is particularly effective
when the vehicle 10 is traveling through a forked or Y intersection in the path or
marker 20 as illustrated in Figure 6. When the vehicle is to track along the left branch
at the intersection, the guidance system 12 steers the vehicle 10 seeking to maintain a
constant left sensor magnetic field reading. Accordingly, the vehicle 1s constrained
from diverting too far to the left as the left sensor magnetic field reading would
decrease and is prevented from diverting too far to the right which would cause an
increase in the field reading. The vehicle may be steered along the right branch of the
intersection in a similar manner by maintaining a right sensor magnetic field reading.

As described above, magnetic field sensors 28 and 30 are preferably arranged
in a "X" configuration. One alternative configuration is the arrangement of magnetic
field sensors 28 and 30 in a "T" configuration wherein the major sensing axis of one
magnetic field sensor is parallel to the path 20 or floor 22 while the major sensing axis
of the other magnetic field sensor is perpendicular to the path 20 or floor 22. The "T"
configuration is also usable for vehicle steering but has limitations when compared to
the "X" configuration. For example, the operating range (port/starboard) 1s limited by
the fact that the output pattern repeats, potentially causing a false null beyond the
linear output range. However, similar guidance is possible using the “T7
configuration for the GMR device 24. Likewise, a bank of closely spaced GMR
devices, all located in a plane parallel to the floor 22, and perpendicular to the
direction of vehicle travel, could be used to realize extended sensitivity but with the
limitation of providing a coverage only as wide as the sensor assembly 14.

In addition to sensing a magnetically marked path 20, the invention may
function to measure or indicate stopping position with a high degree of accuracy by
orienting the sensor assembly 14 to sense fore/aft distance. From this modification,
the invention is capable of sensing a magnetic path 20 to signal a stop. Additionally,
the actual stopping position can be adjusted or anticipated based on measurement
from the sensor assembly 14 to reliably position the vehicle 10 to a high degree of

accuracy by controlling the vehicle's velocity loop. The sensor assembly 14 could
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also be used as a magnetic bar-code reader for location 1dentification, including the
size of targets as well as other target specific characteristics.

In addition, ambient field sensors 40 and 42 may be used to sense magnetic
markers to provide information about the vehicle's current location. For example, a
small cross-strip, polarized either in or out of phase with the main path 20 and placed
on either side of the path 20, yields several determinable locations by creating a
momentarily large polarized reading on either channels C or D.

As illustrated in FIG. 3, the signal processor 16 includes a digital signal
processor (DSP) 60 for receiving output signals A, B, C, and D from the magnetic
field and ambient field sensors 28, 30, 40, and 42 and calculating the offset by way of
the offset equations (O), (OR), or (OL) described above. The motion controller 18
receives a signal proportional to the offset calculations from the digital signal
processor 60 and, in response, provides steering control signals, via a power amp 02
and a steering motor 64, to turn the steerable wheel and sensor assembly 14 attached
to the steerable wheel.

The foregoing discussion discloses and describes an exemplary embodiment
of the present invention. One skilled in the art will readily recognize from such
discussion, and from the accompanying drawings and claims that various changes,
modifications and variations can be made therein without departing from the true

spirit and fair scope of the invention as defined by the following claims.



10

15

20

25

30

CA 02469652 2004-06-09

WO 03/049988 PCT/US02/39609

_15-

CLAIMS
What is claimed 1s:
1. A vehicle guidance system for guiding a vehicle along a magnetic
marker comprising:
a first magnetic sensor having a sensing axis, said first sensor

measuring a first magnetic field;

a second magnetic sensor having a sensing axis, said second sensor
measuring a second magnetic field, said sensing axis of said second magnetic sensor
crossing said sensing axis of said first magnetic sensor at a vehicle guide point; and

a processor configured to receive data representative of the magnetic
field measured by said first and second sensors and to calculate a lateral offset

between said guide point and the magnetic marker based upon the measured magnetic

fields.

2. The vehicle guidance system of claim 1 further including a steering
controller and wherein said processor further determines a steering control signal
proportional to the lateral offset and communicates said steering control signal to said

controller.

3. The vehicle guidance system of claim 1 wherein said first and second
magnetic sensors have uncompensated magnetic field strength sensitivity equal to or

greater than 16 (mV/V)/(kA/m).

4. The vehicle guidance system of claim 1 wherein said first and second
magnetic sensors discriminate changes in magnetic field of 1 Gauss or less.

5. The vehicle guidance system of claim 1 wherein said first and second

magnetic sensors discriminate changes in magnetic field of 10 milliGauss or less.

0. The vehicle guidance system of claim 1 wherein said first and second

magnetic sensors are Wheatstone bridge sensors.

7. The vehicle guidance system of claim 1 including a dual bridge giant

magnetoresistive device defining said first and second magnetic sensors.
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8. The vehicle guidance system of claim 1 wherein said processor
calculates said lateral offset by the equation G(A-B)/(A+B), wherein A 1s the
magnetic field measured by the first magnetic sensor and B is the magnetic field

measured by the second magnetic sensor.

9. The vehicle guidance system of claim 1 further including a third sensor
laterally spaced from said guide point, said third sensor measuring a third magnetic
field, said processor being further configured to receive data representative of
magnetic field measured by said third sensor and to subtract the third magnetic field
from the first magnetic field when calculating the lateral offset to approximate nulling

of the third magnetic field.

10.  The vehicle guidance system of claim 9 wherein the third magnetic
field approximates ambient magnetic field in the proximity of the third sensor or

stray magnetic field from the vehicle.

11. The vehicle guidance system of claim 10 wherein the third magnetic
field approximates ambient magnetic field in the proximity of the third sensor and

stray magnetic field from the vehicle.

12.  The vehicle guidance system of claim 9 wherein said processor
calculates the lateral offset of the guide point from a side of the marker by the
equation G [(A-C)/(A+C)]=K, wherein A is the magnetic field measured by the first
sensor, C is the magnetic field measured by the third sensor, and K 1s an offset

dependent on the width ot the marker.

13.  The vehicle guidance system of claim 9 wherein said third magnetic

field is less than the first and second magnetic fields.
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14.  The vehicle guidance system of claim 9 further including a fourth
sensor laterally spaced from said guide point in a direction opposite said third sensor,
said fourth sensor measuring a fourth magnetic field, said processor being further
configured to receive data representative of magnetic field measured by said fourth
sensor and to subtract the fourth magnetic field from the second magnetic field when

calculating the lateral offset to approximate nulling of the fourth magnetic field.

15.  The vehicle guidance system of claim 14 wherein the fourth magnetic
field approximates ambient magnetic field in the proximity of the fourth sensor or

stray magnetic field from the vehicle.

16. The vehicle guidance system of claim 14 wherein the fourth magnetic
field approximates ambient magnetic field in the proximity of the fourth sensor and

stray magnetic field from the vehicle.

17. A driverless vehicle configured to be guided along a magnetic marker,
said vehicle comprising:
a vehicle have a lateral centerline;
a guidance system fixed to the vehicle, said guidance system including:

a first magnetic sensor having a sensing axis, said first sensor
measuring a first magnetic field;

a second magnetic sensor having a sensing axis, said second
sensor measuring a second magnetic field, said sensing axis of said second magnetic
sensor intersecting said sensing axis of said first magnetic sensor at a vehicle guide
point; and

a processor configured to receive data representative of the
magnetic field measured by said first and second sensors and calculate a lateral offset

between said guide point and the magnetic marker based upon the measured magnetic

fields.
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18.  The vehicle guidance system of claim 17 further including a steering
controller and wherein said processor further determines a steering control signal

proportional to the lateral offset and communicates said steering control signal to said

controller.

19.  The vehicle guidance system of claim 17 wherein said first and second

magnetic sensors have uncompensated magnetic field strength sensitivity equal to or

greater than 16 (mV/V)/(kA/m).

20.  The vehicle guidance system of claim 17 wherein said first and second

magnetic sensors discriminate changes in magnetic field of 1 Gauss or less.

21. The vehicle guidance system of claim 17 further including a third

sensor laterally spaced from said guide point, said third sensor measuring a third
magnetic field, said processor being further configured to receive data representative
of magnetic field measured by said third sensor and to subtract the third magnetic

field from the first magnetic field when calculating the lateral offset to approximate

nulling of the third magnetic field.

22.  The vehicle guidance system of claim 21 wherein the third magnetic
field approximates ambient magnetic field in the proximity of the third sensor or

stray magnetic field from the vehicle.

23. The vehicle guidance system of claim 21 wherein the third magnetic

field approximates ambient magnetic field in the proximity of the third sensor and

stray magnetic field from the vehicle.
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24. A vehicle guidance system for guiding a vehicle along a magnetic

marker comprising:

a first magnetic sensor having a sensing axis, said first sensor
measuring a first magnetic field;

a second magnetic sensor having a sensing axis, sald second sensor
measuring a second magnetic field, said sensing axis of said second magnetic sensor
crossing said sensing axis of said first magnetic sensor at a vehicle guide point; and

a processor configured to receive data representative of the magnetic
field measured by said first and second sensors, to calculate a running average of the

first magnetic field and the second magnetic field.

25.  The vehicle guidance system of claim 24 further including a steering
controller and wherein said processor further determines a steering control signal
proportional to the running average of the first magnetic field and the second

magnetic field and communicates said steering control signal to said controller.

26. A method for guiding a vehicle in response to a marker having
magnetic field comprising the steps of:
measuring magnetic field strength proximate the marker;,
measuring ambient magnetic field strength remote from the marker;
nulling the ambient magnetic field by removing the remote magnetic

field strength from the proximate magnetic field strength;

calculating a lateral displacement between the vehicle and the marker

using the nulled magnetic field strength; and

guiding the vehicle in response to the lateral displacement between the

vehicle and the marker.

27.  The method of claim 26 including the step of measuring magnetic field
strength proximate to the marker of 16 (mV/V)/(kA/m) or less.
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28.  The method of claim 26 wherein the marker has a pair of opposite
edges and including the steps of calculating a lateral displacement between the vehicle
and one of the pair of opposite marker edges using the nulled magnetic field strength,

and the guiding the vehicle along the one of the pair of opposite marker edges.

29. A method for guiding a vehicle in response to a marker having
magnetic field comprising the steps of:
measuring magnetic field strength proximate the marker;
calculating a running average of the magnetic field strength; and
guiding the vehicle in response to the running average of the magnetic

field strength.
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