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NON-CONTACT MAGNETIC STEERING

Cross Reference to Related Application

(6001} The present application claims the benefit of U 8. Provisional Application No.
62/173,097 file June 9, 2015, which is hereby incorporated by reference in its entirety.

Technical Field
[6002] The present disclosure relates to processing of metal strips generally and more
spectfically to steering or controlling of metal strips, in particular non-ferrous metal strips,
during processing.

Background

0003} Many metalworking processes involve manipulating and processing of
continuous metal strips.  Processing metal as strips allows for long lengths of metal to be
processed quickly, but requires that the metal strip remain centered within a certain variance
from the desired passline of the processing equipment. If the sirip wanders foo far off the
desired passline of the equipment, the strip may make undesired contact with edges of the
equipment, the strip may not be processed corvectly {e.g, not heated or cooled evenly), or
other undesirable, dangerous, or costly effects may result.  In cerfain equipment, the metal
strip 1s being held in high tension, and active steering may not be necessary. However, the
need for active steering or control can increase when the metal sirip is not being held in high
tension, such as when the strip is being first fod into a cold-rolling mill or when processing
the metal strip in a continuous annealing line. Active steering can be useful i other
circumstances as well.
[GO04] Additionally, certain meials, such as aluminum, can be harmed by contact with
equipment. The use of non-contact steering equipment can be desirable, especiallv when
processing a metal when the metal is soft (e.g., due to heating). Additionally, certain metals

can be harmed by localized hotspots in the metal.

Summary
[G005] The term embodiment and like terms are intended to refer broadly to all of the
subject matter of this disclosure and the claims below. Statements containing these terms
should be understood not to lirmt the subject matter described herein or to limut the meaning
ot scope of the claims below. Embodiments of the preseni disclosure covered herein are

defined by the claims below, not this swmmary. This summary 1s a high-level overview of
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various aspects of the disclosure and introduces some of the concepts that are further
described in the Detailed Description section below. This summary is not intended to
identify key or essential features of the claimed subject matter, nor is it intended 10 be used in
isolation to determine the scope of the claimed subject matter. The subject matier should be
understood by reference to appropriate portions of the entire specification of this disclosure,
any or aH drawings and each claim.

[0006] Aspects of the present disclosure include systems and methods for
magnetically steering or positioning metal. Svstems and methods can steer moving metal
strips or stationary metal pieces through the use of magnets that do not physically contact the
metal, such as magnets mounted on a rotor positioned adjacent the metal. In some cases,
stationary magnets can be placed adjacent a moving metal strip and electricity passed through
the moving metal strip can induce movement in the metal strip.

[GO07Y A non-contact steering device can includes one or more magnefic rotors
positioned near a metal strip. Each rotor can include one or more permanent magnets and can
rotate to impart a changing magnetic field on the metal sirip passing nearby. The magnetic
rotors can rotate around an axis of rotation that is parallel to the longitudinal direction of
travel of the metal strip. The magnetic rotors can be positioned to impart forces on the strip
in any combination of laterally, vertically, or longitudinally. A control mechanism can
control the rotor speed, rotor direction, vertical position of the rotors, vertical spacing
between rotors, and/or lateral position of the rotors. In some cases, the control mechanism
can be coupled to sensors, such as a light curtain and a laser distance sensor, in order to
provide closed loop feedback control of a metal strip passing through the non-contact
magnetic rotor steering device.

Brief Description of the Drawings

0008} The specification makes reference to the following appended figures, in which
use of like reference numerals in different figures 1s mtended to illustrate like or analogous
components.

[0005] FIG. 1 1s a depiction of a maguoetic rotor steering device according o certain
aspects of the present disclosure.

[GO10] FIG. 2 18 a front view of the magnetic rotor steering device of FIG 1

according to certain aspects of the present disclosure.
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[GOT}] FI1G. 3 1s a close-up view of a vertical support and two rotors of the magnetic
rotor steering device of FIG. 1 according to certain aspecis of the present disclosure.

[6012] FIG. 4 is a close-up rear view of a vertical support and two rotors of the
magnetic rotor steering device of FIG. 1 according to certain aspects of the present
disclosure.

[0013] FIG. 5 is a close-up view of a vertical support and two rotors of the magnetic
rotor steering device of FIG. 1, with rotor shields in place, according to certain aspects of the
present disclosure.

(6014} FIG. ¢ is a close-up, front, cutaway view of two rotors of a magnetic rotor
steering device, with coolant shields and rotor shields in place, according to certain aspects of
the present disclosure.

[(G015] FIG. 7 15 a top view depicting a permanent-magnet magnetic rotor steernng
device in place around a metal strip according to certain aspects of the present disclosure.
[(3016] FIG. 8 18 a front view depicting the permanent-magnet magnetic rotor sieering
device of FIG. 7 according to certain aspects of the present disclosure.

[6017} FIG. 9 is a schematic diagram depicling magnetic rotor steering devices
positioned at various locations in a continuous annealing line according to certain aspects of
the present disclosure.

[G018] FIG. 1015 a schematic side view depicting offset rotors used to induce a sine-
wave-type fluctuation in a metal sirip according to certain aspects of the present disclosure.
[0019] FIG. 11 15 a flowchart depicting a feedback control process according o
certain aspects of the present disclosure.

(60201 FIG. 12 15 a flow chart depicting a process for steering a metal sirip without
feedback control according to certain aspecis of the present disclosure.

(0021} FIG. 134 15 an overhead view of a magnetic roior steering device mcluding
rotors longitudinally positionable above a metal stnp according to certain aspects of the
present disclosure.

[0022] FIG. 13B is a front view of the magnetic rotor steering device of FIG. 13A
including rotors longitudinally positionable above a metal strip according to certain aspects of

the present disclosure.
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[G023] FI1G. 13C is a side view of the magnetic rotor steenng device of FIG. 13A
including rotors longitudinally positionable above a metal strip according to certain aspects of
the present disclosure.

[0024] FIG. 14 15 a schematic, elevation diagram depicting a metal processing system
including a magnetic rotor steermng device used to steer a metal strip prior {o enlering strip
processing equipiment according to certain aspects of the present disclosure.

[6025] FIG. 15 s a schematic, top view diagram depicting the metal processing
svstem of FIG. 14 according to certain aspects of the present disclosure,

[6026} F1G. 16 is a schematic, elevation diagram depicting a metal processing svstem
including a magnetic rotor steering device used to steer a metal strip after exiting strip
processing equipment according to certain aspects of the present disclosure.

[6027] FIG. 17 15 a schematic, top view diagram depicting the metal processing
system of FIG. 16 according 1o certain aspects of the present disclosure.

[G028] FIG. 18 15 an axonometric depiction of an applied-current magunetic steering
apparatus according to certain aspects of the present disclosure.

[6029] FI1G. 19 1s a front view of the applied-current magnelic steering apparatus of
FIG. 18 according to certain aspects of the present disclosure.

[0030] FIG. 20A 1s 3 top view of the applied-current magnetic steering apparatus of
FIG. 18 according to certain aspects of the present disclosure.

(G031} FIG. 20B 15 a top view of an applied-current magnstic steering apparatus
according to certain aspects of the present disclosure,

[0032] FIG. 21 15 a front view of a magnetic rotor steering device according to certain
aspects of the present disclosure.

[0033] FIG. 22 15 a cutaway side view of a furnace into which a magnetic rotor
steering apparatus can be fit according to certamn aspects of the present disclosure,

[(G034] FIG. 23 15 a cutaway side view of a furnace that has been modified to receive a
magnetic rotor steering apparatus according to certain aspects of the present disclosure.

[0035] FIG. 24 is a cutaway side view depicting a magnetic rofor steering apparatus
mcorporated into a fumace according to certain aspects of the present disclosure.

[G036] FIG. 25 is a cutaway side view depicting a magnetic rotor steering apparatus
incorporated into a furnace at a furnace entrance according to certain aspects of the present

disclosure.
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[G037] FIG. 26 15 a cutaway side view depicting a magnetic rotor steering apparatus
mcorporated into a furnace at a furnace exit according to certain aspects of the present
disclosure.

[0038] FIG. 27 is a front view of a magnetic rotor steering device having secondary
rotors according o certain aspects of the present disclosure,

[0039] FIG. 28 15 a front view of a magnetic steering device for steering a metal strip

according to certain aspects of the present disclosure,

Detailed Description

[06040} Certain aspects and features of the present disclosure relate to a non-contact
magnetic rolor sieering device and methods for use. The non-contact steering device includes
one or more magnetic rotors positioned near a metal strp.  Hach magnetic rotor includes one
or more permanent magnsts (e.g., samarium cobalt, neodyrmium, or other magnets). As each
magnetiic rotor rotates, it imparts a changing magnetic field on the metal strip passing nearby.
The magnetic rotors can ecach rotate around an axis of rotation that is parallel fo the
longitudinal direction of travel of the metal strip. In other aspects, the magnetic rotors can
rotate around axes of rotation that are perpendicular to the longitudinal direction of travel of
the metal strip. The magnetic rotors can be positioned to tmpart forces on the strip n any
combination of laterally, vertically, or longitudinally. A control mechanism can control the
rotor speed, rotor direction, vertical position of the rotors, lateral position of the rotors,
horizontal spacing between the rotors, and/or vertical spacing between the rotors. In sorme
cases, the control mechanism is coupled to sensors, such as a light curtain and a laser distance
sensor, to provide closed loop feedback control of a metal strip passing through the non-
contact magnetic rotor steering device. The steering device can be used on a non-ferrous,
conducting metal strip, such as aluminum. Other conductive, nonferrous metals can be used.

[G041] The steening device can be used whenever adjustments to a metal stnp’s
current passline {e.g., the current path the metal sirip is traveling along through the
processing equipment), position, direction, and/or shape are necessary. A steering device can
be used to urge a moving metal strip towards a desired passline. A desired passline can be a
destred path along which the metal strip travels through the processing equipment. A
passiine can include alateral component {e.g., the lateral position of the metal sirip within the

equipment, such as from side walls of the equipment) and a vertical component (e.g., the
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vertical position of the metal strip within the equipment, such as from top and bottom walls
of the equipment). A lateral cemterline of a desired passline can be known as a centerline
target, and can refer to a desired position of the lateral centerline of the metal strip when the
metal sirip 15 fraveling along the destred passline. A vertical centerline of a desired passline
can be known as a vertical target, and can refer to a desived position of a vertical centerline of
the metal strip when the metal strip is traveling along the desired passline.

[6042] The steening device can include any number of rotors. Each rotor includes one
or more permanent magnets. Suitable permanent magnets can be selected based on strength,
temperature resistance. and/or other factors. Suitable permanent magnets can be selected
from any permanent magnets known today or discovered in the future. Suitable permanent
magnets may include samarium cobalt magnets. Permanent magnets can be arranged around
the circumference of the rotor, within the circumference of the rotor. or can make up the rotor
itself. Permanent magnets can be arranged to alternate direction around the circumference of
the rotor. Permanent magnets can be arranged in many different configurations, such as in a
Halbach array to concentrate the maguetic field on the outside of the rotor.

[6043] The rotors are supported proximate the metal strip in any suitable way. One
such swuitable way includes each rotor located on a rotor arm. The rotor arm can include
equipment necessary o drive the rotor. In some cases, a rotor arm includes a driving motor
coupled to the rotor through a belt. The drving motor controls the speed and direction of
rotation of the rotor itself. The rotor arm can be mounted on a vertical support. In some
cases, a single vertical support includes two rotor arms, a top rotor arm positioned above the
metal stiip or vertical centerline of the desired passline and a botiom rotor arm positioned
below the metal strip or vertical centerline of the desired passline. Any number of rotor arms
can be used on a single vertical support. In some cases, the stesring device includes two
vertical supports, a right vertical support positioned proximate the right edge of the strip and
a left vertical support positioned proximate the left edge of the strip.  Any number of vertical
supports can be used on a steering device. Vertical positioning motors can be used to control
the vertical posttion of one or more rotor arms on a vertical support.  Sufficient vertical
positioning motors can be used to provide vertical movement of all rotor arms on a single
vertical support, as well as vertical separation between the rotor arms on a single vertical
support. Each vertical support is positioned on a track for horizontal movement (e.g.,

towards and away from the centerline of the strip). Horizontal positioning motors can be
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used to control the horizontal movement of the vertical supports, and thus the attached rotor
arms. In some cases, horizontal positioning motors can be positioned to condrol horizontal
positioning of a single rotor with respect to its vertical support.

[0044] Through the various positioning motors and driving motors, a steering device
can provide at least four ranges of motion: rotor speed, rotor direction, vertical positioning of
the rotor, and horizontal positioning of the rotor. In some cases, the steering device can
additionally provide at least a fifth range of motion: vertical gap between another rotor
sharing the same vertical support. In some cases, a first rotor can be driven by a rotor motor
as an adjacent rotor is driven due to magnetic coupling with the first rotating rotor.

[0045] Any suitable rotor speed can be used. In some cases, a rotor can be stationary
{e.g., 7ero revolutions per munuie} uniil it 15 needed, at which point it 15 driven at a desired
speed. In some cases, a suitable rotational speed for a rotor can be from 0 revolutions per
minute (RPM) up to 2000 RPM. In some cases, the speed can exceed 2000 RPM. It may be
desirable o operate rotors with a speed in the ranges of 250-2000 RPM, 500-1750 RPM,
1000-1600 RPM, 1200-1500 RPM, 1300-1500 RPM, or any other ranges therein.  In some
cases, suitable rotational speeds can depend on various factors, such as vertical and/or lateral
placement of the axes of rotation and strength of the magnets. In some cases, a controller
coupled 10 a temperature sensor can be vsed o adjust the rotational speed of the rotors to
compensate for fluctuations in the strength of the permanent magnets of the rotors if the
temperature of the magnets fluctuates. For example, if cooling systems are unable o
maintain the teruperature of magnets at a desired level, the strength of the magnets may
decrease, and a controller can cause the rofor supporiing those magnets to mcrease in speed to
compensate for the decreased maguetic sirength of the magnets.

[0046] Each rotor can be encased in a rotor shield. The rotor shield can further
encase the rotor arm and optionally portions or all of the vertical support. The rotor shueld
can be one or multiple parts. The rotor shield can be waterproof or can otherwise fluidly
isolate the rotor from the surrounding environment. The rotor shield can be selected from a
magnetically transparent material or a nearly magnetically transparent material. In other
words, the rotor shield may be designed to not absorb any of the magnetic field being
produced by the rotating rotor. The rotor shield can be thermally-insulating. A fluidly-
isolating rotor shield can enable the steering device to be used in or near certain equipment

where exposure to moisture and fluids may occur, such as within the quenching sections of a
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continuous annealing line.  In various cases, the rotor shiueld can be any one of or a
combination of fluid-shielding and/or thermally-insulating.

[0047] In some cases, coolant is circulated through or near the rotor to cool the
permanent magnets of the rotor. Coolant can be a fluid, such as a cooling gas. In some
cases, a heat pipe is incorporated into the rotor arm to extract heat from the rotor. In some
cases, coclant is circulated within a space between an inner coolant shield and the rotor
shield. The mner coolant shield can surround the rotor, sliowing the rotor to move fresly
within the coolant shield The coolant shield can protect the rotor from direct contact with
the coolant, while allowing the coolant to flow past and remove heat from the rotor and rotor
shield. In cases where it is not undesirable 10 have the rotor come in to direct contact with the
coolant (e.g., if air is the coolant), coolant can be circulated within the volume of a rotor
shield, such as with no inner coolant shield being used.

(048] Since permanent magnets can operate at relatively high temperatures {e.g., up
to around 550 °C for samarium cobalt magnets, or up to around 200 °C for neodymium
magnets), only a moderate amount of cooling would need to be implemented if the steering
device were 1o be used within a high-temperature zone, such as a furnace. In an example, a
non-contact permanent magnet magnetic rotor steering device used in furnace operating at
around 600 °C to 650 °C may only require approximaiely 100 °C to 150 °C of cooling.
Additional cooling may be desirable to obtain sirong magnetic fields from the desired
permanent magnets. Some additional cooling mav be required for other paris (e g, bearings,
motors, etc.) used in conjunction with permanent magnets in the non-contact permanent
magnet magnetic rotor steering device. In some cases, samarium cobalt magnets may be
desirable over neodymium magnets when high heat is expeacted. as samarnium cobalt magnets
drop in magnetic field strength slower with higher heats. However, in some cases,
neodymium magnets may be desirable over samarium cobalt magnets when higher heats are
not expected, as neodyminm magnets have stronger field strengths at cooler temperatures.
[0049] Additionally, the use of permanent magnets requires less energy to induce
steering movements as compared to eleciromagnets, especially as the operating temperatures
increase.  When operaling temperatures increase {oo far, electromagnets no longer work
properly and significant resources must be spent to sufficiently cool the electromagnets. By

contrast, perimanent magnets work at higher temperatures and require less cooling.
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[GO50] Moreover, rotating permanent magnets used to steer the metal strip impart
minimal fo no heat variations across the width of the sirip. Using stationary electromagnets,
or inductive steering, to vary inductive fields imparted across the width of the strip to steer
the strip can generate localized hotspots in the sirip. Varying inductive {ields can be caused
by the natural vanance 1un the windings of the electromagnets. Variances in electromagnet
windings can resuit in some lateral locations generating more heat than in adjacent lateral
focations.  Localized hotspots can unevenly deform the strip and can cause other
manufacturing defects. By conirast, the inductive fields generated by the rotating permanent
magnets do not occur across the entire width of the metal strip and do not occur at a
sufficiently high frequency to induce such localized hotspots. While permanent magnets may
meclude some level of inherent magnetic vanance across dimensions or from one magnet to
another, this variance 1s averaged out due to the rotation of the permanent magnets in the
rotor. No single permanent magnet is being held at anv laterally stationary position, and thus
an average magnetic field is being applied by the rotating permanent magnets. Thus, the
rotating magnetic rotor steering device 15 able to steer the metal strip with nunimal to no
mduction of undesirable localized hotspots.

[0051]} In some cases, electromagnets can be used advantageously by being included
m a rotor. When placed m a rotor and rotated similarly to how a permanent magnet is
rotated, electromagnets can provide changing magnetic fields without the same concern of
localized hotspot formation that is present when stationary electromagnets are used, as
described above. Rotating electromagnets in a rotor may include the use of brushes, slip
rings, or sinular elecinical rotary joints, instead of commuiators, to ensure the magnetic field
applied to an adjacent metal sirip is continucusly changing despite rotation of the
electromagnet within the rotor. In some cases, the steering device includes at least four
rotors, with one rotor located at each of the top and bottom sides of the lateral edges of the
strip {e.g., one at the top left, one at the bottom left, one at the top right. and one at the bottom
righty. This four-rotor configuration enables the steering device to impart lateral forces on
the metal strip at or near the edges of the metal strip. If the metal strip begins to laterally
wander too far away from the desired passline, the rotors near the edge in the direction of the
deviation can spin with the proper direction and speed, as well as be positioned horizontally
or vertically, as necessary, to steer or direct the metal strip back towards the desired passline.

Likewise, the rotors on the opposite edge {(e.g., away from the deviation) of the metal sirip
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can apply forces to pull the metal strip back towards the desired passline. Additionally, even
if the metal strip is running near the desired passline, the steering device can still rotate its
rotors 1o impart tension or compression forces across the lateral width of the strip. Such
tensile or compressive forces can help keep the metal sirip centered on the desired passiine
and can help condrol sheet shape or flatness in the metal strip.

[0052] In some cases, pairs of rotors can be positioned longitudinally offset (e.g,
further down the continuous length of the strip, rather than offset across the width of the
stiip} from one another in order to 1mpart a sine-wave-shaped fluctuation in the metal strip.
A first pair of rotors can be positioned at or near both edges of the metal strip and vertically
offset from and below the metal strip or vertical centerline of the desired passline. The first
parr of rotors can provide upwards steering to push the metal strip above a normalized
passhine {e.g., a standard passline without sinusowdal fluctuation). A second pair of rotors,
longitudinally offset from the first pair of rotors, can be positioned at or near both edges of
the metal sirip and vertically offeet from and above the metal strip or vertical centerline of the
desired passline. The second pair of rotors can provide downwards steering to push the metal
strip below the normalized passline. Additional pairs of rotors can be used in longitudinally
offset positions from the first and second pairs of rotors to induce upwards or downwards
movement of the metal strip. The upwards and downwards movement of the metal strip at
subsequent longitudinally offset locations can mduce a sme-wave-shaped fluctuation in the
metal sirip.  This sine-wave-shaped fluctuation can help the metal strip travel through the
processing equipment without lateral sagging (e.g., withowt the centerline of the styip sagging
more than the edges of the strip) and can correct for shape/flatness conditions, such as
crossbow and gullwing. The rotors may be positioned perpendicular or parallel o the
fongitudinal axis of the sheet (e.g., the axis that runs in the direction of sheet travel}, or any
combingiton thereof

[G053] The rotors can be cylmdrical or generally cvlindrical in shape. In some cases,
the rotors have a barrel-shaped profile {e.g , the center of the rotor has a larger diameter than
the edges of the rotor). The barrel-shaped profile can be especially useful when inducing
sing-wave-shaped fluctuations, as described herein. The barrel-shaped profile may help to
avoid undesired contact between the strip and the rotors. Other shaped profiles can be used.
[G054] In some cases, at least one rotor is positionad with its axis of rotation parallel

to the lateral width of the metal strip. Tn one aspect, a single rotor is positioned above or
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below the metal strip or vertical centerline of the desired passhne to induce upwards or
downwards movement of the metal sirip. The single rotor can be positioned below the strip
passline to induce lateral crossbowing of the strip (e.g., where the center of the strip is
vertically offset to a higher postiion than the edges of the strip}. In some cases, the single
rotor can be located at or near the lateral centedine of a metal stnp. Lateral crossbowing can
be useful to keep liguids, such as water, from pooling in the center of the sirip by allowing
them to fall off the edges of the strip. In some cases, a single rotor is positioned with ifs axis
of rotation parailel to the longitudinal axis of the metal stnip.

[6055} The steering device may be especially useful for steering a metal strip that is
not under high tension. For example, the steering device can be used when the metal strip is
under longitudinal tension of approximately 40 MPa or less, 30 MPa or less, 20 MPa or less,
10 MPa or less, 5 MPa or less, 2 MPa or less, or 1 MPa or less. In some cases, the steering
device may be useful for steering a metal strip that is under high tension. For example, the
steering device can be useful when the metal strip is under longitudinal iension of
approximately | MPa or more, 2 MPa or more, 5 MPa or more, 10 MPa or more, 20 MPa or
moreg, 30 MPa or more, or 40 MPa or more. In some cases, larger diameter rotors {e.g., larger
magnets with stronger magnetic fields) can be useful for steering metal strips under higher
tensions. In some cases, an increased number of rotors can be useful for steering metal strips,
such as the primary and secondary rotors described with reference to FIG. 27,

0056} The steering device can induce concerted lateral forces on the strip to induce
lateral movement of the strip, such as to align the strip to a desired passline of the processing
equipment or to induce lateral forces in the metal strip towards a desired passline if the metal
strip deviates too far from the desired passline. The desired passline may be any passline
through the equipment, whether or not it follows the centerfine of the equipment. For
example, the desired passline may be centered at the vertical and lateral centerline of the
equipment; optionally, the desired passhine can be offset from etther or both of the vertical
and horizontal centerlines of the equipment. In some cases, the desired passline may be the
natural passline of a strip through equipment (eg., a path the strip travels through the
equipment without steering mechanisms in place). However, optionally, the desired passline
may be a passline other than the natural passline. The steering device can induce opposing
lateral forces on the strip to induce lateral tension or compression on the strip. The steering

device can mduce vertical movement of the sirip, such as to raise or lower the strip above or
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below 1ts current passline. The steermg device can further hold the position of the strip at a
target vertical position {e.g., with respect to the top and bottom of a piece of processing
equipiment) and/or a target lateral position {e.g., with respect 1o the sidewalls of a piece of
processing equipment). For example, the steening device can be used to hold a strip at the
desired passline through a piece of equipment.

[0057] A control system can manage the position, speed, and/or direction of the rotors
of the steering apparatus. The control sysiem can be coupled to one or more sensors for
feedback conirol {e.g., closed-loop feedback control) of the rotors. The one or more sensors
can be positioned adjacent to the rotors of a magnetic rotor steering device or can be spaced a
distance apart from the rotors in one or both of an upstream or downstream direction. Any
suitable sensor can be used. In some cases, a lateral position sensor, such as a light curtain, is
used to detect lateral deviation of the strip from a desired passline. The lateral position
sensor can detect lateral deviation of the strip from center, such as when additional portions
of a light curtain are occluded. The signal from the lateral position sensor can trigger the
control svstem to manipulate the rotors to apply additional lateral force to push or pull the
strip back towards the desired passline. In some cases, one or more vertical position sensors
(e.g., a laser rangefinder) can be used to determine if the strip is deviating vertically from a
desived passhine. The vertical position sensor can detect vertical deviation of the strip from
the desired passline. The signal from the vertical position sensor can trigger the control
system to manipulate the rotors (e g, move the rotors vertically} to apply additional vertical
force to push the strip back towards the desired passline. An array of vertical position
sensors can be used to determine the sheet shape or flatness. The control system can then
manipufate the rotors fo achieve the desired shape and/or flatness through application of a
suitable force to the strip.

[0058] In some cases, sensors maay be coupled to the rotors or rotor motors to measure
changes i torque while the rotor motors are driving the rotors. The torgue measurements can
be used to determine mmformation about the position of the moving metal strip, such as
whether the metal strip 1s running higher or lower or is deviating laterally from the desired
passiine.

[G059] In some cases, a control system can operate without feedback control, such as
without the use of lateral position sensors or veriical position sensors. In such cases, the

control svstem can run the rotors constantly during operation.  With properly positioned
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rotors {e.g., positioned at or just past the lateral edges of the metal sinp), constant rotor
operation without feedback can maintain the lateral position of the moving metal strip to a
certain extent, which may be suitable for various operations. Ag the metal strip begins 1o
stray laterally from center, the metal strip will move into the moving magnetic fields of one
set of rotors while simultaneously moving away from the moving magnetic fields of another
set of rotors located at the laterally opposite side of the metal strip. Since the metal strip is
within more of the first set of moving magnetic fields than in the second set of moving
magnetic fields, the first set of moving magnetic fields will push the metal sinp towards the
desirad passline with much stronger force than the second set of moving magnetic fields, thus
providing an automatically corrective action without the need for active feedback from
sensors. However, in some cases, aclive feedback from sensors may be desirable for more
active control.

G060 In some cases, the axis of rotation of a rotor can fall on a vertical plane that is
coplanar with an edge of the metal strip, that 1s within a rotor’s radius of the edge of the metal
strip, or that 1s distally (e.g., away from the lateral centerline of the desired passline} spaced
apart from the edge of the metal strip {e.g.. by a distance greater than a rotor’s radius). In an
example, processing of a metal strip that is one meter in width can include positioning rotors
one meter laterally spaced apart from the lateral centerline of the desired passhne, resuliing in
a 0.5 meter gap between the vertical planes contaiming the axes of rotation of the rotors and
the edges of the metal strip when the metal sirip is traveling along the desired passline.

[0061] In an example, a steering device is placed immediately before a cold-rolling
mill in order to steer the strip as necessarv to ensure the strip s centered as 1t 1s fed into the
rolling mull. If the strip begins to deviate from center, the steering device can impart lateral
forces to help return the strip to center. Therefore, inaccuracies in strip alignment as the strip
is being fed mto the steering device can be corrected, without contacting the metal stop,
before the strip finally enters the rolling null.

[0062] In another example. the steering device is used in or near various heating
equipment, such as induction heaters. Since a heated strip can be soft, it can be desirable to
not contact the metal strip untii it has cooled sufficiently or been further processed. The non-
contact steering device can ensure the strip remains centered and on an appropriate passiine
{e.g.., a desired passline} without touching the heated stiip. Furthermore, the uge of

permanent magnets instead of electromagnets can aliow the non-contact steering device to
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operate 1n or near the high temperatures of the heating equipment as described herein.
Additionally. less cooling is required of permanent magnets as opposed to electromagnets.
The use of permanent magneis instead of electromagnets can also allow the non-contact
steering device to steer the metal strip with minumal (o no induction of localized hotspots
therem.

[0063] In another example, the steering device is used when wrapping coils. When a
metal sirip is wrapped into coils, any misalignment of the strip from center can result in a
faultilv-wrapped coil, which may be difficult to handle, may cause damage to the metal, or
may be otherwise undesirable. To ensure the strip is centered as the coils are being wrapped.
the steering device can be used to keep the strip centered along the centerline of the coil.
[0064] In another example, the steering device can be used in a no-fension or low-
tension section of a hot mull {e.g.. between a reversing section and a tandem section).

(0651 In ancther example, the sieering device can be used to stabilize separated
strands of metal in a low-tension region of a looping pit shitier.

[G066] In another example, the steering device can be used to position a moving metal
strip into a correct position within a piece of processing equipment, such as a blanking
machine,

(0067} In some cagses, a magnetic steering apparatus can be referred to as 3 magnetic
posttioning apparatus when used to move or position stationary metal preces. For example, a
magnetic positioning apparatus can include rotating magnets, such as those disclosed herein
and with reference to the various figures, used {0 generate moving magnetic fields that induce
forces n the stationary metal piece fo move the stationary metal piece into a desired position.
One or more rotating magnets can be placed proximate a desired posttion, such as around a
periphery of a stamping machine, to urge the stationary metal piece into a desired position,
such as a desired position within the siamping machimne.

[G06R] In all examples, the non-contact magnetic rotor steering device is able to
control positioning of the metal strip without contacting the metal strip.

[0069] In an example, the non-contact magnetic rotor steering device can be used n a
continuous annealing hine.  In a continuous annealing line, also known as a continuous
annealing solution heat treat (CASH} line, metal must pass through numerous sections under
fow tension. Some CASH lines may be up to approximately 800 meters long or longer. In

certmn sections, such as the fumace and the cooling sections, the metal sinp may be
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unsupported by rollers or other contacting devices. The metal strip may pass through
unsupported sections of approximately 100 meters and longer. As future CASH lines are
developed, these lengths may become longer. In the unsupported sections, the metal strip can
be floated on cushions of flwd {e.g., a gas or air). Since the metal strip 15 unsupported for a
substantial distance, the metal sinip can tend to vary away from the desired passhine of the
processing equipment. Additionally, water quenching nozzles, air nozzles, or other process
equipment can push or move the sheet in undesirable ways. If the strip wanders too far from
the desired passline, the processing equipment may need to be shut down in order to fix the
problem. If the strip contacts an edge of the processing equipment, such as an edge of a
furnace, damage to the strip, furnace, and surrounding area may ensue, with significant losses
of timme and material. There may also be danger to personnel if a sirip contacis an edge of the
processing equipment. Every time a shutdown occurs, a substantial amount of the metal strip
miust be scrapped.

[G070] In some cases, the use of non-contact wagnetic roior sigering devices as
disclosed heremn can aid m maintaining a proper position of a slow-moving metal strip in a
CASH line or other line where the metal strip may be unsupported for a duration. Without
the use of a non-contact magnetic rotor steering device, a slow-moving metal strip in a CASH
hine, such as during startup or shutdown of a CASH line, may need to be supposted (e g, by a
physically contacting support, such as a roller or piece of wood) until it has reached a
minimum speed for sustaining a suitable passhne without physicallv contacting supports. A
suitable passline can be a desired passline or can be a set of passlines (e.g., desired passhines,
sub-optimal passlines, or any combination thereof} that allow a metal strip to pass through the
processing equipment without undesired results, such as undesired crashes. However, when a
non-contact magnetic rotor steering device is used, the minimum speed required until the
moving metal strip no longer needs to be supported with a physically contacting support may
be smaller. Auvy length of moving metal strip that 1s being supported by a physically
contacting support within a CASH line may need to be scrapped. Thus, the use of one or
more non-contact magnetic rotor steering devices mav reduce the amount of scrap generated,
as the moving metal strip would need to be supported by physically contacting supports for a
shorter duration of time or for potentially no time, as the minimum speed for sustaining a
suitable passiime is lower. The ability for the CASH line to run af a lower minimum speed

may provide additional benefits. For example, running at a lower minimum speed during
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startup can generate less scrap as the fumace teraperature is increased to its desired operating
temperature. Because the material passed through the fumnace before the desired temperature
is reached may need to be scrapped, lower available strip speeds during stariup before the
desired furmnace temperature 1s reached can resulf in less material passing through the non-
preheated fumace and therefore less material needing to be scrapped.

[0071] The non-contact magnetic rotor steering device can be placed in the furnace
section, between the furnace and cooling sectiovs, in the cooling sections, between cooling
sections, or after cooling sections of a CASH hne. In addifion to providing steering
capabilities as described herein, the non-contact magnetic rotor sieering device can operate to
float the metal strip in locations where air flotation is impractical or undesirable. Multiple
steering devices can be used throughout the CASH hine. For example, the use of multiple
steerning devices throughout a CASH lime can mclude any of or any combination of: one or
more steering devices placed in a fuwrnace section; one or more stesring devices placed in 3
cooling section; one or more steering devices placed immediately before a fumace section;
one or more steering devices placed immediate afier a fumace section; one or more steering
devices placed immediately before a cooling section; and one or more steering devices placed
immediate after a cooling section.

(0072} In another example, a steering device i3 used to apply lateral forces on the
metal sinp. These lateral forces can be used to create the desired sheet shape and/or flatness
as the strip passes through the steering devices. Control of sheet shape and/or flainess can be
useful on table rollers and in other equipment. In an example, sheet shape and/or flatness
control enables more consistent cooling of the metal strip when the metal strip passes through
guenching equipment. By helping maintain shape and/or flainess in the metal sirip, the
steering device can ensure that cooling fluids dispersed from various nozzles arranged
faterally across the metal sirtp reach the metal stiip at approximately the same tie.
Additionally, imaproved flatness or miroduction of positive crossbow or a sine wave can keep
cooling fluids from pookling in a bowed region of the metal strip. Furthermore, the steering
device can keep the strip centered within the field of nozzles that disperse the cooling flaid.
If the strip does not remain centered, the strip may be cooled unevenly. In some cases where
the strip 1s cooled from the bottom only, such as by water, it may be undesirable to allow the
fhuid {e.g., water) to reach the top of the strip where it may damage the strip. In such cases,

the coolant nozzles are often equipped with adjusiable width covers which can block water
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being spraved upwards such that the water does not reach the top of the strip. A steering
evice can be used 1o keep the strip centered in the field of nozzles such that the width covers
do not need to be adjusted.  Additionally, strip position measurement in combination with the
steering unit can be used to ensure width covers are positioned at positions relative o the
strip edge suitable for obtaining desired sheet shape and/or flatness. In some cases,
quenching equipment using the steering device disclosed herein can operate without the need
for adjustable width covers. In some cases, given a known mput (&g, width of the metal
strip), a steering device without feedback as disclosed heremn can operate in conjunction with
quenching equipment with adjustable width covers.
[0073] The non-contacting magnetic rotor steering device can be relatively small in
overall dimensions and can be easily incorporated into or near existing equipment.  For
example, the steering device can be attached to a piece of equipment (e.g., a looping pit
slitter) to upgrade or improve that piece of equipment by giving it the ability to automatically
correct misalignment as the sheet enters or exits the piece of equapment.
[0074] The steering device can manipulate the sirip 1n many ways, including twisting
the strip {e.g.. by lowering the rotors on one side of the sirip while raising the rotors on the
other side of the strip). Not only can steering devices be used to maintain control of a strip’s
position and/or shape (e.g., correct slight deviations from a desired passling, such as lateral
deviations from a lateral centerhine of a desired passling), but steering devices can be used to
actively steer a sheet without contacting the sheet {e.g., 1o twin, rotate, or otherwise guide the
sheet, such as upwards or downwards from one piece of equipment to anocther piece of
equipment).
[G075] In some cases, one or more rotors are supported with additional degrees of
freedom (e.g., supported by a robotic army), allowing the rotors to be positioned with more
precision around the metal strip.
[G076] In some cases, a feedback control circuit controls the rotors of the steering
device using a feedback control process. The feedback control circuit can be coupled to
sensors for measuring one or both of a horizontal deviation and a vertical deviation of the
metal strip. Based on the measurement(s), the feedback control circuit can determime a
direction and strength of correction force necessary to retum the metal strip back to a desired
path. In some cases, only the direction of the correction force is determined. The direction

and strength of correction force can be determined for each rotor individually., The feedback
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control circuit can then determine, for each rotor, what adjustments are necessary in order to
apply the proper correction force. The determinad adiustments can include adjustments to
each rotor's speed, rotor’s direction, rotor’s vertical posttion, rotor’s horizontal position,
and/or rolor’s vertical separation from another rotor on the same vertical support.  In some
cases, the determined adjustiments include adjustments based on other degrees of freedom
contemplated above. The feedback control circuit can then implemernt the determined
adiustments by manipulating the rotors as necessary. Manipulating the rotors can include
adjusting the rotation speed or direction of the permanent magnet rotors or adjusiing the
position of the permanent magnet rotors relative to the strip. The feedback control process
can then repeat as the feedback control circuit measures one or more of a new horizontal
deviation and a new vertical deviation.

[6077] In some cases. a more complicated or less complicated feedback control
circiit can be used. For example, a feedback control circuit can be set up to simply turn on
rotors on one side of the metal strip when the strip veers too far towards that side. In ancther
example, a feedback control circunt can use additional sensors, such as full-vision cameras, to
determine what adjustments may be necessary in order to retum the sirip to a desired path or
to keep the strip on a desired path. In some cases, the steering device can be used at both
edges of the sirip to mnduce compressive or tensile stress m the sheet continuously. The
continuous stress can achieve desired sheet shape and/or flatness, as well as hold the stnp at
the desired position.  In other cases, no feedback loop may be needed. For example. the
steering device can operate continuously {(e.g., based on preset settings of rotor speed,
direction, and position, without feedback control) to keep the strip on or near its desired
passhine or otherwise control the strip. In such cases, additional conirols for vertical stability,
such as but not limited to air nozzles, may be optionally included. In some cases, the
operation settings for the steering device without feedback control can be based on a known
or predicted width of the metal strip to be processed.

[0078] In some cases, a magnetic steering apparatus can include stajionary magnets
that, when positioned proximate a moving metal strip, induce forces in the moving metal strip
to urge the moving metal strip towards a desired passhine.

[GO79] These illustrative examples are given to introduce the reader to the general
subject matter discussed here and are not imtended to limit the scope of the disclosed

concepts. The following sections describe various additional features and examples with

& w
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reference to the drawings 1o which like numerals indicate like elements, and directional
descriptions are used to describe the dlustrative exarnples but, like the illustrative examples,
should not be used to limit the present disclosure. The elements included in the llustrations
herein may be drawn not to scale.

[GORO] FIG. 1 15 a depiction of a magnetic rotor steering device 100 according to
certain aspects of the present disclosure. A metal strip 102 to be controlled passes through
rotors 110 of the steering device 100 in a longitudinal direction 112, The metal sirip 102 is
shown in parfial cut-away for illustrative purposes. Each rotor 110 is made of one or more
permanent magnets arranged to present a magnetic field surrounding its outer surface. As the
rotors 110 rotate, changing magnetic fields are induced proximate the rotors 110. Through
control of the position and rotation of the rotors 110 of the steering device 100, desirable
forces can be induced on the metal strip 102 passing near the rotors 110,

(G081} The steering device 100 can include two vertical supports 104 movably
positioned on a lateral track 106, In some cases, each vertical support 104 is supported by iis
own lateral track 106, Lach vertical support 104 can be controlled mndividually to move
along the lateral track 106, thus controlling the lateral movement of any rotors 110 coupled to
that particular vertical support 104. In some cases, the vertical supports 104 are controlled
jointly 10 move the same distance in the same direction (eg., left or nghi) or opposite
directions {e.g., together or apart) along the lateral track 106. Lateral movement of the
vertical supports 104 can be accomplished by one or more linear actuators 124. Lateral
movement of the vertical supports 104 can allow the steering device 100 to accommodate
metal strips 102 of vanous widihs, as well as allow for further control of the changing
magnetic fields imparted by the rotors 110.

{0082} Each vertical support 104 can include one or more rotor arms 108, In some
examples, such as that shown in FIG. 1, each vertical support 104 includes two rotor arms
108 such that one can be positioned below the strip 102 while the other is positioned above
the strip 102. FEach rotor arm 108 can be covered by a protective rotor shield 120, as
described in further detail herein.  As seen in FIG. 1, for illustrative purposes, the rotor arms
10% on the leftmost vertical support 104 are shown without their rotor shields 120, while the
rotor arms 108 of the rightmost vertical support 104 are hidden from view by their rotor
shields 120, Each rotor arm 108 supports one or more rotors 110, The vertical posttion of

each rotor arm 108 on a vertical support 104 can be controlled individually, thus controlling
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the vertical movement of any rotor 110 coupled to that particular rotor arm 108, In some
cases, the rotor arms 108 of a single vertical support 104 can be controlled jointly to move the
same distance in the same direction (2.g.. up or down} or opposite directions {e.g., together or
aparty along the vertical support 104, Vertical control can be accomplished by one or more
hinear actuators 122,

[0083] Each rotor arm 108 can include one or more rotors 110. The rotor arm can
house a rotor motor 116 for all or each rotor 110 on the rotor arm 108, The rotor motor 116
can be protected by magoetic shielding 126. For illustrative purposes, the magnetic shielding
126 surrowunding the top left rotor motor 116 is hidden in FIG. 3. The rotor motor 116 can be
coupled 1o a rotor 110 wsing a transfer belt 114 to control rotation of the rotor 110. The
transfer belt 114 can be any suitable device for transferring rotation to the rotor 110, such as a
chain or flat belt. In some cases, the rotor motor 116 can be located elsewhere. The rofor
motor 116 may provide power to rotate any attached rotor 110 in an inward direction 118
{e.g., the side of the rotor closest the metal strip 102 moves towards the center of the metal
stiip 102) or an outward direction (e.g., rotation opposite the mward direction 118). The
terms “inward direction” and “outward direction” are used herein for convenience to help
describe the general direction of rotation of the rotors with reference 10 a sheet passing near
the rotor. It should be apparent that when a first rotor 110 positioned above a metal strip 102
on a vertical support 104 1s rotating 1n an wward direction {e.g., rotating counter-clockwise
when viewed facing the steering device 100 in the longitudinal direction 112 of metal strip
movement as depicted in FIG. 1), it will actually be rotating in an opposite direction from a
second rotor 110 positioned below the metal strip 102 on the same vertical support 104 that is
also spinning in an inward divection {e.g.. the inwardly rotating rotor 110 below the metal
strip 102 would be rotating clockwise when viewed facing the steering device 100 in the
longitudinal direction 112 of metal strip movement as depicted in FIG. 1),

[0084] The direction and speed of rotation of each rotor 110 can be individually
controlied. In some cases. rotors 110 on a single vertical support 104 are jointly controlled to
rotate at the same speed and/or in the same direction relative to the sirip 102.

[0085] In some cases, each rotor arm 108 and/or rotor 110 1s individually controlied
to adjust the lateral distance of the rotor 110 from the vertical support 104, In some cases, a

rotor arm 108 may be anchored to the vertical support 104 1o pivot with respect 1o the vertical
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support 104 {e.g., pivoting about an axis of rotation that 15 perpendicular to the vertical
support 104).

[6086} As shown in FIG. 1, the rotors 110 are positioned adjacent the edges of the
strip 102 and oriented such that each rotor’s 110 axis of rotation 128 1s parallel to the
tongitudinal direction 112 of the strip 102, In other configurations, the axis of rotation 128 of
each rotor 110 can be non-parallel to the longitudinal direction 112 of the strip 102.
Furthermore, each rotor’s 110 axis of rotation 128 can be adiustable with reference to the
stiip 102, such as by rotation of s vertical support 104 along a vertical axis of rotation
extending from the bottom of the vertical support 104 through its top. In some
configurations, the rotors 110 can be positioned above or below the metal strip 102 (e.g., not
directly adjacent an edge), can be postiioned directly above or below an edge of the metal
strip 102; or can be near an edge of the metal sinp 102, without being directly above or helow
the metal strip or the edge of the metal strip. When the steering device 100 includes at least
two rotors 110 positioned laterally opposite one another across the center of the metal sirip,
the distance between the axis of rotation 128 of the two rotors 110 can be less than, equal to.
or greater than the width of the metal strip 102.

[6087] The steering device 100 can include shielding (not shown), as described in
further detail herein. The use of shielding can be desirable 1o protect equipment from damage
from an errant metal strip, to control temperature of components within the shielding, or for
other purposes. In some cases, rofors 110 can be used without anv shielding {e.g, without
rotor shields 120).

{0088} FIG. 215 a front view of the magnetic rotor steering device 100 of FIG. 1
according to certain aspects of the present disclosure. For illustrative purposes, the rotor
shields 120 are not shown in FIG. 2. The steering device 100 includes two vertical supports
104 on respective lateral tracks 106, Each vertical support 104 carries two rotor arms 108,
which each carries a rotor 110. The four rotors 110 can be controllably positionable around
the metal strip 102 as described herein. As seen in FIG. 2, all of the rotors 110 are spinning
in an inward direction (e.g., the top right and bottom left rotors 110 are rotating in a
clockwise direction as seen m FIG. 2 while the top left and bottorm night rotors 110 rotate in a
counter-clockwise direction). Such inward rotation of all rotors 110 can result in

compressive forces being applied laterally across the metal strip 102. The rotors 110 can
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rotate in directions opposite to those shown in FIG. 2 to apply tensile forces laterally across
the metal strip 102.

G089} The position of rotors 110 can be described with reference to each rotor’s 110
axis of rotation 128 or with reference to planes on which the axes of rotation lie. A rotor
plane 202 can be defined by the axis of rotation of one or more rotors 110 on one side of a
lateral centerline 208 of the metal strip 102 or of a lateral centerline 214 of a desired passline.
The rotor plane 202 can extend vertically from the axis of rotation. As seen in FIG. 2, the
rotor plans 202 1s laterally spaced apart from the edge 212 of the metal strip 102 {eg. a
vertical line 204 coplanar with an edge 212 of the metal strip 102) by a distance 206. In some
cases, the rotor plane 202 can be vertically aligned with the edge 212 of the metal strip 102
{e.g., distance 206 is zero or approximately zero). In some cases, the rotor plane 202 can be
laterally spaced apart from the edge 212 of the metal strip 102 away from a centerline 208 of
the metal strip 102 {(e.g., the distance between the centerling 208 of the metal strip and the
rotor plane 202 15 greaier than half the width of the metal stip 102). In some cases, the roior
plane 202 can be laterally spaced apart from the edge 212 of the metal strip 102 between the
centerline 208 of the metal strip 102 and the edge 212 of the metal sirip 102 {e.g.. the
distance between the centerline 208 of the metal strip 102 and the rotor plane 202 is less than
half the width of the metal strip 102).

[0090] In some cases, rotor placement can be described based on the distance
between the rotor planes 202, assuming the rotor planes 202 are centered around the lateral
centerline 208 of the metal strip 102 or a lateral centerline 214 of a desired passline. For
rotors placed at the edges of the metal strip 102, the rotor planes 202 can be separated by a
distance that is approximately equal to the width of the metal strip 102, such as within a
deviation at or less than 10%, 9%, 8%, 7%, 6%, 5%, 4%, 3%, 2%, or 1%. For rotors placed
within the edges or cutside of the edges of the metal strip 102, the rotor planes 202 can be
separated by a distance that 1s less than or greater than, respectively, the width of the metal
strip 102, In some cases, the distance can be greater than the width of the metal sirip 102 by
at least a sum of the radii of opposing rotors in each of the rotor planes 202, such that the
rotors are not directly over the metal strip 102 when the metal strip 102 is centered on the
desired passline. In some cases, the distance can be greater than the width of the metal strip
102 by at least 20%, 30%, 40%, 30%, 60%, 70%, &0%, 90%, or 100% or more of the width

of the metal strip 102,
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[G091] In cases where the distance between the rotor planes 202 1s greater than the
width of the metal strip, the rotor planes 202 can 2ach be positioned between an edge 212 of
the metal strip 102 and an obstruction, such as a wall of the equipment, an adjacent piece of
equipment, a wall of a bulding, an operator walkway, or other such obstacles that may be in
danger of contacting the moving metal strip 102 if the metal sirip 102 deviates too far from
the desired passiine. The rotor planes 202 can be positioned anvwhere between the
phstruction and the metal strip 102 {0 ensure the metal strip 102 15 steered towards the desired
passhine before contacting the obstruction.

[0092] Additionally, the axis of rotation of each rofor 110 infersects a common
longitudinal plane 210. As depicted in FIG. 2, the common longitudinal plane 210 is a plane
that 1s coplanar with the page of FIG. 2 and intersects each of the rotors 110 of the magnetic
rotor steering device 100,

(0931 FIG. 3 1s a close-up view of a vertical support 104 and two rotors 110 of the
magnetic rotor sieering device 100 of FIG 1 according to cedain aspects of the present
disclosure. Vor illustrative purposes, the rotor shields 120 and metal strip 102 are not shown
i F1G. 3. The vertical support 104 is shown supporting two rotor arms 10¥, each of which
supports a rotor 110. Each rotor arm 108 includes a rotor motor 116 coupled to a respective
rotor 110 by a respective transfer belt 114, The linear actuator 124 for laterally moving the
vertical support 104 along the lateral track 106 can be seen. In some cases, the rotor motor
116 inchudes magnetic shielding 126 capable of attenuating the changing magnetic fields
created by the spinning rotor 110. In such cases, a magnetic-based motor {e.g., as opposed to
a pneumatic- or hydraulic-based motor) can be used. For illustrative purposes, the magnetic
shielding 126 of the top rotor motor 116 is not shown in FIG. 3. A segment of the common
longitudinal plane 210 is depicted in FIG. 3.

[0094] FIG. 4 i3 a close-up rear view of a vertical support 104 and two rotors 110 of
the magnetic rotor steering device 100 of FIG. 1 according fo certain aspects of the present
disclosure. For illustrative purposes, the fop rotor shield 120 and the metal strip 102 are not
shown in FIG. 4, however the bottom rotor shield 120 is shown with shitg 121, The vertical
support 104 1s shown supporting two rotor arms 108, each of which supports a rotor 110, A
linear actuator 402 controls the vertical movement of cach rotor arm 10% along the vertical

support 144, Other mechanisms can be used to control vertical movement of each rotor arm
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108, mcludimg any suitable linear actuator such as those described herein. In some cases,
linear actuators 402 are powered by motors 404,

[6095] Linear actuator 124 for controlling lateral movement of the vertical support
104 along the lateral track 106 can be sgen. In some cases, linear actualor 124 can be
powered by a motor 406,

[0096] FIG. 5 is a close-up view of a vertical support 104 and two rotors 110 of the
magnetic rotor steering device 100 of FIG. 1, with rotor shields 120 in place, according to
certain aspects of the present disclosure. The metal strip 102 passes between the rotor shuelds
120 so that the changing magnetic field induced by rotation of the rotors 110 within the rotor
shields 120 passes through the metal strip 102. The vertical support 104 is shown supporting
two rolor arms 108, each of which supports a rotor 110, and each of which is encapsulated by
a rotor shield 120

{0971 As described in further detail herein, the rotor shield 120 can be single-lavered
or muldti-lavered and can protect the rotor 110 and other equipment within the rotor shield 120
from dust, debris, fluid, or other contamunants. The rotor shueld 120 can also be thermally-
imsulating, thus decreasing the amount of heat transferred across the rotor shield 120.

[6098] The rotor shield 120 can be of any suitable profile or shape. In some cases,
additional shiglding is included on or around the vertical support 104, The additional
shielding can be coupled to or continuous with the rotor shiclds 120 of the vertical support
104, The additional shielding can help protect and cool any motors and actuators associated
with the rotor 110 or vertical support 104,

[06099] In some cases, such as when a rotor shield 120 1s made from a metal, the rotor
shield 120 can include shits 121 or other openings for reducing eddy currents in the rotor
shietd 120. Without such slits 121 or other openings, the moving magnetic fields created by
the rotor 110 may induce substantial heat buildup 1n electrically conductive rotor shields 120
The slits 121 or other openings can be any suitable shape or pattern for reducing eddy
currents. In some cases, the slits 121 or other openings are subsequently filled with or
covered with an electrically insulating material. In some cases, the rotor shield 120 includes
an outer layer or covering of a non-conductive material, such as Polyletraflucroethylene
(PTFE}Y In some cases, the rotor shield 120 is made from a non-clectrically conducting
material and does not include slits 121 or other openings. In some cases, lammnation is used

to reduce the effect of eddy currents,
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[G100] In some cases, a rotor shield 120 1s made from a metal, such as stainfess steel,
to protect the rotor 110 in the event of contact by a moving metal strip. In some cases, a rotor
shield 120 inchades a layer of PTFE (e.g., Teflon™) or other low-friction coating to reduce
damage to the metal sirip or rotor shield 120 in the event the moving metal sirip contacts the
rotor shield 120.

[0101] Arn optional displacement sensor 502 is additionally shown in FIG. 5. The
displacement sensor 502 can be coupled to a vertical support 104, rotor arm 108, rotor shield
126, or any other switable equipment. The displacement sensor 502 can be coupled to remain
laterally stationary with respect to a rotor 110. The displacement sensor 502 can be coupled
to remain vertically stationary with respect to a rotor arm 108, In some cases, the
displacement sensor 502 can measure vertical displacement of the metal strip 102 with
respect to a rotor 110, In some cases, the displacement sensor 502 can measure lateral
displacement of the metal strip 102 with respect to arotor 110

[0102] In an example, the displacement sensor 502 is a laser sensor providing a first
bearmn 504 and a second beam 506, The first beam 504 can be aligned with a desired edge
location of the metal strip 102, whereas the second beam 506 can be laterally spaced apart
from the desired edge location of the metal strip 102 (e g, towards a desired passiine, as
depicted in FIG. 5, or away from a desired passlineg). Each beam 504, 506 can measure the
presence of the metal strip 102 undemeath or measwre a distance from the displacement
sensor 302 to the metal strip 102, These measurements can be used to approximate or
otherwise determine the focation of the edge of the metal strip 102 with respect to the rotors
110, The displacement sensor 502 can be used as a feedback sensor to provide of the location
of the metal strip 102 as described in further detail herein.

[0103] FIG. 6 is a close-up, front, cutaway view of two rotors 610 of a mapnetic rotor
steering device 600, with coolant shields 602 and rotor shields 612 in place, according 1o
certmn aspects of the present disclosure. Each rotor arm 614 can support a rotor 610, A
shield surrounding the rotor 610 and rotor arm 614 can include a rotor shield 612 {e.g.. an
outer laver) and a coolant shield 602 {e.g., an inner layer). The rotor shield 612 and coolant
shield 602 can act together to form a protective shield 608 around the rotor 610 and any other
swrrounded parts. In some cases, coolant 604 can be circulated through space between the

coolant shield 602 and rotor shield 612, In some cases, coolant 604 is circulated through
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pathways or tubes located between the coolant shield 602 and rotor shield 612, Coolant 604
can be circulated using a coolant pump 606.

[0104] In an example, the coolant pump 606 pumps coolant 604 into the space
between the coolant shield 602 and rotor shield 612 at a side of the protective shield 608
closest the metal strip 616, Coolant 604 can circulate within the protective shield 608 and be
pulled out at sides of the protective shield 608 furthest from the metal strip 102. However,
coolant 604 can be circulated in other fashions. Coolant 604 circulaied through the proiective
shields 608 can extract heat from the rotor 610 and release the extracted heat {e.g., be cooled)
before being pumped through the protective shiglds again 608, Other parts (e.g., bearings,
motors, actuators) can be cooled in the same manner.

(0105} In some cases, a coolant pump pumps coclant inio the entire volume of the
coolant shueld 602 or rotor shield 612 {(e.g., if no separate coolant shield 602 1s used). The
coolant can be circulated around the paris within the coolant shield 602 or rotor shield 612.
Movement of the rolor 610 can assist in moving the coolant throughout the entire volume of
the coolant shield 602 or rotor shield 612, In some cases, ducting or other features can be

used to direct the flow of coolant near or past the rotors 610,

[0106] Coolant 604 can be any suitable coolant, including fluids such as air, water, or
refrigerants.
[0107] FIG. 7 13 a top view depicting a permanent-magnet magnetic rotor steering

device 700 in place around a metal sinp 702 according to certain aspects of the present
disclosure. A metal strip 702 to be controlled passes through rotors 710 of the steering
device 700 in alongitudmal direction 712, Each rotor 710 1s made of one or more permanent
magnets 752 arranged to present a magnetic field swrrounding its outer surface. As the rotors
710 rotate, changing magnetic fields are induced proximate the rotors 710. Through control
of the position and rotation of the rotors 710 of the steering device 700, desirable forces can
be induced on the metal strip 702 passing near the rotors 710, Each rotor 710 can rotate
about its own axis of rotation 770. Each rotor 710 can intersect a common plane 772 that is
perpendicular to the longitudinal direction 712 (eg., direction of travel} of the metal strip
702. The axes of rotation 770 of each rotor 710 can be paraliel the longitudinal direction 712
or not parallel the longitudinal direction 712. 'The metal strip 702 can pass through the

common plane 772. Regardless of the orientation of the axes of rotation 770 of each rotor
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710 with respect to the longitudinal direction 712, the rotors 710 can be spaced apart from
one ancther at the common plane 772.

[0108] The steering device 700 can inchude two vertical supports 704 movably
posittoned on a Jateral track 706. Each vertical support 704 can be controlled mndividually to
move along the lateral track 706, thus controlling the lateral movement of any rotors 710
coupled to that particular vertical support 704. In some cases, the vertical supports 704 are
controlled jointly to move the same distance m the same direction (e.g., left or right) or
oppostie directions {e.g., together or apart) along the lateral track 706. Lateral movement of
the vertical supports 704 can be controlled by motor 754. Motor 754 can drive a linear screw
756 that moves the vertical supports 704 along the lateral track 706.

[0109] Fach vertical support 704 can include one or more rotor arms 708. Each rotor
arm 708 supports one or more rotors 710, The vertical position of each rotor arm 708 on a
vertical support 704 can be controlied individually, thus controlling the vertical movement of
any rotors 710 coupled to that particular rotor arm 708, Positioning motors 760 can control
the vertical movement of respective rotor arms 708, In some cases, a sufficient number of
positioning motors 760 are used to individually control vertical movement of each rotor arm
708 (e.g., one positioning motor 760 per rotor arm 708). In some cases, a single positioning
motor 760 can jointly control the vertical movement of all rotor arms 708 on a particular
vertical support 704,

[G110] Each rotor arm 708 and associated rotor 710 can be enclosed in a protective
shield 750, as described in further detail herein.

(0111} In some cases, a light curtain sensor {e.g., a light curtain transnutter 762 and a
light curtain receiver 764) can be positioned near the rotors 710 in order to detect lateral
displacement of the metal strip 702. Lateral displacement can be detected based on
displacement away from a lateral centerline 768 of a desired passline. If the metal strip 702
begins deviating too far laterally m one direction or another, a controller can alter the
position, rotation speed, and/or rotation direction of one or more rotors 710 in order 1o impart
forces on the metal strip 702 to correct the deviation.

[0112] In some cases, one or more vertical position sensors 766 are posthoned near
the rotors 710 to measure vertical deviation of the metal strip 702 from a desired passline. If

the metal strip 702 begins deviating too far vertically in one direction or another, a controller
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can alter the position. rotation speed. and/or rotation direction of one or more rotors 710 in
order to timpart forces on the metal strip 702 1o correct the deviation.

[0113] The one or more vertical position sensors 766 can also be used to malke irutial
measurements (e.g., an initial passline elevation measurement) prior to moving the rotors 710
ito an operating position {(e.g., adjacent the metal strip 702). The rotors 710 can be held at a
non-operating position {e.g., distant from a desired or expected passline of the metal strip
702) until an itial passline elevation measurement is taken, after which time each rotor 710
can be moved 1o an operating position.

(6114} Retor motors 758 can be located on each rotor arm 708 to power the rotational
movement of the rotor 710, Rotor motors 758 are shown as being located external to the
rotor arm 708 and the protective shield 750, however in some cases, the rotor motors 758 are
located within the rotor arm 708 and/or the protective shield 750.

[0115] FIG. 8 is & front view depicting the permanent-magnet magnetic rotor stegring
device 700 of FIG. 7 according (o certain aspects of the present disclosure. The metal strip
702 is seen between the rotors 710, As seen in FIG. 8, each rotor 710 includes several
permanent magnets 752 coupled to an external surface. Adjacent permanent magnets 752 on
a single rotor 710 can be arranged to present a different magnetic pole (2.g., alternating north
and south poles facing radially outward). Optionally, adjacent permanent magnets 752 on a
single rotor 710 can be arranged according to other configurations, such as but not limited to
a Halbach array configuration or other configuration. Permanent magnets 752 of a rotor 710
can be coupled to an exterior surface of the rotor 710 or encapsulated in a casing of the rotor
710. While a single configuration of magnets 1s depicted 1n FiGs. 7-8, other configurations
of magnets can be used with respect to a rotor 710, For example, several permanent magnets
can be arranged across the widith of the rotor (eg., in the space occupied by permanent
magnet 752 depicted m FIG. 7) and/or the circumference of the rotor in any suitable
arrangement., such as a Halbach array, designed to oulput a desired magnetic field
surroundling the rotor 710 when the rotor 710 rotates. In one example, each of the permanent
magnets 752 depicted in FiGs. 7-8 can mstead be replaced by a Halbach array of several
magnets coupled together m the shape of permanent magnet 752.

[G116] Vertical supports 704 are shown and are each movably positionable along the

lateral track 706 through actuation of respective motors 754,
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[0117] Rotor arms 708 are shown supporting respective rotors 710 and enclosed n
respective protective shields 750, Vertical positioning of the rotors 710 of a vertical support
704 individually and jointly can be accomplished through positioning motors 760,
respectively.

[0118] Rotor motors 758 can be located on each rotor arm 708 {o power the rotational
movement of the rotor 710. Rotor motors 758 are shown as being located external to the
rotor arm 708 and the protective shield 750, however in some cases, the rotor motors 758 are
tocated within the rotor arm 708 and/or the protective shield 730,

[0119] A light curtain sensor (2.g., a light curtain transmitter 762 and a light curtain
receiver 764) is shown adjacent rotors 710. Light 806 emitted from the light curtain
transtnitter 762 is received by the light curtam receiver 764. By tracking where the emitted
light 806 does and does not reach the light curtain receiver 764, the light curtain sensor can
detect the lateral displacement of the metal sirip 702,

[0120] Vertical position sensors 766 are shown adjacent rofors 710, In some cases,
laser light 804 is bounced off the surface of the metal strip 702 by the vertical position
sensors 766 to measure vertical deviation of the metal strip 702 from a vertical centerline 802
of a desired passline. The thickness of the metal strip can be known or calculated to account
for the distance between the surface of the metal strip and the center of the metal strip. If the
metal strip 702 begins deviating too far vertically m one direction or another, a coniroller can
alter the position, rotation speed, and/or rotation direction of one or more rotors 710 in order
to impart forces on the metal strip 702 to correct the deviation.

(0121} FIG. 915 a schematic diagram depicting magnetic rofor steenng devices 902
positioned at various focations 1n a continuous annealing line 900 according to certain aspects
of the present disclosure. A portion of a continuous annealing line 900 is shown, including a
furnace section 908 and a cooling section 910 separated by a gap 912. A metal strip 904 can
pass through the continuous annealing line 900 i direction 906,

[0122] The furnace section 908 can include a first furnace zone 914 and a second
furnace zone 916 separated by a gap 918, The cooling section 910 can include a first cooling
zone 920 and a second cooling zone 922 separated by a gap 924, As shown, an optional
thermal booster zone 926 is located between the furnace section 908 and the cooling section
910. A pap 928 is located between the furnace section 908 and the thermal booster zone 926

and a gap 930 is located between the thermal booster zone 926 and the cooling section 910,
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In the thermal booster zone 926, the temperature of the metal strip 904 can be maintained,
rather than heated or cooled. In some cases, no thermal booster zone 926 s used, and the gap
912 is relatively small, with the furnace section 908 ending adjacent to the beginning of the
cooling section 910, In some cases, the thermal boosier zone 926 is simply one of the
cooling zones of the cooling section 910 operated in a thermal booster mode.

[0123] In some cases, the fumace section 908, cooling section 910, and/or thermal
booster zone 926 can have fewer or more zones than shown in FIG. 9. Each zone of a
particular section (e.g.. the first fumace zone 914 and second furnace zone 916 of the furnace
section 908) can include its own housing {e.g., the first furnace zone 914 is in a separate
housing from the second furnace zone 916}. A steering device 902 placed within a zone can
be placed within the housing for that particular zone, whereas a steering device 902 placed in
a gap {e.g., gap 918} may be placed outside the housing of either surrounding zone. In some
cases, one or more zones of a particufar section {e.g., the first furnace zone 914 and the
second furnace zone 916 of the fumace section 908) or even of adjacent sections {e.g., the
second furmace zone 216 and the thermal booster zone 926 or first cooling zone 920), are
located in a shared, common housing {e.g.. the first furnace zone 914 and the second fumace
zone 916 are located in a single furnace housing). In such cases, a steering device 902 placed
within a zone can be located in the same common housing as, but at a different location than,
a steering device 902 placed 1n a gap {e.g., gap 918). For example, a steering device 902
placed within a first furnace zone 914 can be located within the same overall housing as a
steering device 902 placed in gap 918, however the steering device 902 placed within the first
furnace zone 914 may be adjacent temperature control elements of the first furnace zone 914,
A single continuous annealing line 900 can include one or many housings, with cne or more
sections {e.g., furnace section 908 and cooling section 910} and/or zones {(e.g., first firnace
zone 914 and thermal booster zone 926) having individual or shared housings. In other
words, the term “gap,” as used below, reflects a general space between adjacent elements, but
may or mayv not reflect a space between the physical housings of adjacent elements.

[0124] While shown with eleven steering devices 902 (e.g., such as steering device
100 from FIG. | or steering device 700 from FIG. 7) in FIG. 9, a continuous annealing line
900 can have fewer or more steering devices 902, in any combination of locations. A
steering device 902 can be located prior to the furnace section 908 {e.g., adjacent the entrance

of the furnace section 908}, A steering device 902 can be located within the furnace seciion
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908, such as within the first furace zone 914, within the gap 218, and/or within the second
furnace zone 916, A steering device 902 can be located in the gap 912 between the fumace
section 908 and the cooling section 910. When a thermal booster zone 926 is used, a steering
device 902 can be located within the gap 928, within the thermal booster zone 926, and/or
within the gap 930 A steering device 902 can be located within the cooling section 910,
such as within the first cooling zone 920 (e.g., within and adjacent the entrance to the first
cooling vone 920), within the gap 924, and/or within the second cooling zone 922. A steering
device 902 can be located after the cooling section 210 (e.g., adiacent the exat of the cooling
section 910). A steering device 902 can be located in other locations in a continuous
annealing line 900,

[0125] FIG. 10 15 a schematic side view depicting offset rotors 1010 used to induce a
sine-wave-tvpe fluctuation 1n a metal strip 1002 according 1o certain aspects of the present
disclosure. The strip 1002 1s shown travelling in direction 1012, Three rotors 1010 are
shown in longitudimally offset positions. Rotors 1010 can be aligned such that each rotor’s
axis of rotation is parallel the longitudinal direction of the strp, as shown. In some cases,
rotors 1010 can be aligned such that each rotor’s axis of rotation is parallel the lateral width
of the strip (not shown).

[0126] Each rotor 1010 can impart forces on the metal strip 1002 to vertically
displace the metal stnip 1002 from a vertical path 1004 of a neutral passhine (e.g., a generally
flat passline or an expecied passhine). When adjacent rotors 1010 are longitudinally offset
and alternatingly positioned on opposite sides of the metal strip 1002 (eg., altemnating
between above the passhine and below the passline). the vertical displacemenis from the
rotors 1010 cause a sine-wave-type fluctuation in the metal strip 1002, as seen in FIG. 10, In
some cases, the rotors 1010 can have profiles that match the general sine-wave-type shape of
the metal strip 1002, allowing the rotors 1010 to be positioned nsar the meial strip 1002
without danger of contacting the metal strip 1002, For example, the rotors 1010 can be
barrel-shaped, although other shaped profiles can be used.

[0127] FIG. 11 15 a flowchart depicting a feedback control process 1100 according to
cerfain aspects of the present disclosure.  The fesdback control process 1100 can be
performed by a controller {c.g., one or more application specific integrated circwts (ASICs),
digital signal processors (B5Ps), digital signal processing devices {DSPDs), programmable

logic devices {(PLDs), field programmable gate arrays (FPGAs), processors, micro-
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controliers, mucroprocessors, other electronmic umits designed to perform the functions
described herein, and/or a combination thereof} coupled 10 any combination of the sensors,
positioning motors, and driving motors disclosed herein.

[0128] At block 1102, a horizontal deviation can be sensed, such as by a light curtain,
Sensing the horizontal deviation can nclude measuring the amount of horizontal devigtion,
At block 1104, a vertical deviation can be sensed, such as by a vertical position sensor.
Sensing the vertical deviation can include measuring the amount of vertical deviation. In
certain feedback conirol processes 1100, exther or both of block 1102 and block 1104 can be
performed.

[0129] At block 1106, a direction of correction force can be determined based on the
horizontal deviation measurement and/or verfical deviation measwrement [rom respective
blocks 1102 and 1104, At block 1108, a strength of correction force can be determined based
on the horizontal deviation measwement and/or vertical deviation measwement from
respective blocks 1102 and 1104,

[0130] At block 1110, the adjustments 1o the permanent magnet rotors can be
determined. The determined adjustmenis can be based on the direction of correction force
determined at block 1106 and/or the strength of correction force determined at block 1108.
(0131} At block 1112, the rotors are manipulaied. The rotors can be manipulated at
block 1112 based on the adjustments deternuned at block 1110, Mampulation of the rotors
can include adjusting the position, speed of rotation, and/or direction of rotation of one or
more rotors of a magnetic rotor steering device,

[0132] In some cases, blocks 1106, 1108, and 1110 are not performed, and instead the
rotors are directly manipulated based on detections of horizontal deviation at block 1102
and/or detections of vertical deviation at block 1104, For example, a light gate can be
positioned at a desired edge point such that if the metal sheet deviates laterally bevond the
desired edge point, the hight gate sends a signal to a controller that manipulates the rotors,
such as turning on rofors near the triggered light gate. Such a system would provide simple
or/off feedback control, rather than calculated feedback control (eg., using blocks 1106,
1108, and 1110).

[G133] The process 1100 can operate continuously and repeatedly.

[0134] FIG. 12 is a flow chart depicting a process 1200 for steering a metal strip

without feedback control according fo certain aspecis of the present disclosure. At block

Date Regue/Date Received 2020-11-26



WO 2016/200917 33 PCT/US2016/036420

1202, a metal strip 15 passed through processing equipment having a desired passhine. At
block 1204, magnetic rotors on opposite sides of a lateral centerline of 3 desired passhine or
on opposite sides of a lateral centerline of a metal strip are rotated 1o induce changing
magnetic fields proximate the magnetic rotors. At block 1206, the lateral centerdine of the
metal strip 1s allowed to deviate away from the lateral centerline of the desired passline of the
processing equipment towards at least one of the rotating magnetic rotors. At block 1208,
forces are generated in the metal strip by at least one of the changing magnetic fields (e.g.,
the changmmg magnetic field proximate the magnetic rotor towards which the metal sirip has
moved). The forces generated at block 1208 can urge the lateral centerline of the metal strip
towards the lateral centerline of the desired passline of the processing equipment. In some
cases, the process 1200 can continue to repeat block 1206 and 1208 10 keep the metal strip
centered on the desired passhine of the processing equipment.

(G135} FIG. 13A is an overhead view of a magnetic rotor sieering device 1300
including rotors 1310 longitudinally positionable above a metal strip 1302 according o
certain aspects of the present disclosure. Rotors 1310 can be oriented such that s axis of
rotation is parallel to the longitudinal direction of travel of the strip 1302. The rotors 1310
can span a portion of the [ateral width of the strip 1302

0136} Various numbers of rotors 1310 can be used. In some cases, a single rotor can
be positioned approximately at the lateral centerline of a desired passline or at a lateral
centerline of a metal strip and can rotate in either a clockwise or counter-clockwise direction
depending on detected deviation of the lateral centerline of the metal strip from the lateral
centerline of the desired passline (e.g., lateral deviation from the desired passhine). In some
cases, the number of rotors 1310 can be an even number, as depicted in FIGs. 13A-13C. The
multiple rotors 1310 can be positioned with parallel axes of rotation. In some cases, no rotor
i3 positioned below the strip 1302 opposite rotors 1310, In some cases, one or more rotors is
posttioned below the strip 1302 opposite rotors 1310,

[0137] It can be desirable 1o cover more lateral width of the strip 1302 with rotors
1310¢ in order 1o provide increased vertical control of the strip 1302 at that position.

[0138] FIG. 13B is a front view of the magnetic rotor steering device 1300 of FIG.
13A including rotors 1310 longitudinally positionable above a metal strip 1302 (optional
rotors 1310 below the metal strip 1302 shown in dashed lines) according io certain aspects of

the present disclosure. The rotors 1310 above the metal strip 1302 are centered around the
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lateral centerline of a desired passline. The rotors 1310 below the metal strip 1302 are
centered around the lateral centerline of the desired passline. Laterally adjacent rotors 1310
may rotate in opposing directions (e.g., clockwise or counter-clockwise as seen in FIG. 13B).
Since the number of rotors 1310 1s even, the net lateral forces generated in the metal strip
1302 by the changing magnetic fields induced by the rotors 1310 15 zero when the metal stnip
1302 is centered on the desired passline.

[0139] FIG. 13C 13 a side view of the magnetic rotor steering device 1300 of FIG.
13A including rotors 1310 longitudinally positionable above a metal strip 1302 {with optional
rotors 1310 shown in dashed lines below the metal strip 1302} according to certain aspects of
the present disclosure.

(0140} FIG. 14 15 a schematic, elevaiion diagram depicting a metal processing system
1400 including a magnetic rotor steering device 1404 used to steer a metal strip 1402 prior to
entering strip processing equipment 1406 according to certain aspects of the present
disclosure. The sirip 1402 can pass through the sinp processing equipment 1406 in direction
1410, Defore entering the steering device 1404, the strip 1402 can be vertically offset from a
vertical path 1408 (e.g., set of vertical centerlines) of a desired passhine. The steering device
1404 can correct the vertical deviation, resulting in the strip 1402 entering the strip
processing equipment 1406 in vertical alignment with the vertical path 1408 of the desired
passline. The steering device 1404 can be any steering device as described herein.

(G141} FIG. 15 15 a schematic, top view diagram depicting the metal processing
sysiem 1400 of FIG. 14 according to certain aspects of the present disclosure. The sirip 1402
can pass through the strip processing equipment 1406 m direction 1410. Before entering the
steering device 1404, the strip 1402 can be horizontally offset from a desired lateral
centerline 1302 of a desired passline. The steering device 1404 can correct the horizontal
deviation, resulting i the stnp 1402 entening the sinip processing equipment 1406 m
horizontal alignment with the desired lateral centerline 1502 of the desired passline. The
steering device 1404 can be any steering device as described herein.

[0142] FIG. 16 is a schematic, elevation diagram depicting a metal processing svstem
1600 including a magnetic totor steering device 1604 used to steer a metal strip 1602 after
exiting strlp processing equipment 1606 according to certain aspects of the present
disclosure. The strip 1602 can pass through the strip processing equipment 1606 in direction

1610, After exiting the sirip processing equipment 1606, the strip 1602 can be vertically
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offset from a vertical path 1608 of a desired passline. The steering device 1604 can correct
the vertical deviation, resulting in the sirip 1602 beconung vertically aligned with the vertical
path 1608 of the desired passline despite problems imposed by or before the strip processing
equipment 1606, The steering device 1604 can be any sieering device as described herein.
[06143] FIG. 17 15 a schematic, top view diagrama depicting the metal processing
system 1600 of FIG. 16 according to certain aspects of the present disclosure. The strip 1602
can pass through the strip processing equipmeni 1606 in direction 1610. After exiting the
stnip processing equipment 1606, the stnp 1602 can be horizontally offset from a desired
lateral centerline 1702 of a desired passline. The steering device 1604 can correct the
horizontal deviation, resulting in the strip 1602 becoming horizontally aligned with the
desired lateral centerline 1702 of the desired passline. The sieering device 1604 can be any
steering device as described herein.

(1441 FIG. 18 is an axonometric depiction of an applied-current magnetic stegring
apparaius 1800 according to certamn aspects of the present disclosure. The applied-current
magnetic steering apparatus 1800 passes a metal strip 1802 through a magnetic field and
applies an electrical current to at least a portion of the metal sirip 1802 in order to induce
force perpendicular to the magnetic field and direction of the electric current. The magnetic
field can be generated by any suitable technigque, such as electromagnets or permanent
magnets. The direct current (DC) electnical current can be applied to the metal sirip 1802 by
any suitable technique, such as graphite brushes, conductive rollers, or other techniques.
[0145] The applied-current magnetic steering apparatus 1800 can include a pair of
permanent magnets 1808 that are held stationary on pair of lateral supports 1804 {eg., atop
frame above the vertical centerline 1822 of g desired passiine of the metal strip 1802 and a
bottom frame below the vertical centerline 1822 of the desired passline). The permanent
magnets 1808 can present opposite magnetic poles to the vertical centerline 1822 of the
desired passline, thus generating a magnetic field 1820 through the vertical centerline 1822 of
the desired passline. In some cases. the frame can be positionaed with respect to a vertical
centerline of the metal strip 1802 instead of a vertical centerfine 1822 of a desired passline.
The magnetic field 1820 can be a uniform magnetic field across the width of the metal strip
1802, although a non-uniform magnetic field can be used in some cases. In some cases,

magnets 1808 are placed to only generate a magnetic field near the edges of the metal strip
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1802, In some cases, one or more permanent magnets 1808 are placed near the metal strip
1802 on onlv one side of the metal strip 1802 {e.g., onlv the top or only the botiom).

[0146] The lateral supports 1804 can be supported by a pair of vertical supports 1806
Linear actuators 1310 on the vertical supports 1806 can control the vertical distance of one or
both vertical supports 1806 from the metal strip 1802, Linear actuators 1810 can control the
vertical positioning of each lateral support 1804 (e.g., top support and bottom support)
separately or iogether. In some cases, some linear actuators 18310 can control the gap
between the lateral supports 1804, while other hnear actuators 181¢ can control the vertical
displacement of a centerline between the top and bottom lateral supports 1804, Any suitable
number of linear actuators 1810 can be used. Anv suitable linear actuators 1810 can be used,
such as motor-and-screw combinations or hydraulic actuators.

[0147] Each vertical support 1806 can support one or more electrodes 1812, 1814,
although the one or more electrodes 1812, 1814 can be supported by other equipment. The
one or more electrodes 1812, 1814 can apply a current through the metal strip 1802,
Clectrodes 1812, 1814 can be positioned to apply a current through the metal strip 1802 along
the edges of the metal sirip 1802 within the magnetic field 1820, across the width of the metal
strip 1802 within the magnetic field 1820, or anv combination thereof. In some cases, gach
vertical support 1806 can suppost one positive electrode 1812 and one negative electrode
1814. The positive electrode 1812 and the negative electrode 1814 can be positioned on
oppostie sides of a plane formed between the lateral supports 1804, In some cases, a positive
electrode 1812 of one vertical support 1806 can be positioned laterally across the metal strip
1802 from a negative electrode 1814 of anather vertical support 1806, although it can be
positioned laterally across the metal sirip 1802 from a positive electrode 1812 of another
vertical support 1806 in other cases.

[0148] In some cases, electrodes 1812, 1814 are located elsewhere, such as on
equipment other than vertical supporis 1806 or lateral supports 1804, including at any
distance from the other elements (e.g. permanent magnets 1808) of the applied-current
magnetic steering apparatus 1800, Electrodes 1812, 1814 can be placed anvwhere i contact
with the metal strip 1802 as long as current flows through the magnetic field 1820 generated
by the applied-current magnetic steering apparatus 1800, For example, a positive electrode
1812 can be placed near the beginning of one or more pieces of metal strip processing

equipment, while a negative electrode 1814 13 placed near the end of the one or more pieces
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of metal strp processing equipment, with the permanent magnets 1808 generating a magnetic
field 1820 at a location anywhere between the electrodes 1812, 1814 In some cases,
electrodes 1812, 1814 can be placed at locations where the metal strip 1802 is under greater
tension than and/or 15 cooler than where the metal strp 1802 is being steered (e.g., where the
magnetic field 1820 mtersects the metal strip 18023 Contacting the metal strp 1802 with
electrodes 1812, 1814 when the metal strip 15 under high tension and/or at a relatively cold
ternperature (e.g., al or near room temperature, after being cooled in a cooling section of a
continuous annealing line, and/or before being heated 1 a fumace section of a continuous
annealing line) may avoid contact-based damage to the metal sirip 1802. The permanent
magnets 1808 may be placed anywhere that steering 15 desired.

[0149] Hach electrode 1812, 1314 can include any suitable mechanism for
transmitting current to the metal stnip 1802 In some cases, the electrodes 1812, 1814 include
graphite brushes, although other mechanisms can be used to transmit current {0 the metal
strip 1802, In some cases, a roller is positioned to contact the metal strip 1802 at or adjacent
the electrodes 1812, 1814 to maintain contact between the metal strip 1802 and the electrodes
1812, 1814 to minimize arcing. The roller can be biased (e.g, with a spring) to ensure
contact with the metal strip 1802 prior to application of electrical current. The applied-
current magnetic steering apparatus 1800 can be usefud for preventing over-travel of the
metal strip (e.g.. movement of the lateral centerline of the metal strip beyvond a desired
distance from the lateral centerline of the desired passline}, as the electrodes 1812, 1814 can
be positioned to contact the metal strip 1802, and thus produce a corrective force, only when
the metal strip 1802 has deviated from the desired passline by more than a preset tolerance.
[0150] The current applied through the metal strip 1802 can be DC. Electrodes 1812,
1814 can be connected to a power source through cables 1816, In some cases, no current
would be applied to the metal strip 1802 unti] 11 is determined that steering is needed (2.3,
correction 1s needed). The apphed-current magnetic steering apparatus 1800 can include any
of the sensing equipment disclosed herein with regards to the magnetic rotor steering devices
(2.g., permanent-magnet magnetic rotor steering device 700 of FIG. 7) 1o determine when
steering 1s needed.

[G151] In some cases. muitiple sets of permanent magnets 1808 are used at
fongitudinally offset locations to generate multiple magnetic fields 182¢ at iongitudinally

offset locations. In such cases, electrodes 1812, 1814 can be located before the {irst set of
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permanent magnets 1808 and after the last set of permanent magnets 1808, such that the
current flowing through the metal strip 1802 passes through each of the multiple magnetic
fields 1820. In such cases, steering of the metal strip 1802 can be controlied at various
focations by controlling the magnetic field 1820 at each particular location. The magnetic
field 1820 at a particular location can be controlled by adjusting the vertical distance between
the permanent magnets 1808 and the metal strip 1802 at that particular location.  For
example, to apply more steering force at a first set of magnets and less steering force at a
second set of magnets, the same current can be applied through the metal strip 1802 and the
first set of magnets can be moved vertically closer to the metal strip than the second set of
magnets. Current can be held constant or controlled simulianeously. Each set of magnets
can be associated with its own set of sensing equipment o control the vertical distance of that
particular set of magnets with respect to the metal sinp.

[G1524 In some cases, an applied-current magnetic steering apparatus 1800 includes
permanent magnets 1808 oriented in a direction other than laterally with respect to the metal
strip 1802, For example, an applied-current magnetic steering apparatus 1800 can mclude
permanent magnets 1808 oriented longitudinally with respect to the metal strip 1802, above
and below the edges of the metal strip 1802, to generate magnetic fields 1820 through the
edges of the metal sirip 1802, Such cases can be used, {or example, to apply steering force at
the edges of a metal strip 1802 for a longitudinal distance (e.g., the length of the permanent
magnets 1808 or longitudinal length of the resultant magnetic fields 1820).

[0153] FIG. 19 is a front view of the applied-current magnetic siegring apparatus
1800 of FIG. 18 according to certain aspects of the present disclosure. The applied-current
magnetic steering apparatus 1800 s shown with two vertical supports 1806 supporting two
lateral supports 1804. Permanent magnets 1808 are supported by the lateral supports 1804
above and below the metal strip 1802, Electrodes 1812, 1814 contact the metal strip 1802 at
or near the edges of the metal sirip 1802, Linear actuators 1810 can adjust the vertical
positioning of the lateral supports 1804 as described above.

[0154] Cables 1816 couple the electrodes 1814 t0 a power supply 1902, The power
supply 1902 can be anv power supply suitable for providing eleciric current to through the
metal strip 1802

[G155] FIG. 20A 1s a top view of the applied-current magnetic sieering apparatus

1800 of FIG. 18 according to certain aspects of the present disclosure. The applied-current
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magnetic steering apparatus 1800 1s shown with two vertical supports 1806 supporting lateral
supports 1804, Electrodes 1812, 1814 contact the metal strip 1802 at or near the edges of the
metal strip 1802, Linear actuators 1810 can adjust the vertical positioning of the lateral
supporis 1804 as described above. Cables 1316 provide power to the electrodes 1814 for
applying an electrical current to the metal strp 1802,

[0156] In some cases, an applied-current magnetic steering apparatus includes safety
equipment 1o ensure thai when a break occurs in the metal sirip 1802, the current being
apphed by any elecirode would not be able to find a path through ground that can damage
other equipment or pose a hazard. In some cases, grounding equipment {e.g., conducting
rollers} can be located before and/or after the applied-current magnetic steering apparatus in
order 1o ensure a path through ground exists that would not damage other equipment or pose
a hazard. In some cases, circuit breaker equipment (e.g.. ground-fault interrapt circust
breakers) can be used to ensure the safety of the apparatus in the event of an unexpected load
In some cases, sirip break detection equipment {e.g., visual or conducting) can be placed
before the applied-current magnetic steering apparatus such that if a break is detected, the
applied-current magnetic sieering apparatus can be shut down or disabled before the break
reaches the applied-current magnetic steering apparatus. Other types of safety equipment can
be used.

[06157] The applied-current magnetic steering apparatus as described herein can be
used wherever steering is needed, such as in place of the non-contact magnetic rotor steering
device 1604 of FIGs. 14-17. The applied-current magnetic steering apparatus can also be
used with detection equipment as described above with reference to the various steering
devices, such as in the feedback control process 1100 of FIG. 11, When applving the
applied-current magnetic steering apparatus to the feedback control process 1100 of FIG. 11,
determining adjustments to the permanent magnet rolors at block 1110 and manipulating of
the rotors at block 1112 would be replaced with determining adjustments to the applied
current and/or magnetic field (e.g., through vertical adjustments to the lateral supports
supporting the permanent magnets} and manipulating the applied current and/or magnetic
field, respectively. The apphed-current magnetic steering apparatus can also be used at any
suitable location in a continuous annealing line, such as the continuous annealing line 900 of
FIG. 9, wherein each or any of the magnetic rotor steering devices 902 could be an applied-

curreni magnetic steering apparatus.
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[0158] FIG. 208 15 a top view of an applied-current magnetic steering apparatus 2000
according o certain aspects of the present disclosure. The applied-current magnetic steering
apparatus 2000 is similar to the applied-ciurent magnetic steering apparatus 1800 of FIGs.
18-28, however with edge-located magnets 2008 instead of the magnets 1808 of FIG. 18.
[06159] The applied-current magnetic steering apparatus 1800 can include a pawr of
vertical supporis 1806 supporting electrodes 1812, 1814, Each vertical support 1806 can
support a set of permanent magnets 2008 above and below the metal strip 1802 along the
edge of the metal strip 1802 between electrodes 1812, 1814,

[6160} FIG. 21 15 a front view of a magnetic rotor steering device 2100 according to
certain aspects of the present disclosure. The magnetic rotor steering device 2100 can
meclude a set of rotors 2110 coupled to horizontal supports 2104, Each rotor 2110 can be a
permanent magnet or electromagnet rotor, as disclosed herein. The magnetic rotor steering
device 2100 can be similar to the magnetic rotor steering device 100 of FIG. 1, however with
rotors 2110 mounted from above and below the metal sirip 2102 such that no structure
remains between vertically adjacent rollers (e.g., the two lefimost or two nightmost rollers as
seen in FIG. 21) for the metal strip 2102 to crash into should the metal strip stray far enough
from the lateral centerling 2106 of a desired passline. The rotors 2110 can be supported from
the horizontal supports 2104 by rotor arms 2108,

[0161] In some cages, rotor arms 2108 are adjusted to manipulate the rotor 2110 in a
vertical direction 2118 {e.g.. upwards or downwards}. In some cases, rofor arms 2108 are
movabie along the horizontal support 2104 to manipulate the rotor in a horizontal direction
2116 {e.g.. away from or towards the lateral centerline 2106 of the desired passline). In some
cases, feedback from a control system or feedback sensors can adjust the position of the rotor
2110. In some cases, however, the rotor arms 2108 may hold the rotor 2110 stationary (e.g.,
horizontally and vertically stationary} with respect to the horizontal support 2104,

[G162] In some cases, a motor or other driver rotates each rotor 2110 in a clockwise
2114 or counterclockwise 2112 direction. The motors or other drivers used to rotate the
rotors of the steering device 2100 or other steering devices disclosed herein can be or can
mclude a vanable speed driver for providing adjustment to the rotational speed of the rotor.
For example. a vanable frequency driver can be used to adjust speed of an alternating current

{AC) mwotor. Rotational speed may be controlled using preset values or through feedback
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from feedback sensors. In some cases, the motor or other driver may provide a steady force
to rotate the rotor, withowt the need for any variable speed controls or sensor feedback.
[0163] In some cases, a motor or other driver can rotate rotors 2110 in an appropriate
direction such that the surface of each rotor nearest the vertical centerline 2120 of the desired
passline moves towards the lateral centerline 2106 of the desired passhne. In other words,
starting at the top left and continuing clockwise as depicted in FIG. 21, the first and third
rotors 2110 can spin in a counterclockwise direction 2112, while the second and fourth rotors
2110 spin in a clockwise direction 2114
[6164] FIG. 22 18 a cutaway side view of a furnace 2200 mnto which a magnetic rotor
steering apparatus can be fit according to certain aspects of the present disclosure. In some
cases, it can be desirable to locaie the magnetic rotor steering apparatus in a furnace zone or
cooling zone, such as described above with reference to FIG. 9. In some cases, 1t can be
desirable 1o focate the magnetic rotor sieering apparatus outside of the housing or outer walls
2242 of the furnace 2200 of the furnace zone, but sufficiently adjacent the metal sirip 2210 to
steer the roetal strip 2210,
[06165] A fumace 2200 in a furnace zone can include an outer wall 2202 enclosing
several air nozzles 2204. A passline gap 2214 exists between upper and lower air nozzles
2204, through which the metal strip 2210 passes. The air nozrles 2204 can provide sufficient
arrflow to maintain the metal strip 2210 at or near a vertical path 2212 of the desired passline.
The metal strip 2210 may take a sinusoidal shape when passing through the fumace 2200.
{0166} A gap 2216 may exist between adjacent air nozzles 2204 of an existing
furnace 2200, Cuts can be made into the outer walls 2202 at poings 2206 to remove a section
2208 of the outer wall 2202. Once the section 2208 has been removed, a recessed section can
¢ installed in the outer walls 2202, as seen in FIGs. 23 and 24.
[0167] FIG. 23 15 a cutaway side view of a furnace 2300 that has been modified to
receive a magnetic rotor steering apparatus. The outer walls 2202 have a recessed section
2308 installed where a section had been removed. The recessed section can include vertical
walls 2318 and a horizontal wall 2320. The horizontal wall 2320 can be spaced apart from
the vertical path 2312 of the desired passline by approximately the same distance as the end
of the nozzles 2304, thus maintaining approximately the same passline gap 2314 as before

modifications.
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[G168] The walls 2318, 2320 of the recessed section 2308 can provide thermal
insulation {0 maintain heat in the furnace 2300, In some cases, the vertical walls 2318 can
provide more thermal insulation than the horizontal wall 2320. In some cases, the horizontal
wall 2320 can be thinner than the vertical walls 2318, 1o allow the magnetic rotor steering
device to be positioned close to the vertical path 2312 of the desired passiine of the metal
strip 2310 passing through the furnace 2300

[0169] In some cases, optional rollers 2322 can be installed adjacent the recessed
section 2308 within the passline gap 2314, The rollers 2322 can be free to rotate or can rotate
at the speed of the metal sirip 2310 moving through the fumace 2300 so that if the metal strip
2310 moves too far away from the vertical path 2312 of the desired passiine, the metal strip
2310 will contact the roller 2322 instead of crashing into the recessed section 2308

[06170] Once a furnace 2300 has been modified to melude a recessed section 2308, a
magnetic rotor steering device can be placed in the U space of the recessed saction 2308, as
seen n FI1G. 24.

(G171} F1G. 24 15 a cutaway side view depicting a magnetic rotor steering apparatus
2424 incorporated mto a fiwnace 2400 according to certain aspects of the present disclosure.
The fumace 2400 can include a recessed section 2408 in the outer walls 2402 of the furnace
2400, The recessed section 2408 can be onginally buill into the outer walls 2402 of the
furnace 2400, or can be added to an existing furnace through modification, such as described
above with reference to FIGs. 22-23. The metal strip 2410 can move through the fumace
2400 at or near a vertical path 2412 of the desired passline, between air nozzles 2404.

[0172] In some cases, the vertical walls 2418 of the recessed section 2408 can have a
sufficient thickness or be made of a material sufficient to provide a high degree of thermal
insulation, o mainiain heat within the fornace 2400 and reduce the amount of heat transfer
from the fumace 2400 to the magnetic rolor steering apparatus 2424, In some cases, the
horizontal wall 2420 of the recessed section 2408 can be thinner than the vertical walls 2418
to allow the rotor 2426 of the magnetic rotor steering apparatus 2424 to be positioned as
closely as possible to the metal strip 2410, In some cases, the horizontal wall 2420 of the
recessed section 2408 can be made from a non-electnically conductive material. In some
cases, the horizontal wall 2420 of the recessed section 2408 can be made from an clectrically
conductive material, optionally with slits for reducing eddy currents, as described above with

reference to the rotor shield 120 of FIG. 5.

Date Regue/Date Received 2020-11-26



WO 2016/200917 43 PCT/US2016/036420

[G173] FIG. 25 1s a cutaway side view depicting a magnetic rotor steering apparatus
2524 incorporated into a furnace 2500 at a furmace entrance 2550 according to certain aspecis
of the present disclosure. The fumace 2500 can include a recessed section 2508 in the outer
walls 2502 of the fumace 2500 at the furnace entrance 2550. The recessed section 2508 can
be originally built into the outer walls 2502 of the furnace 2500, or can be added to an
existing furnace through modification, such as described above with reference to FIGs. 22-
23. The metal strip 2510 can move through the furnace 2500 at or near a vertical path 2512
of the desired passhine, between air nozzles 2504,

(6174} When implemented af a furnace entrance 2550, the recessed section 2508 can
include a vertical wall 2518 and a horizontal wall 2520, In some cases, the side opposite the
horizontal wall 2520 from the vertical wall 2518 can be left open or semi-open {e.g., having a
vertical wall section that 1s smaller than vertical wall 2518}, allowing easier access to the
magnretic rotor steering apparatus 2524,

[(3175] FIG 26 is a cutaway side view depicting a magnetic rotor steering apparatus
2624 incorporated into a fumace 2600 at a furnace exit 2650 according 1o certain aspects of
the present disclosure. The furnace 2600 can include a recessed section 2608 in the outer
walls 2602 of the furnace 2600 at the furnace exit 2630. The recessed section 2608 can be
originally built into the outer walls 2602 of the furnace 2600, or can be added to an existing
fumace through modification, such as described above with reference to FiGs. 22-23. The
metal strip 2610 can move through the furnace 2600 at or near a vertical path 2612 of the
desired passline, between air nozzles 2604,

[0176] When implemented at a furnace exit 2650, the recessed section 2608 can
mclude a vertical wall 2618 and a honizontal wall 2620, In some cases, the side opposite the
horizontal wall 2620 from the vertical wall 2618 can be left open or semi-open {e.g., having a
vertical wall section that 1s smaller than vertical wall 2618), allowing easier access to the
magnetic rotor steering apparatus 2624,

[(6177] FIG. 27 is a front view of a magnetic rotor steering device 2700 having
secondary rotors according to certain aspecis of the present disclosure. The magnetic rotor
steering device 2700 can include multiple rotors 2710 that are permanent magnet or
electromagnet rofors, as disclosed herein.  As depicted in FIG 27, each rotor 2710 is

mounted to horizontal supports 2704 located above and below the metal strip 2702 similar to
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FIG. 21. However, m some cases, rotors 2710 are mounted to vertical supports, such as
depicted in FIG. 1. Rotors 2710 can be supported by rotors arms 2708,

{0178} The magnetic rotor steering device 2700 can mclude primary rotors 2730 and
secondary rotors 2732, Primary rotors 2730 can be positioned closer to the lateral centerline
2706 of a desired passhine than the secondary rotors 2732, Secondary rotors 2732 can be
spaced a distance 2740 apart from the primary rotors 2730, The distance 2740 can be
sufficient to avoid magnetic mterference between the adjacent rotors 2710 {(e.g., such that
rotation of a secondary rotor 2732 adjacent a primary rotor 2730 reduces the efficiency of
rotation of the primary rotor 2730 by at least less than 20%, 15%, 10%, 9%, 8%, 7%, 6%.
5%, 4%, 3%, 2%, or 1%). I any of the primary rotors 2730 fail to maintain the metal strip
2702 laterally aligned with the lateral centerline 2706 of a desired passline or within a desired
lateral offset therefrom {e.g., due to failure of the primary rotor 2730 or any motor attached
thereto or due to overwhelmingly strong lateral forces imposed on the metal sirip 2702 by
other factors), the secondary rotors 2732 can provide additional force to urge the metal strip
2702 towards the lateral centerhine 2706 of a desired passhine.

[6179] As depicted in FIG. 27, each of the secondary rotors 2732 is supported by
rotor arms 2708 separate from the primary rotors 2730, however that need not be the case. In
some cases, a secondary rotor 2732 can be coupled to the rolor arm 2708 of a primary rotor
2730, Primary rotors 2730 and secondary rotors 2732 can be powered or rotated by separate
motors, however that need not be the case. In some cases, a single motor can power or rotate
both a secondary rotor 2732 and a primary rofor 2730,

[0180] Fach primary rotor 2730 can be posifioned along a primary rotor plane 2734
{e.g., such that the primary rotor 2730 rotates around an axis of rotation found on the primary
rotor plane 2734}, Each secondary rotor 2732 can be positioned along a secondary rotor
plane 2736 {e.g., such that the secondary rotor 2732 rotates around an axis of rotation found
on the secondary rotor plane 2736). Therefore, the secondary rotor planes 2736 are located
opposite the primary rofor planes 2734 from the lateral centerline of a desired passline of the
metal strip 2702 (e.g., the secondary rotor planes 2736 are spaced a distance apart from the
primary rotor planes 2734 away from the lateral centerline of a desired passline of the metal
strip 2702} A primary rotor set 2742 can include one or more primary rotors 2730 located on
a single prnimary rotor plane 2734, A secondary rotor set 2744 can include one or more

secondary rotors 2732 located on a single secondary rotor plane 2736, FIG. 27 depicts two
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primary rotors sets 2742 and two secondarv rotor sets 2744, each having two rotors 2710
{e.g.. a top rotor 2710 positioned above the metal strip 2702 and a bottom rotor 2710
positioned below the metal strip 2702},

[0181] The pnmary rotor planes 2734 and secondary rotor planes 2736 can be
adjustable by adjusting the rotor arms 2708 along the horizontal supporis 2704, In some
cases, the primary rotor planes 2734 and secondary rotor planes 2736 can be fixed. As
depicted in FIG. 27, the primary rotor planes 2734 can be located (e.g., fixed or adjustable)} at
or around the lateral edges 2738 of the metal strip 2702,  As used herein, reference 1o a
distance of a rotor plane from a lateral edge may refer to the distance between the rotor plane
and a lateral edge of a metal strip passing with its lateral centerline aligned to the lateral
centerline of the desired passhne. In some cases, the primary rotor planes 2734 can be
located within a rotor’s radius of the lateral edges 2738, In some cases, the primary rotor
plane 2734 can be distally spaced {e.g., away from the lateral centerline 2706 of the desired
passiing} a distance apart from the lateral edge 2738, such as less than a rotor’s radius,
approsimately a rotor’s radius, or more than a rotor’s radius.

(6182} The primary rotors 2730 and secondary rotors 2732 can operate continuously,
with a motor or other driver rotating each rotor 2710 in a clockwise 2714 or counterclockwise
2712 divection. In some cases, secondary rotors 2732 can spin up and operate only once the
metal strip 2702 has laterally moved away from the lateral centerline 2706 of the desired
passhine sufficiently.

[0183] In some cases, the motor or other driver can rotaie the rotors 2710 in an
appropriate direction such that the surface of each rotor nearest the vertical centerline 2720 of
the desired passtine moves towards the lateral centerline 2706 of the desired passline. In
other words, starting at the top left and continuing clockwise as depicted in FIG. 27, the first,
second, fifth and sixth rotors 2710 can spin in a counterclockwise divection 2712, while the
third, fourth, seventh, and eighth rotors 2710 spin in a clockwise direction 2714,

[0184] The motor or other driver can be or can include a vanable speed driver for
providing adjustment to the rotational speed of the rotor 2710. For example, a variable
frequency driver can be used to adjust speed of an alternating current { AC) motor. Rotational
speed may be controlied using preset values or through feedback from feedback sensors. In
some cases, the motor or other driver may provide a steady force to rotate the rotor 2716,

without the need for any vaniable speed controls or sensor feedback.

Date Regue/Date Received 2020-11-26



WO 2016/200917 46 PCT/US2016/036420

[0185] Secondary rotors 2732 and primary rotors 2734 can be the same or differently
sized and can include the same or different levels of magnetization (e.g.. by selecting the
number, sizes, and types of magnets within the rotor). Secondary rotors 2732 and primary
rotors 2734 can operate al the same or different rotational speeds. In some cases, the
secondary rotors 2732 can operate at speeds greater than the speeds of the primary rotors
730.
[0186] While FIG. 27 depicts primary rotors 2730 and secondary rotors 2732, a
magnetic rotor steering device 2700 can include any number of further laterally spaced apart
rotors, such as fertiary, quaternary, and the like.
[0187] FIG. 28 is a front view of a magnetic steering device 2800 for steering a metal
strip 2802 according to certain aspects of the present disclosure. The metal strip 2802 can be
moving i a strp travel direction that 1s perpendicular to plane 2810 (¢.g.. towards the viewer
of FIG. 28). One or more magnets 2804 {e.g., permanent magnets or electromagnets) can be
positioned above and/or below the metal strip 2802, In some cases, the one or more magnels
2804 mcludes a first set of magnets 2812 positioned opposite a centerling 2814 of the metal
strip 2802 from a second set of magnets 2816, Magnets 2804 can all be located in a common
plane 2810.
[0188] The magnets 2804 can be moved and/or translated in various directions within
the plane 2810, Switable actuators (e.g., inear actuators) and/or hnkages can be used to move
the magnets 2804 along a path 2806 forming a closed loop. The path 2806 can be of any
suitable shape, including circular, ellipsoidal, ovoid, generally rectangular, or otherwise. The
path 2806 can include a section close to a center, horizontal plane 2818 of the metal strip and
a section spaced further apart from that plane 2814, such that the magnet 2804 15 closer to the
metal strip 2802 when moving in a first lateral direction {e.g., left to nght) and further from
the metal strip 2802 when moving in an opposite lateral direction (e.g., nght to left). The
movement of the magnet 2804 wheu closest the metal strip 2802 can create a force urging the
metal strip 2802 to move laterally (e.g., in the direction of the movement of the magnet 2804
when closest the metal strip 2802).
[0189] In some cases where electromagnets are used, a path 2806 can be a hnear,
arcuate, or curved path between two points. Since such a path between two poinis {e.g.. not a
closed loop) may involve the magnet 2804 passing closest to the metal strip 2802 in both a

first direction and an opposiie direction, the electromagnet can be actuated to torm on when
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passmg in a first divection and tumn off or be mostly attenuated when passing in the opposite
direction, thus inducing a net force in the first direction.

[0190] Magnetic steering device 2800 can be used with sensors, controllers, and other
elements similar 1o those described herein with reference to magnetic rotors, as appropriate.
[06191] The foregoing description of the examples, including illustrated examples, has
been presented only for the purpose of illustration and description and is not intended to be
exhaustive or limiting to the precise forms disclosed. Numerous modifications, adaptations,
and uses thereof will be apparent to those skilled n the art.

[6192} As used below, any reference to a series of examples is to be undersiood as a
reference to each of those examples disjunctively (e.g., “Examples 1-4” is t0 be understood as
“Examples 1,2, 3, or 47}

[0193] Example 1 15 a magnetic steering apparatus, comoprising: a first rotor set
comprising at least a first magnetic rotor that rotates about a respective first axis of rotation; a
second rotor set comprising at least a second magnetic rotor that rofates about 3 respective
second axis of rotation, wherein the first axis of rotation s not collinear with the second axis
of rotation, wherein each magnetic rotor of the first and second rotor sets intersects a plane
perpendicular to a direction of travel of a moving metal strip, and wherein each of the first
axis of rotation and the second axis of rotation are offset from a lateral centerline of the
moving metal strip at the plane, and; one or more rotor motors coupled to the first and second
magnetic rotors to rotate the magnetic rofors and induce changing magnetic fields proximate
the magnetic rotors, wherein at least one of the changing magnetic fields generates a force in
the moving metal sinp to steer the moving metal strip as the moving metal sinp passes
through the at least one moving maguetic figld.

[0194] Example 2 is the apparatus of example 1, wherein each of the magnetic rotors
imcludes one or more permanent magnets.

[0195] Example 3 15 the apparatus of examples 1 or 2, wherein the first axis of
rotation is positionable opposite the lateral centerline of the moving metal strip from the
second axis of rotation, and wherein the first and the second axes of rotation are laterally
spaced apart by a distance that is greater than a width of the moving metal strip.

[0196] Example 4 1s the apparatus of examples 1-3, wherein the first rotor set
comprises a third magnetic rotor and the second rotor set comprises a fourth magnetic rotor,

wherein the first and third magnetic rotors are positioned horizontally opposite the lateral
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centerline of the moving metal strip from the second and fourth magnetic rotors, wherein the
first and third magnetic rotors are vertically spaced apart from one another, and wherein the
second and fourth magnetic rotors are vertically spaced apart from one another.

[0197] Example 5 1s the apparatus of examples 1-4, further comprising: one or more
actuators coupled to one or more magnetic rotors of the first rotor set and the second rotor set
to adjust vertical, horizontal, or veitical and horizontal positioning of the one or more
magnetic rotors.

[0198] Example 6 15 the apparatus of example 5, further comprising a controller
coupled to a sensor and the one or more actuators to adiust the vertical, horizondal, or vertical
and horizontal posttioning of the one or more magnetic rotors in response to a signal from the
SENSOL.

[0199] Example 7 1s the apparatus of examples 1-6, further comprising, for each
magnetic rotor of the first rotor set and the second rotor set, a rotor shield surrounding the
maguetic rotor, wherein the rotor shield defines an enclosed space.

[0200] Example 8 1s the apparatus of example 7, further comprising, for each
magnetic rotor of the first rotor set and the second rotor sef, a source of coolant fludly
coupled 1o the enclosed space for removing heat from the magnetic rotor.

[0201] Example 9 is the apparatus of examples 1-8, further comprising: a third rotor
set having at least one additional magnetic rotor that rotates about a respective additional axis
of rotation and intersects the plane, wherein the additional axis of rotation of each additional
magnetic rotor of the third rotor set is laterally offset from each of the first axis of rotation
and the second axis of rotation at the plane.

(6202} Hxample 10 i3 & magnetic steering apparafus, comprising: a first rofor set
including a first top rotor positioned vertically opposite a desired passline from a first bottom
rotor, wherein each of the first top rotor and the first botiom rotor includes one or more
permanent magnets, and wherein each of the first top rotor and the first bottom rotor includes
a motor coupled to the rotor for rotating the rotor to induce a changing magnetic field
proximate the rotor; a second rotor set including a second top rotor positioned vertically
opposite the desired passline from a second botiom rotor, wherein each of the second top
rotor and the second bottom rotor includes one or more permanent magnets, wherein each of
the second top rotor and the second bottom rotor includes a motor coupled to the rotor to

induce a changing magnoetic field proximate the rotor, and wherein axes of rotation of the first
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top rotor and first botiom roior are laterally spaced apart from and located opposite a
centerline of a desired passline from axes of rotation of the second top rotor and second
bottom rotor such that one or more of the changing magnetic fields generate force in a
moving metal strip traveling proximate the first rotor set and the second rotor set 1o steer a
centerline of the moving metal strip towards the centerline of the desired passhine.

[0203] Example 11 is the apparatus of example 10, wherein: the first top rotor and the
first bottom rotor are coupled 1o a first vertical support; the secound top rotor and the second
bottom rotor are coupled to a second vertical support; and the first vertical support and
second vertical support are both horizontally positionable along a horizontal support.

[0204] Example 12 is the apparatus of examples 10 or 11, wherein the first top rotor
and the second lop rotor are honrontally positionable along a top horizontal support, and
wherein the first bottom rotor and the second bottom rotor are horizontally positionable along
a botiom horizontal support.

[(3205] Example 13 is the apparatus of example 12, wherein the first top rotor and the
second top rotor are vertically positionable with respect to the top horizontal support, and
wherein the first bottom rotor and the second bottom rotor are vertically positionable with
respect 1o the bottom horizontal support.

[0206] Example 14 i3 the apparatus of examples 10-13, further comprising, for each
rotor of the first rotor set and the second rotor set. a rotor shield surrounding the rotor,
wherein the rotor shield defines an enclosed space.

[G207] Example 15 is the apparatus of example 14, further comprising, for each rotor
of the first rotor set and the second rotor set, a source of coolant fluidly coupled to the
enclosed space for removing heat from the rotor.

[0208] Example 16 is the apparatus of examples 10-15, wherein a lateral distance
between the axes of rotation of the first top rotor and first bottowm rotor and the axes of
rotation of the second top rotor and second bottom rotor 15 within a 5% dewviation of a width
of the metal strip.

[0209] Example 17 is the apparatus of examples 10-16, wherein the lateral distance
between the axes of rotation of the first top rotor and first boltom rotor and the axes of
rotation of the second top rofor and second bottom rotor 1s greater than a width of the metal

Strip.
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[0210] Example 18 13 the apparatus of example 17, wherein the lateral distance
between the axes of rotation of the first top rofor and first bottom rotor and the axes of
rotation of the second top rotor and second bottom rotor is greater than a width of the metal
strip by at Jeast a sum of the rady of the first top rotor and the second top rotor.

[0211] Example 19 15 the apparatus of example 17, wherein the lateral distance
between the axes of rotation of the first top rotor and first bottom rotor and the axes of
rotation of the second top rotor and second bottom rotor is greater than a width of the metal
strip by at least half of the width of the metal sirip.

[0212] Example 20 is the apparatus of examples 10-19, wherein the centerline of the
metal strip is a lateral centerline of the metal strip; and wherein the centerline of the desired
passhine is a lateral cenierline of the desired passline.

[0213] Example 21 is a metal processing system, comprising: processing equipment
for receiving & moving metal strip, the processing equipment having a desired passline; and a
magnetiic rolor steering device positionable proximate the moving metal sirip, the magnetic
rotor steering device comprising at least one magnetic rotor, the at least one magnetic rotor
being rotatable to induce a changing magnetic field at the moving metal strip suitable to
generate a force in the moving metal strip to steer a lateral centerline of the moving metal
strip towards a lateral centerline of the desired passline of the processing equipment.

[0214] Example 22 1s the system of example 21, wherein the processing equipment is
selected from a furnace zone and a cooling zone of a continuous annealing line.

[0215] Example 23 is the system of examples 21 or 22, wherein the magnetic rotor
steening device is positioned adjacent at least one of an entrance of the processing eguipment
and an exit of the processing equipment.

(0216} Example 24 is the system of examples 21 or 22, wherein the magnetic rotor
steering device is positioned between an entrance of the processing equipment and an exit of
the processing equipment,

[6217] Example 25 is the system of examples 21-24, wherein the processing
equipment includes an outer wall having a recessed section, wherein the magnetic rotor
steening device 1s positioned at least partially within the recessed section.

[G218] Example 26 is the syvstem of examples 21-25, further comprising: one or more
actuators coupled to the at least one magnetic rotor to adjust vertical, horizontal, or vertical

and honzontal positioning of the at least one magnetic rotor; and a controller coupled to a
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sensor and the one or more actuators to adjust the vertical, horizontal, or vertical and
horizontal positioning of the at least one magnetic rotors in response 1o a signal from the
Sensor.

[0219] Example 27 1s the system of examples 21-26, wherein each of the at least one
magnetic rotor includes one or more permanent magnets.

[0220] Example 28 is the system of examples 21-27, wherein the at least one
magnetic rotor includes a first set of rotors adjacent a first edge of the moving metal strip and
a second set of rotors adjacent a second edge of the moving metal strip, wherein the first edge
is located oppostte a lateral centerline of the moving metal strip from the second edge.

[0221] Example 29 1s the system of example 28, wherein one of the first set of rotors
is positioned opposite the moving metal sirip from another of the first set of rotors, and
wherein one of the second set of rotors is positioned oppostie the moving metal strip from
another of the second set of rotors.

[(6222] Example 30 is the svstern of examples 21-29, wherein the moving metal strip
is unsupported by a physically contacting support for a section of the processing equipment,
and wherein the magnetic rotor steering device is positioned within the section.

[0223] Example 31 is the apparatus of examples 21-30, wherein the centerline of the
metal strip i3 a lateral centerline of the metal strip; and wherein the centerline of the desired
passhine 15 a lateral centerline of the desired passhine.

[0224] Example 32 15 a method of steering a moving metal strip, comprising: passing
a metal strip adjacent at least one magnetic rotor, the at least one magnetic rotor being spaced
apart from a surface of the metal strip; rotating the at least one magnetic rotor to induce a
changing magnetic field at the moving metal strip; and generating a force in the moving
metal strip in response to inducing the changing magnetic field.

[0225] Example 33 is the method of example 32, further comprising: sensing a
posttion of the metal strip; and controlling an actuator coupled to the at least one magnetic
rotor based on the sensed position, wherein controlling the actuator includes adjusting at least
one of a horizontal or a vertical position of the at least one magnetic rotor.

[0226] Example 34 15 the method of examples 32 or 33, further compnising: accessing
a pre~defermined parameter of the strip; and controlling an actuator coupled to the at least one

magnetic rotor based on the pre-determined parameter, wherein controlling the actuator
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mcludes adjusting at least one of a horzontal or a veriical position of the at least one
magnetic rotor.

[0227] Example 35 is the method of example 34, wherein accessing the pre-
determined parameter of the strip includes accessing at least one selected from the group
consisting of strip width, stap thickness, and location of a lateral centerline of a desired
passline.

[(3228] Example 36 i3 the method of examples 32-35, further comprising: sensing a
position of the metal strip; and controlling a speed of rotation of the at least one magnetic
rotor coupled based on the sensed position.

[0229] Example 37 is the method of examples 32-36, wherein passing the metal stnp
meludes passing the metal strip at atension at or below 40 Mpa.

[(0230] Example 38 15 the method of examples 32-37, wherein passing the metal strip
mncludes passing the metal sinip at a tension at or below 5 Mpa.

[(231] Example 39 15 a method of modifying processing equipment for magnetic
rotor steering, the method comprising: removing a section of outer wall from the processing
equipment; replacing the section of outer wall with a recessed section having a horizontal
wall and at least one vertical wall; and positioning a magnetic rotor of a magnetic rotor
steering device within the recessed section such that the magnetic rotor is opposite the
horizontal wall from an interior of the processing equipment.

10232} Example 40 is the method of example 39, further comprising: rotating the
maguetic rotor to induce a changing magnetic field within the interior of the processing
equipment, wherein the changing magnetic field s sufficient to generate a force in a metal
strip moving through the interior of the processing equipment.

{0233} Example 41 1s the method of examples 39-40, wherein the horizontal wall has
a smaller thickness than a thickness of a vertical wall.

[6234] Example 42 is the method of examples 39-41, further comprising dentifying
the section of the outer wall, wherein identifving the section includes determining a distance
of outer wall longitudinally offset from one or more adjacent nozzles.

[0235] Example 43 15 an apphied-current magnetic steering apparatus, comprising: a
current source for applying a direct current to a metal strip; a pair of electrodes coupled to the
current source and biased towards a surface of the metal strip to apply the direct cuirent

through the metal strip; and a permanent magnet positioned proximate the metal strip to
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mduce a magnetic field through the metal strip in a direction perpendicular the direction of
the direct current passing through the metal strip.

[0236] Example 44 1s the apparatus of example 43, further comprising: a second
current source for applying a second direct current to the metal sinip; a second pair of
electrodes coupled to the second current source and biased towards a second edge of the
metal strip to apply the second direct current through the metal strip, wherein the pair of
glectrodes is biased towards a first edge of the metal strip opposite the second edge of the
metal strip; and a second permanent magnet positioned proximate the metal strip to induce a
second magnetic field through the metal strip in a direction perpendicular a direction of the
second direct current passing through the metal strip.

0237} Example 45 1s the apparatus of example 43, further comprising: a second
current source for applving a second direct current to the roetal stnip; and a second pair of
electrodes coupled to the second current source and biased towards a second edge of the
metal sirip to apply the second direct current through the metal strip, wherein the pair of
electrodes s biased towards a first edge of the metal strip opposite the second edge of the
metal strip, and wherein the permanent magnet extends laterally across a width of the metal
strip such that the magnetic field is induced in a direction perpendicular the direction of the
second divect current passing through the metal sirip.

[(238] Example 46 15 a method of steering metal, compnising: applving direct current
along edges of 2 moving metal strip in a direction parallel a direction of travel of the moving
metal strip; and applying at least one magnetic field along the edges of the moving metal strip
such that the at least one applied magnetic field perpendicularly intersects the applied direct
current.

[0239] Example 47 is the method of example 46, wherein applying at least one
magnetic field comprises applving a first magnetic field along a first edge of the moving
metal strip and applyving a second magnetic field along a second edge of the moving metal
strip.

[0240] Example 48 is the method of examples 46 or 47, wherein applying the direct
current along the edges of the moving metal sinp comprises: completing a first circuit
between a first set of electrodes, a first current source. and a first edge of the moving metal
strip; and completing a second circuit between a second set of electrodes, a second current

source, and a second edge of the moving metal strip.
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Claims

What is claimed is:

1. A non-contact magnetic steering apparatus for steering a moving metal strip, comprising:

a first rotor set, coupled to a frame, comprising at least a first magnetic rotor rotatable about
a respective first axis of rotation;

a second rotor set, coupled to the frame, comprising at least a second magnetic rotor
rotatable about a respective second axis of rotation, wherein the first axis of rotation is not collinear
with the second axis of rotation, wherein each of the first axis of rotation and the second axis of
rotation are parallel to a lateral centerline of a moving metal strip and the lateral centerline is
parallel to a direction of travel of the moving metal strip and wherein each of the first axis of
rotation and the second axis of rotation are laterally offset from the lateral centerline; and

one or more rotor motors coupled to the first and second magnetic rotors, via the frame, to
rotate the first and second magnetic rotors and selectively induce a respective changing magnetic
field proximate each one of the first and second magnetic rotors, wherein at least one of the
changing magnetic fields generates a lateral force in the moving metal strip to steer the lateral
centerline of the moving metal strip towards a lateral centerline of a desired passline as the moving

metal strip passes through the at least one changing magnetic field.

2. The apparatus of claim 1, wherein each of the first and second magnetic rotors includes

one or more permanent magnets.

3. The apparatus of claim 1 or claim 2, wherein the first axis of rotation is positionable
opposite the lateral centerline of the moving metal strip from the second axis of rotation, and
wherein the first and the second axes of rotation are laterally spaced apart by a distance that is

greater than a width of the moving metal strip.

4. The apparatus of any one of claims 1 to 3, wherein the first rotor set comprises a third

magnetic rotor and the second rotor set comprises a fourth magnetic rotor, wherein the first and
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third magnetic rotors are positioned horizontally opposite the lateral centerline of the moving metal
strip from the second and fourth magnetic rotors, wherein the first and third magnetic rotors are
vertically spaced apart from one another, and wherein the second and fourth magnetic rotors are

vertically spaced apart from one another.

5. The apparatus of any one of claims 1 to 4, further comprising:
one or more actuators coupled to one or more magnetic rotors of the first rotor set and the
second rotor set to adjust vertical, horizontal, or vertical and horizontal positioning of the one or

more magnetic rotors.

6. The apparatus of claim 5, further comprising a controller coupled to a sensor and the one
or more actuators to adjust the vertical, horizontal, or vertical and horizontal positioning of the one

or more magnetic rotors in response to a signal from the sensor.

7. The apparatus of any one of claims 1 to 6, further comprising, for each magnetic rotor of
the first rotor set and the second rotor set, a rotor shield surrounding the magnetic rotor, wherein

the rotor shield defines an enclosed space.

8. The apparatus of claim 7, further comprising, for each magnetic rotor of the first rotor set
and the second rotor set, a source of coolant fluidly coupled to the enclosed space for removing

heat from the magnetic rotor.

9. The apparatus of any one of claims 1 to 8, further comprising:

a third rotor set, coupled to the frame, comprising at least one additional respective
magnetic rotor that rotates about a respective additional axis of rotation wherein each respective
additional axis of rotation intersects a plane perpendicular to the direction of travel of the moving
metal strip, wherein the respective additional axis of rotation of each additional respective
magnetic rotor of the third rotor set is laterally offset from each of the first axis of rotation and the

second axis of rotation at the plane.
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10. A non-contact magnetic steering apparatus for steering a moving metal strip, comprising:

a first rotor set, coupled to a frame, comprising a first top magnetic rotor positioned
vertically opposite a desired passline for the moving metal strip from a first bottom magnetic rotor
and one or more rotor motors coupled to the first top magnetic rotor and the first bottom magnetic
rotor, wherein each of the first top magnetic rotor and the first bottom magnetic rotor includes one
or more permanent magnets and the first top magnetic rotor and the first bottom magnetic rotor
are rotatable by the one or more rotor motors to induce a changing magnetic field proximate the
first top magnetic rotor and the first bottom magnetic rotor; and

a second rotor set, coupled to the frame, comprising a second top magnetic rotor positioned
vertically opposite the desired passline from a second bottom magnetic rotor and one or more rotor
motors coupled to the second top magnetic rotor and the second bottom magnetic rotor, wherein
each of the second top magnetic rotor and the second bottom magnetic rotor includes one or more
permanent magnets and the second top magnetic rotor and the second bottom magnetic rotor are
rotatable by the one or more rotor motors to induce a changing magnetic field proximate the second
top magnetic rotor and the second bottom magnetic rotor, and

wherein axes of rotation of the first top magnetic rotor and the first bottom magnetic rotor
are laterally spaced apart from and located opposite a centerline of a desired passline from axes of
rotation of the second top magnetic rotor and the second bottom magnetic rotor such that one or
more of the changing magnetic fields generate force in the moving metal strip traveling proximate
the first rotor set and the second rotor set to steer a centerline of the moving metal strip towards a

centerline of the desired passline.

11.  The apparatus of claim 10, wherein:

the first top magnetic rotor and the first bottom magnetic rotor are coupled to a first vertical
support of the frame;

the second top magnetic rotor and the second bottom magnetic rotor are coupled to a second

vertical support of the frame; and
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the first vertical support and second vertical support are both horizontally positionable

along a horizontal support of the frame.

12.  The apparatus of claim 10 or claim 11, wherein the first top magnetic rotor and the second
top magnetic rotor are horizontally positionable along a magnetic horizontal support, and wherein
the first bottom magnetic rotor and the second bottom magnetic rotor are horizontally positionable

along a bottom horizontal support.

13.  The apparatus of claim 12, wherein the first top magnetic rotor and the second top magnetic
rotor are vertically positionable with respect to the magnetic horizontal support, and wherein the
first bottom magnetic rotor and the second bottom magnetic rotor are vertically positionable with

respect to the bottom horizontal support.

14.  The apparatus of any one of claims 10 to 13, further comprising, for each rotor of the first
rotor set and the second rotor set, a rotor shield surrounding the rotor, wherein the rotor shield

defines an enclosed space.

15.  The apparatus of claim 14, further comprising, for each rotor of the first rotor set and the
second rotor set, a source of coolant fluidly coupled to the enclosed space for removing heat from

the rotor.

16.  The apparatus of any one of claims 10 to 15, wherein a lateral distance between the axes
of rotation of the first top magnetic rotor and first bottom magnetic rotor and the axes of rotation
of the second top magnetic rotor and second bottom magnetic rotor is within a 6% deviation of a

width of the metal strip.
17.  The apparatus of claim 16, wherein the lateral distance between the axes of rotation of the

first top magnetic rotor and first bottom magnetic rotor and the axes of rotation of the second top

magnetic rotor and second bottom magnetic rotor is greater than a width of the metal strip.
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18.  The apparatus of claim 17, wherein the lateral distance between the axes of rotation of the
first top magnetic rotor and first bottom magnetic rotor and the axes of rotation of the second top
magnetic rotor and second bottom magnetic rotor is greater than a width of the metal strip by at

least a sum of the radii of the first top magnetic rotor and the second top magnetic rotor.

19.  The apparatus of claim 17, wherein the lateral distance between the axes of rotation of the
first top magnetic rotor and first bottom magnetic rotor and the axes of rotation of the second top
magnetic rotor and second bottom magnetic rotor is greater than a width of the metal strip by at

least half of the width of the metal strip.

20. A non-contact metal processing system for steering a moving metal strip, comprising:
processing equipment for receiving a moving metal strip, the processing equipment having
a desired passline along which the metal strip is to travel through the processing equipment, the
desired passline being spaced away from opposing side walls, a top wall and a bottom wall of the
processing equipment; and
the non-contact magnetic steering apparatus of claim 1, wherein the desired passline of the

magnetic steering apparatus is the desired passline of the processing equipment.

21.  The system of claim 20, wherein the processing equipment is selected from a furnace zone

and a cooling zone of a continuous annealing line.

22.  The system of claims 20 or claim 21, wherein the non-contact magnetic steering apparatus
is positioned adjacent at least one of an entrance of the processing equipment and an exit of the

processing equipment.
23.  The system of claims 20 or claim 21, wherein the non-contact magnetic steering apparatus

is positioned between an entrance of the processing equipment and an exit of the processing

equipment.
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24.  The system of any one of claims 20 to 23, wherein the processing equipment includes an
outer wall having a recessed section, wherein the non-contact magnetic steering apparatus is

positioned at least partially within the recessed section.

25.  The system of any one of claims 20 to 24, further comprising:

one or more actuators coupled to at least one of the first and second magnetic rotors to
adjust vertical, horizontal, or vertical and horizontal positioning of the at least one of the first and
second magnetic rotors; and

a controller coupled to a sensor and the one or more actuators to adjust the vertical,
horizontal, or vertical and horizontal positioning of the at least one magnetic rotor in response to

a signal from the sensor.

26.  The system of any one of claims 20 to 25, wherein each of the at least one magnetic rotor

includes one or more permanent magnets.

27.  The system of any one of claims 20 to 26, wherein the first rotor set is adjacent a first edge
of the moving metal strip and the second rotor set is adjacent a second edge of the moving metal
strip, wherein the first edge is located opposite a lateral centerline of the moving metal strip from

the second edge.

28.  The system of claim 27, wherein one of the first set of rotors is positioned opposite the
moving metal strip from another of the first set of rotors, and wherein one of the second set of

rotors is positioned opposite the moving metal strip from another of the second set of rotors.
29.  The system of any one of claims 20 to 28, wherein the moving metal strip is unsupported

by a physically contacting support for a section of the processing equipment, and wherein the non-

contact magnetic steering apparatus is positioned within the section.
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30. A method of steering a moving metal strip, comprising:

passing a metal strip adjacent a metal processing system of claim 20;

rotating at least one of the first magnetic rotor and the second magnetic rotor to induce the
changing magnetic field at the moving metal strip; and

generating a force in the moving metal strip in response to inducing the changing magnetic
field.

31. The method of claim 30, further comprising:

sensing a position of the metal strip; and

controlling an actuator coupled to at least one of the first magnetic rotor and the second
magnetic rotor based on the sensed position, wherein controlling the actuator includes adjusting at
least one of a horizontal or a vertical position of at least one of the first magnetic rotor or second

magnetic rotor.

32. The method of claim 30, further comprising:

accessing a pre-determined parameter of the strip; and

controlling an actuator coupled to at least one of the first magnetic rotor and the second
magnetic rotor based on the pre-determined parameter, wherein controlling the actuator includes
adjusting at least one of a horizontal or a vertical position of at least one of the first magnetic rotor

or second magnetic rotor.

33.  The method of claim 32, wherein accessing the pre-determined parameter of the strip
includes accessing at least one of the strip width, the strip thickness, and the location of a lateral

centerline of a desired passline.

34. The method of any one of claims 30, claim 32 and claim 33, further comprising:
sensing a position of the metal strip; and
controlling a speed of rotation of at least one of the first magnetic rotor and the second

magnetic rotor based on the sensed position.
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35.  The method of any one of claims 30 to 34, wherein passing the metal strip includes passing

the metal strip at a longitudinal tension at or below 41 Mpa.

36.  The method of any one of claims 30 to 34, wherein passing the metal strip includes passing

the metal strip at a longitudinal tension at or below 6 Mpa.

37. A method of modifying processing equipment for magnetic rotor steering, the method
comprising:

removing a section of an outer wall from the processing equipment;

replacing the section of the outer wall with a recessed section having a horizontal wall and
at least one vertical wall; and

positioning the non-contact magnetic steering apparatus of claim 1 within the recessed
section such that at least one of the first magnetic rotor and the second magnetic rotor is opposite

the horizontal wall from an interior of the processing equipment.

38. The method of claim 37, further comprising:

rotating at least one of the first magnetic rotor and the second magnetic rotor to induce a
changing magnetic field within the interior of the processing equipment, wherein the changing
magnetic field is sufficient to generate a force in a metal strip moving through the interior of the

processing equipment.

39. The method of claim 37 or claim 38, wherein the horizontal wall has a smaller thickness

than a thickness of a vertical wall.
40.  The method of any one of claims 37 to 39, further comprising identifying the section of the

outer wall, wherein identifying the section includes determining a distance by which the outer wall

is longitudinally offset from one or more adjacent nozzles.
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41. The method of claim 31, further comprising controlling a speed of rotation of at least one

of the first and second magnetic rotors based on the sensed position.

Date Regue/Date Received 2020-11-26
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