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AUGMENTED PERMANENT MAGNET SYSTEM

CROSS-REFERENCE TO RELATED APPLICATION

[001]  This application claims the benefit of U.S. Provisional Application No. 62/537,689
filed July 27, 2017, the disclosure of which is expressly incorporated by reference herein
in its entirety.

BACKGROUND

[002] 1. Field of the Disclosure:

[003]  The present disclosure relates to a magnet system, namely a system that produces a
tunable magnetomotive force.

[004] 2. Background of the Disclosure:

[005]  Friction represents an inordinate source of drag for a high-speed, high-efficiency
transportation system. A large source of friction is the bearing, i.e., the component that
allows the vehicle to travel by interfacing between the vehicle and the surface supporting
it. Conventional forms of travel generally utilize wheels as bearings. Wheels, however,
face a large degree of friction and degradation at high speeds.

[006]  Thus, there is a need for an improved bearings for a high-speed, high-efficiency
transportation system.

BRIEF SUMMARY

[007]  The novel features which are characteristic of the disclosure, both as to structure
and method of operation thereof, together with further aims and advantages thereof, will
be understood from the following description, considered in connection with the
accompanying drawings, in which the preferred embodiment of the disclosure is
illustrated by way of example. It is to be expressly understood, however, that the
drawings are for the purpose of illustration and description only, and they are not
intended as a definition of the limits of the disclosure.

[008]  Aspects of the present disclosure are directed to a novel system for providing a
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tunable magnetic field. This tunable magnetic field can be utilized, e.g., in the field of
magnetic levitation transportation systems (“maglev”). Some maglev systems use
electrodynamic suspension (EDS) and Electromagnetic Suspension (EMS), which uses
attractive forces and/or bidirectional between magnetic fields to control and maintain
separation between a vehicle, train, pod, etc., over a guideway or between a vehicle, train,
pod, etc., from an overhead guideway. These systems generally rely on a magnetic field
created by inductance, as demonstrated by a combination of Ampere’s Law and Gauss’
Law, which generate a force demonstrated by the Lorentz Law.

[009] In an exemplary embodiment, a magnet or magnet assembly, also referred to herein
as an augmented permanent magnet system or an “engine” can be substantially fixed to
the top of a vehicle, train, pod, etc., or can be substantially fixed to a bottom of the
vehicle, train, pod, etc. so that the vehicle, train, pod, etc., can be guided along, in a non-
contacting manner, an overhead suspended guideway or a ground based guideway. The
magnet assembly or engine of the vehicle, train, pod, etc. can be magnetically coupled to,
albeit in a non-contacting manner, the guideway, which can be made from, e.g., a
ferromagnetic material such as iron or steel. The magnet assembly or engine can include
at least one electromagnet, which allows for an adjustment of the magnetic field between
the magnet assembly or engine and the guideway to compensate for variations in
displacement distances as the vehicle, train, pod, etc. moves along the guideway. By way
of example, when the vehicle, train, pod, etc. is suspended from an overhead guideway,
the magnetic field between the magnet assembly or engine may be adjusted such that the
attractive forces between the magnet assembly or engine and the guideway are generally
balanced with the force of gravity on the vehicle, train, pod, etc. A similar arrangement
can be utilized in embodiments in which the vehicle, train, pod, etc., is guided over the

guideway. That is, the magnet assembly or engine can be arranged to magnetically
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couple to a bottom surface of the guideway. In this way, the magnetic field between the
magnet assembly (or engine) may be adjusted such that the attractive forces between the
magnet assembly or engine and the guideway are again generally balanced with the force
of gravity on the vehicle, train, pod, etc. Thus, in embodiments, whether suspended from
or guided over the guideway, the vehicle, train, pod, etc. may levitate while in motion.
This system is more efficient than conventional EDS systems because the losses are lower
due to the novel geometry that allows the return flux paths to be orthogonal to the
direction of travel.

[0010] Embodiments are directed to a magnetic bearing system for controlling magnetic
coupling between a mobile carriage and a guideway. The magnetic bearing system
includes at least one engine, which comprises at least two poles, at least one permanent
magnet and at least one coil. The engine is configured to be magnetically coupled to the
guideway through at least one air gap.

[0011] According to embodiments, at least one coil may include at least two coils arranged
so that at least one of the at least two coils surrounds each of the at least two poles.

[0012] In accordance with embodiments, the at least one air gap can include a plurality of
air gaps located between a free end of the at least two poles and the guideway. Further, a
lateral portion can be arranged to join the at least two ends together at ends opposite the
free ends, and the permanent magnet can be arranged in the lateral portion.

[0013] According to other embodiments, the permanent magnet may be arranged to
generate a magnetic flux through the engine, the guideway and the at least one air gap.
The magnetic flux generated by the permanent magnet can be sufficient to maintain a
predetermined spacing for the at least one air gap while holding the vehicle against a
force of gravity. The guideway may be arranged below the vehicle or the guideway can

be arranged above the vehicle, which is suspended from the guideway.
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[0014] In other embodiments, the at least one engine may include a plurality of engines
successively arranged in a direction of travel, the plurality of engines can be arranged
parallel to each other in the direction of travel and each of the plurality of engines may
include at least two poles, at least one permanent magnet and at least one coil. The at
least two poles of each of the plurality of engines can be aligned perpendicular the
direction of travel. The at least two poles of a first engine can be aligned in the direction
of travel with the at least two poles of a second engine adjacent the first engine. The at
least two poles of a first engine may be laterally offset perpendicular to the at least two
poles of a second engine adjacent the first engine. The at least two poles of a first engine
can have a length in the direction of travel that is a same as a length in the travel direction
of the at least two poles of a second engine. The at least two poles of a first engine may
have a length in the direction of travel that is different from a length in the travel direction
of the at least two poles of a second engine. The at least two poles of a first engine may
have a length in the direction of travel that is a multiple of a length in the travel direction
of the at least two poles of a second engine.

[0015] According to other embodiments, the at least two poles may be configured to shape
a flux in the guideway.

[0016] In accordance with still other embodiments, the at least two poles can be formed
from one of'a U-shaped or an E-shaped core.

[0017] According to other embodiments, the at least two poles may include a ferrous
material and the permanent magnet comprises a rare earth metal.

[0018] Embodiments are directed to a method for controlling the magnetic bearing system,
as described above. The method includes monitoring a ride height of the mobile carriage
in relation to a reference, and when the monitored ride height is outside of a

predetermined range, correcting the ride height to within the predetermined range.
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[0019] In accordance with still yet other embodiments, when the ride height is less than a
predetermined minimum, executing a cancellation mode in which a current is applied to
the at least one coil to generate a flux in a direction opposite a magnetic flux generated by
the at least one permanent magnet, and when the ride height is greater than a
predetermined maximum, executing a reinforcement mode in which a current is applied
to the at least one coil to generate a flux in a same direction as a magnetic flux generated
by the at least one permanent magnet.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] These and other features of this disclosure will be best understood by reference to
the following detailed description of a preferred embodiment of the disclosure, taken in
conjunction with the accompanying drawings, in which:

[0021] FIG. 1 shows an embodiment of a vehicle configured to travel over a guideway and
an embodiment of a vehicle configured to travel suspended from a guideway.

[0022] FIG. 2 shows an angled view of an exemplary augmented permanent magnet system
in accordance with aspects of the disclosure;

[0023] FIG. 3 shows a cross-sectional view of an exemplary engine viewed in a direction of
travel in accordance with aspects of the disclosure;

[0024] FIG. 4 shows various embodiment for configuring a U-shaped engine;

[0025] FIG. 5 shows various embodiment for configuring an E-shaped engine;

[0026] FIG. 6 shows a cross-sectional view of an exemplary engine viewed in a direction of
travel in accordance with aspects of the disclosure in a cancellation mode;

[0027] FIG. 7 shows a cross-sectional view of an exemplary engine viewed in a direction of
travel in accordance with aspects of the disclosure in a reinforcement mode;

[0028] FIG. 8 shows various embodiments for configuring the engine to shape the flux;

[0029] FIG. 9 shows various embodiments for configuring the guideway to shape the flux;
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[0030] FIG. 10 shows exemplary embodiments of engines interacting with a guideway to
produce a longitudinal braking force;

[0031] FIG. 11 shows a force vector with lateral offset between the engine and guideway;

[0032] FIG. 12 shows an embodiment of engines laterally offset from a guideway
centerline;

[0033] FIG. 13 shows embodiments for decoupled engine axes on a guideway;

[0034] FIG. 14 shows an exemplary embodiment for active control on a guideway;

[0035] FIG. 15 shows embodiments for active guidance with decoupled axes;

[0036] FIG. 16 shows embodiments for guidance control on multiple guideways with
decoupled axes;

[0037] FIG. 17 shows embodiments with axial bridging elements to minimize flux change
between engines;

[0038] FIG. 18 shows exemplary coil arrangements to minimize distance between engines;

[0039] FIG. 19 shows an exemplary environment for practicing aspects of the present
disclosure; and

[0040] FIG. 20 shows an exemplary method for controlling the magnetic bearing according
to embodiments.

DETAILED DESCRIPTION OF EMBODIMENTS OF THE DISCLOSURE

[0041] The following detailed description illustrates by way of example, not by way of
limitation, the principles of the disclosure. This description will clearly enable one
skilled in the art to make and use the disclosure, and describes several embodiments,
adaptations, variations, alternatives and uses of the disclosure, including what is presently
believed to be the best mode of carrying out the disclosure. It should be understood that
the drawings are diagrammatic and schematic representations of exemplary embodiments

of the disclosure, and are not limiting of the present disclosure nor are they necessarily
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drawn to scale.

[0042] Embodiments of the present disclosure may be used in a transportation system, for
example, as described in commonly-assigned Application Ser. No. 15/007,783, titled
“Transportation System,” the contents of which are hereby expressly incorporated by
reference herein in their entirety.

[0043] Further, embodiments of the present disclosure may be used with various guideway
or track topologies or structures, for example, as described in commonly-assigned

Application Ser. No. [Attorney Docket No. P55052], titled “Vehicle

Based Guided Switching,” the contents of which are hereby expressly incorporated by
reference herein in their entirety.

[0044] In the following description, the various embodiments of the present disclosure will
be described with respect to the enclosed drawings. As required, detailed embodiments
of the present disclosure are discussed herein; however, it is to be understood that the
disclosed embodiments are merely exemplary of the embodiments of the disclosure that
may be embodied in various and alternative forms. The figures are not necessarily to
scale and some features may be exaggerated or minimized to show details of particular
components. Therefore, specific structural and functional details disclosed herein are not
to be interpreted as limiting, but merely as a representative basis for teaching one skilled
in the art to variously employ the present disclosure.

[0045] The particulars shown herein are by way of example and for purposes of illustrative
discussion of the embodiments of the present disclosure only and are presented in the
cause of providing what is believed to be the most useful and readily understood
description of the principles and conceptual aspects of the present disclosure. In this
regard, no attempt is made to show structural details of the present disclosure in more

detail than is necessary for the fundamental understanding of the present disclosure, such
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that the description, taken with the drawings, making apparent to those skilled in the art
how the forms of the present disclosure may be embodied in practice.

G, 9 6c
a

[0046] As used herein, the singular forms an,” and “the” include the plural reference
unless the context clearly dictates otherwise. For example, reference to “a magnetic
material” would also mean that mixtures of one or more magnetic materials can be
present unless specifically excluded. As used herein, the indefinite article "a" indicates
one as well as more than one and does not necessarily limit its referent noun to the
singular.

[0047]  Except where otherwise indicated, all numbers expressing quantities used in the
specification and claims are to be understood as being modified in all examples by the
term “about.” Accordingly, unless indicated to the contrary, the numerical parameters set
forth in the specification and claims are approximations that may vary depending upon
the desired properties sought to be obtained by embodiments of the present disclosure. At
the very least, and not to be considered as an attempt to limit the application of the
doctrine of equivalents to the scope of the claims, each numerical parameter should be
construed in light of the number of significant digits and ordinary rounding conventions.

[0048] Additionally, the recitation of numerical ranges within this specification is
considered to be a disclosure of all numerical values and ranges within that range (unless
otherwise explicitly indicated). For example, if a range is from about 1 to about 50, it is
deemed to include, for example, 1, 7, 34, 46.1, 23.7, or any other value or range within
the range.

[0049] As used herein, the terms “about” and “approximately” indicate that the amount or
value in question may be the specific value designated or some other value in its
neighborhood. Generally, the terms “about” and “approximately” denoting a certain value

is intended to denote a range within £ 5% of the value. As one example, the phrase “about
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100” denotes a range of 100 £ 5, i.e. the range from 95 to 105. Generally, when the terms
“about” and “approximately” are used, it can be expected that similar results or effects
according to the disclosure can be obtained within a range of +5% of the indicated value.

[0050] As used herein, the term “and/or” indicates that either all or only one of the
elements of said group may be present. For example, “A and/or B” shall mean “only A, or
only B, or both A and B”. In the case of “only A”, the term also covers the possibility that
B is absent, i.e. “only A, but not B”.

[0051] The term “substantially parallel” refers to deviating less than 20° from parallel
alignment and the term “substantially perpendicular” refers to deviating less than 20°
from perpendicular alignment. The term “parallel” refers to deviating less than 5° from
mathematically exact parallel alignment. Similarly “perpendicular” refers to deviating
less than 5° from mathematically exact perpendicular alignment.

[0052] The term “at least partially” is intended to denote that the following property is
fulfilled to a certain extent or completely.

[0053] The terms “substantially” and “essentially” are used to denote that the following
feature, property or parameter is either completely (entirely) realized or satisfied or to a
major degree that does not adversely affect the intended result.

[0054] The term “comprising” as used herein is intended to be non-exclusive and open-
ended. Thus, for example a composition comprising a compound A may include other
compounds besides A. However, the term “comprising” also covers the more restrictive
meanings of “consisting essentially of” and “consisting of”, so that for example “a
composition comprising a compound A” may also (essentially) consist of the compound
A.

[0055] The various embodiments disclosed herein can be used separately and in various

combinations unless specifically stated to the contrary.
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[0056] The present disclosure relates to an augmented permanent magnet system (APMS)
or engine. FIG. 1 shows two embodiments of a vehicle, train, pod, etc. [hereinafter
“vehicle”] 38 that can be guided along a guideway 40, which is fixed. In the left-hand
embodiment 43, vehicle 38 is arranged to be guided over guideway 40, while in the right-
hand embodiment 42, vehicle 38 is suspended from guideway 40. In relation to
embodiment 43, embodiment 42 has advantages in terms of structural efficiency of the
mechanical structure. Bogies 44 are coupled to vehicle 38 via a mechanical structure,
such as a coupling plate 39. At the ends of the bogies 44 a set of magnet assemblies or
engines 41 to be magnetically coupled to guideway 40. In the illustrated embodiments,
the sets of engines 41 interact with guideway 40. While not viewable in FIG. 1, multiple
engines 41 may be arranged parallel to each other in the direction of vehicle travel, i.e., in
the x-axis direction. These multiple engines 41 can also be aligned with one another in
the travel direction, or one or more engines may be offset from each other in the Y-
direction. Engines 41 are tunable to maintain a non-contacting coupling with guideway
40 so that vehicle 38 levitates as it is guided along guideway 40. Moreover, from the two
exemplary embodiments, it can be seen that the magnetic coupling between engines 41
and guideway 40 can be tuned to overcome or compensate for the weight of vehicle 38.

[0057] FIG. 2 shows a more detailed plan view of at least one engine 41 and at least a
portion of guideway 1, which is fixed to some ground (inertial ground or structure).
Guideway 1 can include a ferrous/steel material and may be embodied in a number of
configurations, see, ¢.g., FIG. 9, and in this exemplary embodiment includes two poles.
Engine 41 can include, e.g., metal poles 3, 4 made with, e.g., known ferromagnetic
materials such as iron or steel, at least one permanent magnet 5, which can include a rare
earth magnet material, such as neodymium-iron-boron, and at least one coil 2, 6 for

carrying electric current. In the exemplary embodiment, coils 2, 6 surround metal poles

- 10-
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3, 4, respectively, to form electromagnets at each pole. Moreover, engine 41 in FIG. 2 is
movable relative to guideway 1 generally in a direction of travel 9, which is parallel to the
x-direction. Based on this orientation and direction of travel, a leading edge or nose 11
and a trailing end or tail 10 can be defined for engine 41.

[0058] In the illustrated embodiment, metal poles 3, 4 and the at least one permanent
magnet 5 can be arranged in a number of ways to form a substantially horseshoe or U-
shaped core, ¢.g., where metal poles 3, 4 form first and second arms of the U-shaped core
and a lateral portion of the U-shaped core connecting the two arms can include the
permanent magnet 5. Alternatively, metal poles 3, 4 can include some portion of magnet
material, e.g., rare earth magnet material, such as neodymium-iron-boron, to form
permanent magnet 5. This U-shaped core embodiment of engine 41 is more particularly
shown, e.g., in FIG. 3, which shows a cross-section of FIG. 2 viewed in the X-axis
direction.

[0059] In the exemplary embodiment of FIG. 3, guideway 1 is stationary or fixed to inertial
ground or a structure. Engine 41, which includes coils 2, 6 forming electromagnets at the
ends of metal poles 3, 4 and permanent magnet 5, is offset from guideway 1 by an air gap
8 which as depicted in the Z-direction. However, it is understood that air gap 8 can have
significant extent in both Z- and Y-directions. According to this embodiment, when zero
current is applied to coils 2, 6, permanent magnet 5 is the only source of magnetic
potential in engine 41. Moreover, if permanent magnet 5 is magnetized as shown (North
facing in the direction of the arrow, i.e., in the positive Y-direction), a magnetic flux 7 is
generated through air gap 8, engine 41 and guideway 1 (in a counter-clockwise direction),
as shown, in a magnetic flux closure path that is substantially orthogonal to the direction
of travel. This generates a force (closing gap force) between engine 41 and guideway 1,

which can act to close air gap 8. To maintain this air gap 8, this gap closing force is

-11-



WO 2019/023041 PCT/US2018/042917

preferably balanced by an opposing force, such as by gravity. Further, when engine 41 is
attached to vehicle 38 (see FIG. 1), the closing gap force is preferably be balanced by an
opposing force that includes the mass of the vehicle 38.

[0060] The net force is preferably be maintained through a stabilization method as this
configuration is open loop unstable. This stabilization method can be either passive (such
as a mechanical compliance or through some eddy current generation method) or active
(as described below).

[0061] According to arrangement of the engine 41 and guideway 1, the flux return path is
orthogonal to the direction of travel of engine 41 (where direction of travel is largely
orthogonal to the YZ plane). In this way, a full flux reversal (fully positive to fully
negative) can be avoided in the direction of travel as seen by an engine moving along
guideway 1. As described below, this implies that drag may be minimized through the
minimization of eddy currents generated in the guideway due to changes in flux over
time.

[0062] 1t is to be further understood that engine 41 can be formed with only metal poles
and at least one coil, i.e., as an electromagnet, whereby the engine flux direction is
arbitrary since it depends upon the direction of current flowing through the coil(s).
However, as this arrangement does not have a natural magnetic field, it cannot be
operated in a zero current or rest state, and therefore, must always be energized in order to
overcome the mass of the vehicle in the direction of gravity.

[0063] Thus, other arrangements of the metal poles, permanent magnet and coils forming
engine 41 are contemplated without departing from the spirit and scope of the
embodiments. Fig. 4 shows a number of different arrangements of a U-shaped engines
showing exemplary and non-limiting embodiments of various poles, permanent magnet

and coil arrangements, in which the coil may be series wound or parallel wound and/or

- 12-
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driven by separate drivers in accordance with aspects of the disclosure. Moreover, it is to
be understood that any combination of the permanent magnets and coil configurations are
compatible with each other. In other embodiments, it can be advantageous to use an E-
shaped engine. FIG. 5 show various embodiments of E-shaped exemplary and non-
limiting embodiments of various poles, permanent magnet and coil arrangements, in
which the coil may be series wound or parallel wound and/or driven by separate drivers in
accordance with aspects of the disclosure. Again, it is to be understood that any
combination of the permanent magnets and coil configurations are compatible with each
other.

[0064] The engine may include at least one coil that is configured to provide flux in a
designed direction. In embodiments, this may be substantially the same direction as the
natural flux path of the engine or of the permanent magnet(s) of the engine. This can be
achieved through any one of several geometries of the electromagnet and metal poles,
such as an exemplary embodiment where a wire is substantially wrapped around the
lateral portion of the permanent magnet module forming a coil, such that the plane
formed by the coil is substantially orthogonal to the plane formed by the outer faces of the
first and second poles. The coil may also wrap around multiple aligned engines. The
engines can be operated in two modes, i.e., a cancellation mode and a reinforcement
mode. In cancellation mode, a current is supplied to the coil to create a magnetic field in
a direction opposite the natural magnetic field of the engine. Thus, the current flowing
within the coil can create a magnetic field directed opposite the magnetic field of the
engine, whereby the attraction between the engines and the guideway is reduced. In
reinforcement mode, a current can be supplied to the coil in a direction to create a
magnetic field in a same direction as the natural magnetic field of the engine. Thus, the

current flowing within the coil can create a magnetic field directed in a same direction as

- 13-
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the magnetic field of the engine, whereby the attraction between the engines and the
guideway is increased.

[0065] Referring back to FIG. 3, which shows the zero current/rest state of the engine 41
and guideway 1, when the vehicle moves along the guideway 1, the air gap 8 between the
engine 41 and guideway 1 can vary. In certain instances, as the vehicle moves along the
guideway 1, the air gap 8 may tend to decrease. To address this situation, the system can
employ the cancellation mode. FIG. 6 shows an embodiment in which the air gap 8
between the engine 41 and the guideway 1 has decreased below the zero current state
established by the natural magnetic flux 7 of the engine 41, as in FIG. 3. In order to
return the system to its rest state, i.e., to restore the zero current air gap 8, a negative
current can be supplied to the coils at the poles to generate a magnetomagnetic force
(MMF) from the electromagnets and to generate a magnetic flux 13 through engine 41,
air gap 8 and guideway 1 in a direction opposite magnetic field 7, e.g., where, as in Fig. 6,
magnetic field 7 is in a counter-clockwise direction and the magnetic flux 13 isin a
clockwise direction, thereby diminishing the attractive force between the engine 41 and
the guideway 1 and increasing the air gap 8. Thus, this magnetic flux 13 from the
electromagnets is super-imposed on magnetic flux 7 generated by the permanent magnet,
so the electromagnet flux 13 acts to cancel the permanent magnet flux 7, thereby
decreasing the total flux in air gap 8 and thus decreasing the gap-closing force generated
between the guideway 1 and the engine 41.

[0066] In contrast to the above, in certain instances, as the vehicle moves along the
guideway, the air gap may tend to increase. To address this situation, the system can
employ the reinforcement mode. FIG. 7 shows an embodiment in which the air gap 8
between the engine 41 and the guideway 1 has increased beyond the zero current state

established by the natural magnetic flux 7 of the engine, as in FIG. 3. In order to return
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the system to its rest state, i.¢., to restore the zero current air gap 8, a positive current can
be supplied to the coils at the poles to generate a magnetomotive force (MMF) from the
electromagnets and to generate a magnetic flux 12 through engine 41, air gap 8 and
guideway 1 in a same direction as magnetic field 7, e.g., where, as in Fig. 7, magnetic
field 7 is in a counter-clockwise direction and the magnetic flux 13 is also in the counter-
clockwise direction, thereby increasing the attractive force between the engine 41 and the
guideway 1 and decreasing the air gap 8. This magnetic flux 13 is super-imposed on the
magnetic flux 7 generated by the permanent magnet, so the electromagnet flux 12 acts to
reinforce the permanent magnet flux 7, thereby increasing the total flux in the air gap 8
and thus increasing the gap-closing force generated between the guideway 1 and the
engine 1.

[0067] In embodiments, an active control system can maintain a predefined or preferred
distance between the engine and the guideway. In this regard, a combination of applying
reinforcing and cancelling MMFs from the electromagnets allows an active stabilization
system to be implemented using a controller that commands current through the
electromagnets. This also enables a completely non-contact bearing method using the
engine and a control system. The control system may monitor the distance between the
engine and the guideway, also known as the ride height. Moreover, a plurality of sensors
configured to detect, e.g., displacement, velocity, and/or acceleration of the vehicle can be
coupled to transmit this detected information to the control system so that the ride height
can be determined. If the active control system finds that the ride height distance has
increased beyond a preselected tolerance, then the active control system may adjust the
direction and strength of the current through the coil to increase the attractive force
between the engine and guideway, returning the ride height to within the preselected

tolerance, see FIG. 7. Likewise, if the active control system finds that the distance
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between the engine and the guideway has decreased below a preselected tolerance, then
the active control system may adjust the direction and strength of the current through the
coil to decrease the attractive force, between the engine and guideway, returning the ride
height to within the preselected tolerance, see FIG. 6. The active control system may also
include a controller configured to adjust the strength and flow of current through the coil
in response to signals from the control system.

[0068] A parameter of concern in a non-contact bearing system is the drag force generated
during motion along the guideway. For magnetic bearings, the relevant drag generation
mechanism is described by viewing an element of the guideway over time. This element
will see a change in magnetic flux over time due to the interaction with the engine, which
will generate an electrical potential field which will in turn generate a current density
distribution or eddy current distribution, in accordance with Maxwell’s laws. This eddy
current distribution will subsequently produce a reactive magnetic field which will act to
reduce the original magnetic flux. This reduction in field acts to produce a reduction in
the net gap-closing force as well as a drag force which opposes the direction of motion.

[0069] In the case of the engine according to the embodiments (as compared to other
electromagnetic suspension systems such as the German Transrapid), and similarly to the
Japanese LINIMO, the flux return path, as illustrated in FIG. 8, is orthogonal to a
direction of motion D. Those skilled in the art will be able to determine that the magnetic
flux change over time is directly related to the velocity and the gradient of the spatial
distribution of magnetic flux over the engine in the direction of travel. FIG. 8 shows the
distribution 35 of flux over the engine in the X-direction, which is parallel to the direction
of travel D, for an engine with no flux shaping elements in the geometry of the poles or
the permanent magnet represented by a body 32. As seen in distribution 35, the spatial

gradient of the flux is high at the leading and trailing edge of the engine and zero
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elsewhere, showing that the drag-inducing eddy currents are associated only with the
leading and trailing edges of the engine. This is in contrast to the lift or gap-closing force
which is associated with the entire length of the engine/flux distribution as it depends on
the square of the flux rather than its gradient. This shows the fundamental advantage of
this configuration, as the lift-to-drag (the critical performance metric for a high
performance magnetic bearing system) can be maximized by lengthening the engine in
the direction of travel, such that gap closing force increases (i.e., lift increases) while drag
remains largely fixed for a constant speed. It is noted that the total change in flux seen
does not exceed zero to some maximum amount of flux, in contrast to a system such as
Transrapid, which has the flux return path in the direction of travel, such that the
guideway sees a change from fully positive flux to fully negative. As the eddy currents
generated depend on the square of the amplitude of the gradient of the magnetic flux, this
doubling represents a notional 4X on the drag.

[0070] To reduce this drag further, flux shaping strategies may be implemented to reduce
the spatial gradient of the flux at the leading and trailing edges. FIG. 8 shows an
embodiment in which either the permanent magnets or metal poles may be shaped, as
illustrated by body 33, with thinner elements near the leading and trailing edges in order
to gradually increase the magnetic field strength in the direction of travel D. A
representative field for such a design is shown in distribution 36, which when compared
to the unshaped field of distribution 35, exhibits reduced spatial gradient of magnetic flux
in the direction of travel D. Similarly, the height or volume of either or both permanent
magnets and steel poles may be reduced near the leading and trailing edges as shown by
the example of body 34, producing a representative magnetic flux distribution 37, which

also has reduced spatial gradient of magnetic flux in the direction of travel.
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[0071] Any of these flux shaping methods can reduce the total drag on the engine due to
eddy current distributions in the guideway.

[0072] FIG. 9 shows various embodiments for geometries of possible guideway cross-
sections, such as a flat plate 17, a U-shaped core with poles 18, and a U-shaped core with
poles and shaped flanges 19. The geometries, which are not intended to be limited to
these illustrated embodiments, may include other embodiments for facilitating the
magnetic coupling to the engine. Further, the specific design for a particular system can
depend on the performance requirements relative to the cost function for the particular
system. Thus, as set forth above, embodiments of the present disclosure may be used
with the various guideway or track topologies or structures described, e.g., in commonly-

assigned Application Ser. No. [Attorney Docket No. P55052], titled

“Vehicle Based Guided Switching,” the contents of which are hereby expressly
incorporated by reference herein in their entirety.

[0073] It is further understood that the gunideway, which can be laminated or solid core
material, preferably includes a ferrous material, such as steel, construction steel, electrical
steel, iron, etc. It is further to be understood that laminations offer a further advantage of
limiting the eddy currents generated by the changing flux distribution over time.

[0074] FIG. 10 shows an embodiment in which a system including a plurality of engines
interacts with a single guideway to produce a longitudinal braking force. In the
exemplary embodiment, a set of plural engines arranged to interact with a single
guideway can be used to generate a controllable braking force. FIG. 10 shows the
nominal driving configuration for a set of three engines arranged parallel to each other in
the travel direction (X-direction) with net flux directions 59a, 59b, 59¢. Evaluating the

flux seen at the surface of the guideway along the line 58 corresponding to the location of
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a pole, a flux distribution in the X-direction is depicted by the curve 61, which is largely
uniform with some variation due to longitudinal spacing between the engines.

[0075] If the central engine is driven so that the net flux direction is opposite to the engines
on either side, whereby the net flux on each engine is 60a, 60b, 60c, then the flux
evaluated on a line 58 along the surface of the guideway is depicted by the curve 62,
where the flux in the center of the distribution is of equal magnitude but opposite sign to
the flux generated by the other two engines. This sharp gradient allows the generation of
large eddy currents in the guideway, which generate a drag or braking force opposite to
the direction of motion (not shown).

[0076] While this illustration shows a full flux reversal, it is be understood that this
arrangement is not intended to be limiting and that any amplitude difference between the
engines will generate this braking force to some extent. Thus, this arrangement represents
a controllable braking force.

[0077] While the guideway may be identical to that used above for generating vertical and
lateral forces, it also contemplated to modify the guideway to include, in addition to the
ferrous flux-guiding guideway 63 or 65 geometries described above, a largely non-ferrous
but electrically conducting eddy current generation layer 64 or 66. It is understood that
eddy current generation layers can be used with any design and geometry of the guideway
without departing from the spirit and scope of the embodiments.

[0078] Embodiments are directed to correcting for lateral offsets arising between the
engine and the guideway. As shown in FIG. 11, a variation of vertical and lateral forces
as a function of lateral offsets between the centerlines is illustrated. If the guideway 1 is
built symmetrically around its centerline 13, and the engine 41 is built symmetrically
around its centerline 14, it is preferred that centerlines 13, 14 are co-linear so that the gap-

closing force is oriented largely vertically (Z-direction), with near zero or zero lateral
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force (Y-direction), see, e.g., FIG. 3 When the centerline 14 of engine 41 is laterally
offset from centerline 13 of laterally by an offset 15 in the negative Y-direction, as in
FIG. 11, a net force vector 16 acting on the engine is tilted such that a positive lateral
force is produced.

[0079] This mechanism implies that the engine may be used to generate a passive restoring
force in the lateral or guidance direction, obtaining lift and guidance from the same plane
of interaction with the guideway. This mechanism may also be used to implement an
active guidance scheme by deliberately creating offsets between a series of engines and a
guideway.

[0080] In embodiments, an active guidance configuration, in which the engines are laterally
offset from a centerline of the guideway, is provided. As shown in FIG. 12, a pair of
engines 20, 21, which are successively arranged in a travel direction and offset from a
centerline 24 of a guideway, may be attached to a same mechanical structure (not
illustrated) that can transmit forces between them. As illustrated, a centerline 22 of
engine 20 may be offset from guideway centerline 24 by an offset 25 (in the negative Y-
direction), while a centerline 23 of engine 21 may be offset from guideway centerline 24
by an offset 26 (in the positive Y-direction). From the previous discussion of lateral
offsets between the engine and guideway, those skilled in the art will be able to determine
that the flux in engine 20 will cause a positive vertical (Z-direction) force and a lateral
force in the negative Y-direction. Simultaneously, the flux in engine 21 will cause a
positive vertical (Z-direction) and a positive Y-direction lateral force.

[0081] The combination, when driven at equal offsets 25, 26 at equal air-gaps and equal
currents will produce net-zero lateral force and net positive vertical force. When currents
are driven such that the flux in engine 20 is strengthened and the flux in engine 21 is

decreased, it is possible to generate the same vertical force and a net lateral force in the
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negative Y-direction. Similarly, when currents are driven such that the flux in engine 20
is decreased and the flux in engine 21 is strengthened, it is possible to generate the same
vertical force and a net positive lateral force. In addition, if current is driven such that
both flux in engine 20 and engine 21 is strengthened equally, it is possible to generate
increased vertical force and net zero lateral force, or to increase vertical force and
maintain the same lateral force. This shows that this configuration can generate
independently controllable vertical and lateral forces, a key performance feature in active
control systems and vehicle controls.

[0082] With reference to FIG. 13, embodiments directed to configurations for an active
guidance for decoupled axes on a single guideway are shown. A set of engines may be
arranged so that they are attached to a same mechanical structure and interact with a
single guideway, as shown in FIG. 13. In addition to independently controllable vertical
and lateral forces, it has been found to be desirable to also control moments or at least not
induce moments in other axes. Two single guideway topologies are depicted in FIG. 13,
i.e., guideway topology 31a, which includes engines 27, 28a, 29a and guideway topology
31b, which includes engines 28b, 29b, 30, 31, which represent a minimum configuration
for zero moments generated in rotations around the Z axis and controllable moments
around the Y axis. Engines 30, 31, which have a combined X-dimension length of L/2 in
guideway topology 31b, may be replaced with a single engine 27 with a length of L/2, as
shown in guideway topology 31a, and generate a same force per unit length. Both
configurations are shown with their representative Y-direction offsets relative to
guideway centerline 24.

[0083] FIG. 14 illustrates a control methodology to generate independent vertical and
lateral forces in accordance with embodiments. While this exemplary figure uses the

example of topology 31as depicted in FIG. 13, it is understood that this the control
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method applies equally to topology 31b depicted in FIG. 13, as well as any number of
topologies utilizing additional engines repeated on a same mechanical structure.

[0084] In this embodiment, it is understood that engines 28, 29 are offset an equal amount
in the negative Y-direction from centerline 24 of the guideway, and engine 27 is offset by
an equal amount in the positive Y-direction from centerline 24 of the guideway.
However, a similar control method may be generated for unequal lateral offsets, where
only the local lateral offset must be known by a controller without departing from the
spirit and scope of the embodiments.

[0085] In a first driving configuration, all three engines 28, 29, 27 driven with equal MMF
per length. In this regard, as engine 27 is twice the length of engines 28, 29, the
requirement is that the MMF generated per length in engine 27 is equal to the MMF per
length equal to engines 28, 29 combined. The individual vertical force on each of engines
28,29 is 0.25 (in dimensionless units) with an individual lateral force of 0.25. The
individual vertical force on engine 27 is 0.5 (due to the fact that it is double the length of
engines 28, 29 and the individual lateral force of -0.5. The net vertical force is thus 1, and
the net lateral force is 0.

[0086] In a second driving configuration, the total flux on engine 27 is driven to zero, and
thus the total force on engine 27 in vertical and lateral axes is zero, and the flux on each
of engines 28, 29 is doubled. The individual vertical force on each of engines 28, 29 is
0.5, and the individual lateral force on each is 0.5. The net vertical force is thus 1, and the
net lateral force is 1.

[0087] In the third driving configuration, engine 27 is driven such that its total flux
doubles, and thus the total force on engine 27 in vertical and lateral axes is 1, and each of
engines 28, 29 is driven such that the flux for each is zero, whereby their individual forces

arc zero. The net vertical force is thus 1, and the net lateral force is -1.
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[0088] Of course, it is understood that these driving configurations are illustrative and not
intended to be limiting in any manner, and it should be understood by those skilled in the
art that a continuum of driving configurations exist between these cases.

[0089] The above-described embodiments for single guideway configurations topologies
31a, 31b have a coupled moment around X, but no ability to control rotations around Z.
FIG. 15 shows exemplary minimum configurations utilizing two guideways for control of
Y, Z, and rotations around X, Y, Z axes in topologies 31¢, 31d interacting with guideways
having centerlines 24a, 24b, respectively. Those skilled in the art can determine from the
previous description of the single guideway topologies how the other axes may be
controlled, and why this is the minimum configurations as illustrated.

[0090] Further, a four guideway configuration is shown in topology 31e, which is includes
a combination of topologies 31¢, 31d interacting with guideways having centerlines 32a,
32b, 32c¢, 32d. This configuration in particular allows the ability to decrease or zero out
vertical and/or lateral forces on a set of guideways without losing control of the five axes,
i.e., Y, Z and rotations around X, Y, Z.

[0091] FIG. 16 illustrates two driving configurations exhibiting the ability to adjust the
distribution of vertical and lateral forces between four guideways with centerlines 32a —
32d. For the purpose of this description, it can be assumed that the center of gravity (CG)
of the moving structure exists on centerline 33. However, it is understood that the
embodiments are not limited to such a CG configuration.

[0092] In a first driving configuration, the lateral and vertical forces are distributed equally
among the four guideways, with the individual forces distributed as shown in
dimensionless units. The net lateral force shown is zero, but may be adjusted to have a net
positive or net negative lateral force. The net moments on all axes is zero, but could be

adjusted to have net moments on any of the three axes.
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[0093] In a second driving configuration, the lateral and vertical forces are distributed
between two guideways 32a, 32¢ with the forces on guideways 32b, 32d net zero. The
total vertical force remains 1, and the total lateral force remains zero. The moments on all
other axes remains zero.

[0094] In addition to these driving configurations, it is possible to distribute lateral forces
equally among all guideways, and distribute guidance between two guideways. This
enables the possibility of implementing a vehicle-side switching mechanism.

[0095] A preferable feature for low drag configurations of engines interacting with single
or multiple guideways is to minimize the longitudinal or X-direction spacing between
engines. This longitudinal spacing as shown in FIG. 17, with engines formed with
electromagnets 47 and cores 45 of permanent magnets and poles, may generate
significant variation in the flux distribution in the X-direction, as shown by distribution
44. This configuration generates drag due to the spatial gradient of the magnetic flux in
the direction of travel D, as previously discussed. To mitigate this drop of flux, bridging
clements 48 may be added to homogenize the flux distribution. If these bridging elements
are made of either permanent magnets or ferrous materials, or some combination thereof,
it is possible to decrease the variation in flux, e.g., as shown by distribution 46, which
represents a significant reduction in drag force. Another contemplated procedure for
decreasing the flux variation between engines in the direction of travel is to decrease the
longitudinal gap 50 between engines by adjusting the geometry of the electromagnets. If
the original electromagnets are essentially racetrack shaped coils 51 slotted onto cores 52
of poles and permanent magnetics, a minimum distance between engines is determined by
the end turn of the coils (i.e., the X-direction extent of the coils that extend past cores 52)
plus some margin. If the coil end turns 54 are bent and slotted onto cores 55 of poles and

permanent magnets, a minimum X-direction spacing 53 results between engines, which is
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substantially reduced relative to distance 50. This reduction of distance also reduces the
variation of magnetic flux in the X-direction, and if the direction of travel is largely
parallel to the X-axis along the guideway then drag may also be reduced.

[0096] An embodiment considers a high-speed transportation system that includes a
substantially enclosed structure, a vehicle, a propulsion system, and a levitation system.
The enclosed structure may include any of several known structures, such as a tube. The
propulsion system may include any of several known systems, including a linear motor.
The levitation system may include an engine and a guideway. The engine and guideway
act as prior described to maintain the ride height of the vehicle while the vehicle is
propelled by the linear motor.

[0097] It is understood that the embodiments are limited to any specific arrangements of
structures described in the application, such that other arrangements of the structures are
contemplated without departing from the spirit and scope of the disclosed embodiments,
¢.g., in embodiments, the engine can be substantially fixed to a ground, such as a tube in a
high-speed transportation system, and the guideway is attached to a vehicle.

[0098] Some embodiments are directed to an engine propulsion system. The engine
propulsion system includes a plurality of engines aligned in the longitudinal or travel
direction. A first engine is configured to create an attractive force between the first engine
and a conductor located substantially on the guideway, as previously described. The
conductor may be substantially displaced from the engine along the direction of travel,
such that the engine may pull in substantially the direction of travel. This has the effect of
creating a travelling electromagnetic wave within the engine that interacts with the
conductor on the guideway. A similar effect can be achieved with a repulsive force
between the engine and the conductor, such that the engine will push off of the conductor

in substantially the direction of travel.
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System Environment

[0099] Aspects of embodiments of the present disclosure (e.g., control systems for the
augmented permanent magnet system) can be implemented by such special purpose
hardware-based systems that perform the specified functions or acts, or combinations of
special purpose hardware and computer instructions and/or software, as described above.
The control systems may be implemented and executed from either a server, in a client
server relationship, or they may run on a user workstation with operative information
conveyed to the user workstation. In an embodiment, the software elements include
firmware, resident software, microcode, etc.

[00100] As will be appreciated by one skilled in the art, aspects of the present
disclosure may be embodied as a system, a method or a computer program product.
Accordingly, aspects of embodiments of the present disclosure may take the form of an
entirely hardware embodiment, an entirely software embodiment (including firmware,
resident software, micro-code, etc.) or an embodiment combining software and hardware

% e

aspects that may all generally be referred to herein as a “circuit,” “module” or “system.”
Furthermore, aspects of the present disclosure (e.g., control systems) may take the form
of a computer program product embodied in any tangible medium of expression having
computer-usable program code embodied in the medium.

[00101] Any combination of one or more computer usable or computer readable
medium(s) may be utilized. The computer-usable or computer-readable medium may be,
for example but not limited to, an electronic, magnetic, optical, electromagnetic, infrared,
or semiconductor system, apparatus, device, or propagation medium. More specific
examples (a non-exhaustive list) of the computer-readable medium would include the

following: an electrical connection having one or more wires, a portable computer

diskette, a hard disk, a random access memory (RAM), a read-only memory (ROM), an
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erasable programmable read-only memory (EPROM or Flash memory), an optical fiber, a
portable compact disc read-only memory (CDROM), an optical storage device, a
transmission media such as those supporting the Internet or an intranet, a magnetic
storage device, a USB key, and/or a mobile phone.

[00102] In the context of this document, a computer-usable or computer-readable
medium may be any medium that can contain, store, communicate, propagate, or
transport the program for use by or in connection with the instruction execution system,
apparatus, or device. The computer-usable medium may include a propagated data signal
with the computer-usable program code embodied therewith, either in baseband or as part
of a carrier wave. The computer usable program code may be transmitted using any
appropriate medium, including but not limited to wireless, wireline, optical fiber cable,
RF, etc.

[00103] Computer program code for carrying out operations of the present
disclosure may be written in any combination of one or more programming languages,
including an object oriented programming language such as Java, Smalltalk, C++ or the
like and conventional procedural programming languages, such as the "C" programming
language or similar programming languages. The program code may execute entirely on
the user's computer, partly on the user's computer, as a stand-alone software package,
partly on the user’s computer and partly on a remote computer or entirely on the remote
computer or server. In the latter scenario, the remote computer may be connected to the
user’s computer through any type of network. This may include, for example, a local area
network (LAN) or a wide area network (WAN), or the connection may be made to an
external computer (for example, through the Internet using an Internet Service Provider).
Additionally, in embodiments, the present disclosure may be embodied in a field

programmable gate array (FPGA).
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[00104] FIG. 19 is an exemplary system for use in accordance with the
embodiments described herein. The system 3900 is generally shown and may include a
computer system 3902, which is generally indicated. The computer system 3902 may
operate as a standalone device or may be connected to other systems or peripheral
devices. For example, the computer system 3902 may include, or be included within, any
one or more computers, servers, systems, communication networks or cloud environment.

[00105] The computer system 3902 may operate in the capacity of a server in a
network environment, or in the capacity of a client user computer in the network
environment. The computer system 3902, or portions thereof, may be implemented as, or
incorporated into, various devices, such as a personal computer, a tablet computer, a set-
top box, a personal digital assistant, a mobile device, a palmtop computer, a laptop
computer, a desktop computer, a communications device, a wireless telephone, a personal
trusted device, a web appliance, or any other machine capable of executing a set of
instructions (sequential or otherwise) that specify actions to be taken by that device.
Further, while a single computer system 3902 is illustrated, additional embodiments may
include any collection of systems or sub-systems that individually or jointly execute
instructions or perform functions.

[00106] As illustrated in FIG. 19, the computer system 3902 may include at least
one processor 3904, such as, for example, a central processing unit, a graphics processing
unit, or both. The computer system 3902 may also include a computer memory 3906.
The computer memory 3906 may include a static memory, a dynamic memory, or both.
The computer memory 3906 may additionally or alternatively include a hard disk,
random access memory, a cache, or any combination thereof. Of course, those skilled in
the art appreciate that the computer memory 3906 may comprise any combination of

known memories or a single storage.
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[00107] As shown in FIG. 19, the computer system 3902 may include a computer
display 3908, such as a liquid crystal display, an organic light emitting diode, a flat panel
display, a solid state display, a cathode ray tube, a plasma display, or any other known
display. The computer system 3902 may include at least one computer input device 3910,
such as a keyboard, a remote control device having a wireless keypad, a microphone
coupled to a speech recognition engine, a camera such as a video camera or still camera, a
cursor control device, or any combination thereof. Those skilled in the art appreciate that
various embodiments of the computer system 3902 may include multiple input devices
3910. Moreover, those skilled in the art further appreciate that the above-listed,
exemplary input devices 3910 are not meant to be exhaustive and that the computer
system 3902 may include any additional, or alternative, input devices 3910.

[00108] The computer system 3902 may also include a medium reader 3912 and a
network interface 3914. Furthermore, the computer system 3902 may include any
additional devices, components, parts, peripherals, hardware, software or any
combination thereof which are commonly known and understood as being included with
or within a computer system, such as, but not limited to, an output device 3916. The
output device 3916 may be, but is not limited to, a speaker, an audio out, a video out, a
remote control output, or any combination thereof. As shown in FIG. 19, the computer
system 3902 may include communication and/or power connections to one or more
augmented permanent magnet systems (APMS) 700, and an APMS controller 705 to
control activation/deactivation of the respective APMS 700, in accordance with aspects of
the disclosure. Additionally, as shown in FIG. 19, the computer system 3902 may include
one or more sensors 710 (e.g., positional sensors, distance/displacement sensors, velocity
sensors, accelerometers, GPS systems, magnetic sensors) that may provide data (e.g.,

positional data, ride height data) to the APMS controller 705.
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[00109] Furthermore, the aspects of the disclosure may take the form of a computer
program product accessible from a computer-usable or computer-readable medium
providing program code for use by or in connection with a computer or any instruction
execution system. The software and/or computer program product can be implemented in
the environment of FIG. 19. For the purposes of this description, a computer-usable or
computer readable medium can be any apparatus that can contain, store, communicate,
propagate, or transport the program for use by or in connection with the instruction
execution system, apparatus, or device. The medium can be an electronic, magnetic,
optical, electromagnetic, infrared, or semiconductor system (or apparatus or device) or a
propagation medium. Examples of a computer-readable storage medium include a
semiconductor or solid state memory, magnetic tape, a removable computer diskette, a
random access memory (RAM), a read-only memory (ROM), a rigid magnetic disk and
an optical disk. Current examples of optical disks include compact disk — read only
memory (CD-ROM), compact disc — read/write (CD-R/W) and DVD.

[00110] FIG. 20 illustrates an exemplary process 2000 for controlling the ride height of
the vehicle. At 2001, the ride height of the vehicle is monitored, measured or sensed. In
this regard, it is understood that this ride height parameter can be determined by
measuring an air gap distance between the engine and guideway, or measuring a distance
between a reference surface on the vehicle and a reference surface or point on the
guideway or other fixed position, or measuring engine/guideway spacing. At 2002, a
determination is made whether the ride height distance is less than a predetermined
minimum. If the monitored ride height is less than the predetermined minimum, the
cancellation mode is initiated at 2003. As discussed above, in the cancellation mode,
current is driven through the coils of the engine in a direction to generate a flux opposite

the direction of the natural flux/zero current state of the engine. After the cancellation
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mode begins, the process returns to 2001 to monitor the ride height to confirm the
corrective action has been successfully performed.

[00111] If the monitored ride height is not less than the predetermined minimum, a
determination is made, at 2004 whether the ride height distance is greater than a
predetermined maximum. If the ride height is greater than the predetermined maximum,
the reinforcement mode is initiated at 2005. As discussed above, in the reinforcement
mode, current is driven through the coils of the engine in a direction to generate a flux in
a same direction as the natural flux/zero current state of the engine. After the
reinforcement mode begins, the process returns to 2001 to monitor the ride height to
confirm the corrective action has been successfully performed. If the ride height is not
greater than the predetermined maximum, the process returns to 2001 to continue
monitoring ride height.

[00112] It is to be understood that the above-described process is merely exemplary
and should not be construed as limiting the process to performance in any particular
order.

[00113] Although the present specification describes components and functions that
may be implemented in particular embodiments with reference to particular standards and
protocols, the disclosure is not limited to such standards and protocols. Such standards
are periodically superseded by faster or more efficient equivalents having essentially the
same functions. Accordingly, replacement standards and protocols having the same or
similar functions are considered equivalents thereof.

[00114] The illustrations of the embodiments described herein are intended to
provide a general understanding of the various embodiments. The illustrations are not
intended to serve as a complete description of all of the elements and features of

apparatus and systems that utilize the structures or methods described herein. Many other
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embodiments may be apparent to those of skill in the art upon reviewing the disclosure.
Other embodiments may be utilized and derived from the disclosure, such that structural
and logical substitutions and changes may be made without departing from the scope of
the disclosure. Additionally, the illustrations are merely representational and may not be
drawn to scale. Certain proportions within the illustrations may be exaggerated, while
other proportions may be minimized. Accordingly, the disclosure and the figures are to
be regarded as illustrative rather than restrictive.

[00115] Accordingly, the present disclosure provides various systems, structures,
methods, and apparatuses. Although the disclosure has been described with reference to
several exemplary embodiments, it is understood that the words that have been used are
words of description and illustration, rather than words of limitation. Changes may be
made within the purview of the appended claims, as presently stated and as amended,
without departing from the scope and spirit of the disclosure in its aspects. Although the
disclosure has been described with reference to particular materials and embodiments,
embodiments of the disclosure are not intended to be limited to the particulars disclosed;
rather the disclosure extends to all functionally equivalent structures, methods, and uses
such as are within the scope of the appended claims.

[00116] While the computer-readable medium may be described as a single
medium, the term “computer-readable medium” includes a single medium or multiple
media, such as a centralized or distributed database, and/or associated caches and servers
that store one or more sets of instructions. The term “computer-readable medium” shall
also include any medium that is capable of storing, encoding or carrying a set of
instructions for execution by a processor or that cause a computer system to perform any

one or more of the embodiments disclosed herein.
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[00117] The computer-readable medium may comprise a non-transitory computer-
readable medium or media and/or comprise a transitory computer-readable medium or
media. In a particular non-limiting, exemplary embodiment, the computer-readable
medium can include a solid-state memory such as a memory card or other package that
houses one or more non-volatile read-only memories. Further, the computer-readable
medium can be a random access memory or other volatile re-writable memory.
Additionally, the computer-readable medium can include a magneto-optical or optical
medium, such as a disk, tapes or other storage device to capture carrier wave signals such
as a signal communicated over a transmission medium. Accordingly, the disclosure is
considered to include any computer-readable medium or other equivalents and successor
media, in which data or instructions may be stored.

[00118] While the specification describes particular embodiments of the present disclosure,
those of ordinary skill can devise variations of the present disclosure without departing

from the inventive concept.

[00119] One or more embodiments of the disclosure may be referred to herein,
individually and/or collectively, by the term “invention” merely for convenience and
without intending to voluntarily limit the scope of this application to any particular
disclosure or inventive concept. Moreover, although specific embodiments have been
illustrated and described herein, it should be appreciated that any subsequent arrangement
designed to achieve the same or similar purpose may be substituted for the specific
embodiments shown. This disclosure is intended to cover any and all subsequent
adaptations or variations of various embodiments. Combinations of the above
embodiments, and other embodiments not specifically described herein, will be apparent

to those of skill in the art upon reviewing the description.
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[00120] The above disclosed subject matter is to be considered illustrative, and not
restrictive, and the appended claims are intended to cover all such modifications,
enhancements, and other embodiments which fall within the true spirit and scope of the
present disclosure. Thus, to the maximum extent allowed by law, the scope of the present
disclosure is to be determined by the broadest permissible interpretation of the following
claims and their equivalents, and shall not be restricted or limited by the foregoing

detailed description.

[00121] Accordingly, the novel architecture is intended to embrace all such
alterations, modifications and variations that fall within the spirit and scope of the
appended claims. Furthermore, to the extent that the term “includes” is used in either the
detailed description or the claims, such term is intended to be inclusive in a manner
similar to the term “comprising” as “comprising” is interpreted when employed as a

transitional word in a claim.

[00122] While the disclosure has been described with reference to specific
embodiments, those skilled in the art will understand that various changes may be made
and equivalents may be substituted for elements thereof without departing from the true
spirit and scope of the disclosure. While exemplary embodiments are described above, it
is not intended that these embodiments describe all possible forms of the embodiments of
the disclosure. Rather, the words used in the specification are words of description rather
than limitation, and it is understood that various changes may be made without departing
from the spirit and scope of the disclosure. In addition, modifications may be made
without departing from the essential teachings of the disclosure. Furthermore, the
features of various implementing embodiments may be combined to form further

embodiments of the disclosure.
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[00123] While the specification describes particular embodiments of the present
disclosure, those of ordinary skill can devise variations of the present disclosure without

departing from the inventive concept.

[00124] Insofar as the description above and the accompanying drawing disclose any
additional subject matter that is not within the scope of the claims below, the
embodiments are not dedicated to the public and the right to file one or more applications

to claim such additional embodiments is reserved.
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PATENT CLAIMS

What is claimed is:

1. A magnetic bearing system for controlling magnetic coupling between a
mobile carriage and a guideway, the magnetic bearing system comprising:

at least one engine, which comprises at least two poles, at least one permanent magnet
and at least one coil,

wherein the engine is configured to be magnetically coupled to the guideway through

at least one air gap.

2. The magnetic bearing system according to claim 1, wherein at least one coil
comprises at least two coils arranged so that at least one of the at least two coils surrounds

each of the at least two poles.

3. The magnetic bearing system according to claim 1, wherein the at least one air
gap comprises a plurality of air gaps located between a free end of the at least two poles and

the guideway.

4, The magnetic bearing system according to claim 3, wherein a lateral portion is
arranged to join the at least two ends together at ends opposite the free ends, and the

permanent magnet is arranged in the lateral portion.

5. The magnetic bearing system according to claim 1, wherein the permanent
magnet is arranged to generate a magnetic flux through the engine, the guideway and the at

least one air gap.
6. The magnetic bearing system according to claim 5, wherein the magnetic flux

generated by the permanent magnet is sufficient to maintain a predetermined spacing for the

at least one air gap while holding the vehicle against a force of gravity.

- 36-



WO 2019/023041 PCT/US2018/042917

7. The magnetic bearing system according to claim 6, wherein the guideway is

arranged below the vehicle.

8. The magnetic bearing system according to claim 6, wherein the guideway is

arranged above the vehicle, which is suspended from the guideway.

9. The magnetic bearing system according to claim 1, wherein the at least one
engine comprises a plurality of engines successively arranged in a direction of travel, wherein
the plurality of engines are arranged parallel to each other in the direction of travel and each
of the plurality of engines comprises at least two poles, at least one permanent magnet and at

least one coil.

10. The magnetic bearing system according to claim 9, wherein the at least two

poles of each of the plurality of engines are aligned perpendicular the direction of travel.

11.  The magnetic bearing system according to claim 10, wherein the at least two
poles of a first engine are aligned in the direction of travel with the at least two poles of a

second engine adjacent the first engine.

12.  The magnetic bearing system according to claim 10, wherein the at least two
poles of a first engine are laterally offset perpendicular to the at least two poles of a second

engine adjacent the first engine.

13. The magnetic bearing system according to claim 10, wherein the at least two
poles of a first engine have a length in the direction of travel that is a same as a length in the

travel direction of the at least two poles of a second engine.

14.  The magnetic bearing system according to claim 10, wherein the at least two
poles of a first engine have a length in the direction of travel that is different from a length in

the travel direction of the at least two poles of a second engine.

15.  The magnetic bearing system according to claim 10, wherein the at least two
poles of a first engine have a length in the direction of travel that is a multiple of a length in

the travel direction of the at least two poles of a second engine.
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16.  The magnetic bearing system according to claim 1, wherein the at least two

poles are configured to shape a flux in the guideway.

17.  The magnetic bearing system according to claim 1, wherein the at least two

poles are formed from one of a U-shaped or an E-shaped core.

18. The magnetic bearing system according to claim 1, wherein the at least two

poles comprise a ferrous material and the permanent magnet comprises a rare earth metal.

19. A method for controlling the magnetic bearing system according to claim 1,
wherein the method comprises

monitoring a ride height of the mobile carriage in relation to a reference, and

when the monitored ride height is outside of a predetermined range, correcting the

ride height to within the predetermined range.

20. The method according to claim 19, wherein, when the ride height is less than a
predetermined minimum, executing a cancellation mode in which a current is applied to the
at least one coil to generate a flux in a direction opposite a magnetic flux generated by the at
least one permanent magnet, and

wherein, when the ride height is greater than a predetermined maximum, executing a
reinforcement mode in which a current is applied to the at least one coil to generate a flux in

a same direction as a magnetic flux generated by the at least one permanent magnet.
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