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HOMOPOLAR BEARINGLESS SLICE MOTORS

BACKGROUND

[0001]  Asis known in the art, a homopolar motor is an electric machine in which
magnetic poles of a rotor as presented to a stator are provided have the same polarity
along the rotor circumference, e.g., north-north-north-north. This characteristic
makes homopolar motors different from conventional motors which typically have
rotors with alternating magnetic poles along the rotor circumference, e.g., north-

south-north-south.

[0002] Asisalso known, a bearingless motor is an electric machine having a rotor
suspended at a center of a stator bore via magnetic levitation. The stator generates
forces to magnetically levitate the rotor and also provides a torque to rotate the rotor.
Such motors are suitable for applications that benefit from contact-free operations,

such as blood pumps.

[0003] Asis further known, a slice motor is a particular type of bearingless motor
in which a rotor is provided having an aspect ratio (defined as rotor axial height
divided by rotor diameter), designed to be sufficiently small to make some rotor
degrees of freedom passively stable. Such a design reduces the number of rotor
degrees of freedom requiring active stabilization via feedback controls, thereby

saving components such as sensors, windings, and power amplifiers.

[0004] A homopolar bearingless slice motor is thus an electric machine that
transforms input electric power to output mechanical power in a rotational form (i.e.,
a product of a torque and rotational speed) with a rotor having a desired aspect ratio.
Such motors can be utilized in any applications that need rotary actuators and drives.
Also, such motors utilize magnetic levitation. Thus, homopolar bearingless slice
motors are particularly suitable for applications which benefit from contact-free rotary

actuation.

[0005] Such motors can be utilized, for example, in bearingless centrifugal pumps

that drive liquids sensitive to mechanical stress and heat, e.g., bloods and biological
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samples. Also, since the magnetic levitation can reduce, or in some cases eliminate,
the usage of lubricants and generation of debris, such motors can be utilized for
bearingless centrifugal pumps that drive liquids requiring a high level of purity control,

e.g. such as in the semiconductor industry and chemical process industries.

[00086] Bearingless slice motors having temple-shaped stator armatures which
drive permanent-magnet rotors have been developed as have bearingless motors
that drive permanent-magnet rotors, and bearingless pumps using such motors.
Also known are homopolar bearingless slice motors having a so-called “temple”
design, where both of the stator and the rotor have magnets for homopolar flux-

biasing.

[0007] Some slice bearingless motors have also been developed that allow
decoupled rotation suspension control. Bearingless motors utilizing a permanent

magnet-free structure for disposable centrifugal blood pumps are also known.

SUMMARY

[0008] Described herein are concepts and structures for homopolar bearingless
slice motors.

[009] In accordance with one aspect of the concepts, systems and techniques
described herein, permanent magnets disposed on end portions of stator teeth
closest to a surface of a rotor in a homopolar bearingless slice motor provide

homopolar bias flux to a rotor.

[0010]  With this arrangement, a homopolar bearingless slice motor having a flux
path which is shorter that a flux path provided in conventional homopolar
bearingless slice motors is provided. Providing a shorter flux path enables reduced

usage of permanent magnets.

[0011] In embodiments, the permanent magnets may be provided from a pair of
permanent magnet arrays which provide homopolar bias flux to the rotor. In an

illustrative embodiment, two magnet arrays are placed at ends (or tips) of the stator
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teeth, so as to provide a bias flux via relatively short flux paths between the stator
teeth and the rotor. By modulating a current through a winding based upon rotor
radial and angular position measurements, the stator can levitate and rotate the
rotor.

[0012] In embodiments, a first one of the magnet arrays is disposed on a first
surface of ends of the stator teeth and a second array of magnets is disposed on a

second opposing surface of ends of the stator teeth.

[0013] In embodiments, the magnet arrays are provided in a Halbach

configuration.

[0014] In accordance with a further aspect of the concepts, systems and
techniques described herein, a magnet-free rotor of a homopolar bearingless slice
motors is provided having a surface from which project structures (also referred to
as “salient features” or “members”) having a geometry selected to route a bias flux
provided by permanent magnets disposed thereabout toward paths desirable for

force and torque generation.

[0015]  With this particular arrangement, one or more permanent magnets or
permanent magnets arrays may provide a homopolar bias flux to the rotor, and the
salient features on the rotor surface route the bias flux toward paths desirable for
force and torque generation. In an illustrative embodiment, two magnet arrays are
placed at the tips of stator teeth, so as to provide the bias flux via relatively short
flux paths. By modulating the current through the winding based on the rotor radial
and angular position measurements, the stator can levitate and rotate the rotor. In
embodiments, the permanent magnets are disposed on ends of a stator proximate
a surface of the rotor.

[0016] Compared to prior art motors, the motor designs described herein differ in
at least several respects. First, the homopolar bearingless slice motor described
herein utilize flux-biasing permanent magnets. In one embodiment, the flux-biasing

permanent magnets are arranged in a Halbach-type array configuration disposed
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around an outer surface of a rotor. Second, the homopolar bearingless slice motor
described herein utilizes rotors having salient features that are coupled to a

homopolar bias-flux.

[0017] In embodiments such salient features include, but are not limited to radial
fins projecting from one or more surfaces (e.g. top and/or bottom surface of the rotor).
In embodiments, such salient features include radial fins projecting from one or more
surfaces (e.g. top and/or bottom surface of the rotor) and one or more structures (or
members) provided on a side surface of the rotor. In embodiments, such salient
features include radial fins projecting from one or more surfaces (e.g. top and/or
bottom surface of the rotor) and a magnetic material disposed around a side surface
of the rotor. Third, the homopolar bearingless slice motor described herein utilizes a
stator having a winding scheme that physically separates windings for rotation
functions from windings for bearing functions (i.e. the motor design described herein
utilizes two separated windings: rotation windings and suspension windings). This
approach reduces the number of power amplifiers required to drive the motor. Fourth
homopolar bearingless slice motors provided in accordance with the concepts
described herein utilize rotors which do not contain permanent magnets. Rather,
homopolar bearingless slice motors provided in accordance with the concepts
described herein utilize permanent magnets disposed in a Halbach array
configuration and arranged on a stator and around a perimeter of a surface of the
rotor outer. Furthermore, homopolar bias-flux enables decoupled rotation-levitation

control.

[0018] The motor design described herein differs from prior art slice bearingless
motors that allow decoupled rotation suspension control in several aspects. First,
as noted above, the motor design described herein utilizes rotors which do not
contain permanent magnets. Second, the motor design described herein utilizes
coils forming the suspension winding which are all concentric. That is, each coil is
only engaged with a single stator tooth. This approach differs from suspension
winding designs in prior art slice bearingless motors in which where some coils

forming a suspension winding span more than one stator tooth.
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[0019]  The motor design described herein differs from prior art bearingless
motors utilizing a permanent magnet-free structure for disposable centrifugal blood
pumps in the sense that the stator of the motor described herein has Halbach
magnet arrays that provide homopolar bias-flux to the rotor. This approach enables
at least two motor features: (1) decoupled rotation-suspension control; (2) less
copper loss for suspension; and (3) Improved passive stiffness on the axial

translation and out-of-plane tilts.

[0020]  Accordingly, described herein are new flux-biasing designs. In
embodiments, the flux-biasing is provided from permanent magnets disposed in a
Halbach array configuration and disposed on a portion of stator teeth proximate an
outer surface of a rotor. This approach results in a homopolar bearingless slice
motors having characteristics which are favorable compared with like
characteristics of existing homopolar bearingless slice motors. First, the techniques
and structures described herein result in a single-sided air gap, i.e., the rotoris
magnetically engaged with the stator only via a single (so-called “outer”) air gaps.
This allows the rotor inside to be used for other purposes, such as placing an
embedded impeller or position sensors. Second, shorter flux path enables reduced

usage of permanent magnets.

[0021] Elimination of permanent magnets from the rotor allows several benefits
over the existing permanent-magnet bearingless motors. First, the rotor cost can be
reduced by saving material and manufacturing costs. This can particularly
advantageous to bearingless motors that require frequent rotor replacement, for
example extra-corporeal blood pumps where the impeller-rotor unit should be
disposed for each patient each time. Second, magnet-free rotors are more

robustness to high-speed and high-temperature operating conditions.

[0022] Since no mechanical connections, such as bearings and shafts, are
involved for the rotor suspension and torque generation, the motor described herein
can be used for pumping delicate fluids such as biological samples. For example,
the pump can be used as a blood pump to reduce the level of hemolysis and

thrombosis. Also, the magnetic levitation eliminates unnecessary chemicals such
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as lubricants, which is beneficial for chemical processes that require a tight purity
control. Potential commercial applications of this technology includes but is not
limited to: miniature pumps for delivering delicate bio-medical samples that only
allow a limited amount of exposure to mechanical stress and heat; and precision
pumps for chemical processes and semi-conductor industries that requires a tight

level of purity control.

[0023]  Although the concepts described herein find application for use with the
fluid pumps, the concepts are not limited to use with fluid pumps. Indeed, the broad
concepts described herein can be applied to any areas or application that benefits
from contact-free rotary actuation, including, but not limited to: high-speed spindles
for machining; bearingless turbines; bearingless generators; electric vehicles; and

turbochargers.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] The foregoing and other objects, features and advantages will be
apparent from the following more particular description of the embodiments, as
illustrated in the accompanying drawings in which like reference characters refer to
the same parts throughout the different views. The drawings are not necessarily to
scale, emphasis instead being placed upon illustrating the principles of the
embodiments.

[0025] FIG. 1 illustrates a cross-sectional view of a homopolar bearingless slice

motor according to embodiments described herein.

[0026] FIGS. 2-2A illustrate views of a homopolar bearingless slice motor

comprising eddy-current sensors according to embodiments described herein.

[0027] FIG. 2B illustrates coils for eddy-current sensors according to
embodiments described herein.

[0028] FIG. 3 illustrates a stator tooth according embodiments described herein.

[0029] FIG. 3A illustrates a stator bottom according embodiments described

herein.
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[0030] FIG. 4 illustrates a rotor according embodiments described herein.

[0031] FIG. 4A illustrates another rotor according embodiments described

herein.

[0032] FIG. 5 illustrates a graph that plots Rotor Tooth Width (W) vs. Peak

Cogging Torque according embodiments described herein.

[0033] FIG. 6 illustrates a flux-biasing design of a bearingless motor according

embodiments described herein.

[0034] FIG. 7 illustrates a schematic representation of the flux-biasing design of

the motor design of FIG. 6 according embodiments described herein.

[0035] FIG. 8 is a cross-sectional view of motor 10 taken across lines A-A in
FIG. 7.

[0036] FIG. 9 illustrates a variety of alternative magnet array designs, each of
which is suitable for use in motor provided in accordance with the contents

described herein.

[0037] FIGs. 10A-B illustrate illustrative winding schemes for a motor provided in

accordance with the concepts described herein.

[0038] FIGs. 11A-C illustrate suspension winding configurations for phases U, V,

and W, respectively, according embodiments described herein.

[0039] FIGs. 12A-B illustrate graphs of liftoff forces according embodiments

described herein.

[0040] FIGs. 13A-C illustrate rotation winding configurations for phases A, B,

and C, respectively, according embodiments described herein.

[0041] FIGs. 14A-B illustrate graphs of Torque vs. Rotor Angle according

embodiments described herein.

[0042] FIG. 15 illustrates a block diagram of an example closed-loop system

according embodiments described herein.



WO 2019/125718 PCT/US2018/062990

[0043] FIG. 16 illustrates a design of a centrifugal pump integrated with a

bearingless motor according embodiments described herein.

[0044] FIG. 17 illustrates an axial-flow pump integrated with a bearingless motor

according embodiments described herein.

DETAILED DESCRIPTION

[0045] Referring now to FIG. 1, a homopolar bearingless slice motor 10 includes
a stator 12 having a permanent magnet 14 disposed ends thereof proximate a rotor
18. In the illustrative embodiment of FIG. 1, stator 12 is provided from a plurality of
L-shaped stator teeth 12a-12L and permanent magnet 14 is provided from a pair
permanent magnets 16a, 16b disposed on opposing surfaces of stator teeth 12a-
12L. In this illustrative embodiment, permanent magnets 16a, 16b are each
provided from an array of magnets. lllustrative arrangements of arrays of
permanent magnets are described below in conjunction with FIG. 9. The pair of
array of permanent magnets 16a, 16b are disposed over opposing surfaces of ends

(or tips) generally denoted 17 of stator teeth 12a-12L.

[0046] Homopolar bearingless slice motor 10 further includes a magnet-free
rotor 18 having a unique surface geometry. lllustrative surface geometries of rotor
18 will be described in detail below. Suffice it here to say that rotor 18 is provided
having an outer surface 18a which routes a bias flux provided by permanent
magnets 14 toward paths desirable for force and torque generation. In this
illustrative embodiment, rotor surface 18a is provided having salient features 20
which route a bias flux provided by permanent magnets 14 toward paths desirable
for force and torque generation. In other embodiments, the magnet-free rotor 18
can have a substantially smooth surface and have internal channels or grooves that

are configured to route the bias flux.

[0047] In embodiments, the permanent magnet arrays 16a, 16b provide
homopolar bias flux to the rotor 18, and the salient features on the rotor surface

route the bias flux toward paths desirable for force and torque generation.
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[0048] In the illustrative embodiment of FIG. 1, two magnet arrays 16a, 16b are
placed at the tips 17 of stator teeth. By locating the magnet arrays 18a, 18b
proximate the tips of the stator teeth the bias flux is provided via relatively short flux
paths. Providing a shorter flux path enables reduced usage of permanent magnets
(i.e., areduced “volume” of permanent magnets) thereby saving material costs. By
modulating the current through the winding 30 (Fig. 2), based upon the rotor

position measurements, the stator levitates and rotates the rotor.

[0049] In embodiments, salient rotor features include, but are not limited to, fins
5a-b projecting from one or more surfaces (e.g. top and/or bottom surfaces of the
rotor). In an embodiment such salient features include radial fins projecting from
one or more surfaces (e.g. top and/or bottom surface of the rotor) and one or more
members 20 (or rotor “teeth”) provided on a side surface of rotor 18. |In an
embodiment, such salient features include radial fins projecting from one or more
surfaces (e.g. top and/or bottom surface of the rotor) and a magnetic material
disposed around a side surface of the rotor. The rotor teeth 20 can be made of a
low-carbon steel and be magnet-free. In an example embodiment, the rotor 18 is
made of a single low-carbon steel piece with its peripheral surface machined to
comprise radial fins 5a-b and rotor teeth 20. In another embodiment, a rotor (e.g.,
the rotor 18b of FIG 4A) comprises a semi-hard magnetic material such as, but not

limited to, D2 steel.

[0050] Referring now to FIGs. 2, 2A, in which like elements of FIG. 1 are provided
having like reference designations, one illustrative embodiment of a motor 10 is
shown to include a stator armature 13 comprised of a stator bottom plate 24 and a
plurality of, here twelve, inverted L-shaped stator teeth 12a-12L, which are provided
from an magnetically permeable material such as electrical steel. The stator teeth
12a-12L are circularly disposed on the stator bottom 24. When disposed in stator
bottom 24, first ends of stator teeth 12a-12L form an opening or bore 11 that
accommodates rotor 18. Second, opposite ends of the stator teeth are magnetically
coupled via the stator bottom 24, which provides a common flux return path. The
stator armature 13 and its possible design variations are described in detail

hereinbelow.
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[0051]  Aring-shaped rotor 18 may then be inserted or otherwise disposed into
the stator bore. In embodiments, ring-shaped rotor 18 may be formed or otherwise
provided from low-carbon steel, e.g., AISI 1018. In other embodiments, the rotor 18
can comprise a material that exhibits high magnetic permeability. For example, the
rotor 18 can comprise any ferromagnetic materials exhibiting relatively low
hysteresis (called magnetically soft materials). The outer surface of the rotor has
salient features 20 having mechanical and/or magnetic properties selected such
that salient features route homopolar bias-flux from magnet arrays 16a, 16b (FIG.1)
toward the stator teeth 12 closer to the rotor saliency. The rotor design and its
possible design variations are described in more detail further below. As used
herein, the term “salient features” includes both the rotor teeth 20 and radial fins
5a-b. Specifically, the term “salient features” shall include any structures protruding
from the rotor’s peripheral surface. Here, the “salient features” that include both of
the rotor teeth 20 and radial fins 5a-b are designed to route the bias flux as in FIG
7. The flux flows’ through the salient features because they are magnetically more

permeable than air.

[0052] End (or tips) 17 of the stator teeth 12 directed toward (or facing) rotor 16
are coupled via two magnet arrays 16a, 16b. One magnet array, here array 16a, is
aligned with the rotor top surface 41a, and the other magnet array, here array 16b,
is aligned with the rotor bottom surface 41b. The design details of the magnet

arrays and its possible design variations are described in more detail further below.

[0053] In the illustrative embodiment of FIGs. 2, 2A, each stator tooth 12a-12L
has three coils 32, 34, 26 wound thereon (i.e. there are three (3) windings per each
stator tooth) thus resulting in a total of thirty-six (36) coils wound on the stator teeth
(in the case where the motor is provided having twelve stator teeth). Currents
driven through coils 32-36, in coordination with the rotor position and orientation,
generate a desired pattern of magnetomotive force (MMF) across an air gap 19
between the rotor and stator for levitating and rotating the rotor. The design details
of an illustrative winding scheme and its possible design variations are described in

more detail further below.

10
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[0054] As most easily viewed in FIG. 2A, four eddy-current sensors 21 are
mounted or otherwise disposed at the stator center 23 to measure rotor radial
positions. Each of the sensors measures the distance to the inner rotor surface.
The rotor radial positions x and y can be measured by taking a difference between
the outputs of a pair of diametrically opposed sensors. In embodiments, a rotor
rotational angle ¢, which is needed for rotor rotation control, may be measured or
otherwise estimated with Hall effect sensors placed between the stator teeth. The
details and possible variations of the sensor designs are described in more detail

further below.

[0055] The measured rotor radial positions and rotational angle are used for
feedback control of the bearingless motor. The bearingless motor is a closed-loop
system comprising sensors, a controller, power amplifiers, and motor hardware.
The details and possible variations of control systems are described in more detail

further below.

[0056] Referring now to FIG. 2B, a sensor module 200 that can be used in place
of the four stand-alone eddy-current sensors of FIG. 2A comprises a sensor
housing 205 and one or more sensing coils 215. The sensor module 200 is then
can be coupled to an external driver to measure the rotor radial positions. The one
or more sensing coils are disposed within pockets 210 that are formed within sides
of the sensor housing 205. The sensor module 200 can be placed within the stator
center to measure rotor radial positions thus performing the same rotor radial
position measurement function as the four stand-alone eddy-current sensors of
FIG. 2A.

[0057]  Asin other typical motors, the stator armature of the illustrative motor can
be made of electrical steel, for example with 0.33 mm lamination thickness. Thinner
lamination is better if the motor excitation frequency is relatively high, but thicker
lamination or even a solid steel can be used if the excitation frequency is relatively
low, and therefore iron loss is not a significant concern. When an AC magnetic flux

passes through a permeable and conductive material (such as iron), the flux is not

11
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uniformly distributed across the cross section - it is rather localized in the vicinity of
the outer surface called “skin depth”. This is because the AC magnetic flux induces
eddy currents inside the material and this buck out the magnetic flux. This means
that the material is underutilized. Also, the induced eddy currents dissipate heat,
and increase “iron (power) loss”. Accordingly, embodiments of the invention
laminate the material, so that the thickness of the lamination is similar to the skin
depth, to fully utilize the magnetic material to conduct magnetic flux, and also

minimize the power loss.

[0058] In the illustrative embodiment shown in FIGs. 2 and 2A, the stator is
provided having inverted L-shaped teeth which route magnetic flux via three-
dimensional paths. Often referred to as a temple motor in the bearingless motor
literature, this three-dimensional armature structure allows for more room to

accommodate motor windings that current motor designs.

[0059] Referring now to FIGs. 3, 3A to make the temple-shaped armature with
electrical steel, one needs to make the stator bottom plate 24 and the stator teeth
12a-12N separately and assemble them afterwards. The stator tooth 12 is shown in
FIG. 3 while the stator bottom plate 24 is shown in FIG. 3A. One way to fabricate
these parts is to stack and bond lamination steels, and then machine the bonded
lamination stack via wire-EDM into a desired planar structure. The lamination
directions for the stator tooth 12 and the stator bottom 24 are selected to ensure

that the AC flux paths are not orthogonal to the lamination planes.

[0060] As shown also in FIG. 3, the stator tooth 12 thickness (‘T’) steps down
near the stator bore (e.g., the bore 11 of FIG. 2). This staircase structure focuses
the flux generated by the stator winding, thereby increasing the air-gap flux density.
Also, the vertical flanges of the staircases can be used as reference surfaces
against which the magnet-array assemblies can be aligned. This helps make the
stator teeth 12a-12N and magnet-array 14 assembly concentric. Other techniques

may, of course, also be used to align the magnet arrays 14.

12
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[0061]  The stator bottom 24 has circularly disposed rectangular (or generally
rectangular) holes 51a-N into which ends of the stator teeth can be inserted. In
general openings 51 are provided having a shape selected to accept the cross-
sectional shape of an end of stator teeth 12 to be disposed in the openings. In
embodiments, the dimensions of openings 51 are selected so as to provide a press
fit with the ends of teeth 12 so as to secure teeth 12 to stator bottom 24. Other
techniques for securing stator teeth 12 to stator bottom plate 24 may also be used
including but not limited to fastening techniques, welding techniques, epoxy

techniques, and 3D printing techniques.

[0062] The stator bottom 24 has one central hole 52, and two sets of circularly
disposed holes 54a-N, 55a-N. The central hole 52 can be used to insert a structure
that mounts magnet arrays and position sensors. The set of twelve holes 55a-N
arranged closer to the stator teeth can be used to pass the winding leads and make
the connections under the stator bottom 24. The set of four holes 54a-N arranged
closer to the center can be used to fasten the structure mounting sensors and

magnet arrays.

[0063] The stator armature (e.g., the stator armature 13 of FIG. 2A) can be also
made as a single piece. For example, one can make it with sintered soft magnetic
composite (SMC) materials. Alternatively, one can machine a chunk of low-carbon
steel to make a single-piece armature. The SMC materials are better to reduce the
eddy-current loss, but if such a loss is not a concern, the stator armature can be

made of solid steel.

[0064] The temple-shaped armature is topologically equivalent to typical planar
stator structure. That is, by flattening the L-shaped teeth, one can provide a planar
stator structure that can implement the same magnetic design. Also, the stator can

have more than twelve stator teeth.

[0065] Referring now to FIGs. 4, 4A, two illustrative rotor embodiments 18c-d

are shown. Significantly, the rotors do not include permanent magnets.

13
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[0066] The rotor 18c shown in FIG. 4, referred to herein as a reluctance rotor,
can be made of any magnetically-permeable materials. For example, low-carbon
solid steels, such as AlISI 1006, 1008, 1010, 1018, and etc., are good candidates to
make the reluctance rotor 18c. One can machine a chunk of solid steel to make a
single-piece rotor. If the eddy-current loss in the rotor 18c is a concern, the rotor
18c can be made of electrical steels, but this requires making multiple planar

structures and assembling them afterwards.

Table 1: Reluctance rotor geometric parameters.

Parameter Value

T Thickness 19mm
oD Out diameter 50mm
ID Inner diameter 34mm
t Fin thickness Tmm
S Fin-teeth separation | 3.5mm
W Tooth width 23mm
H Tooth height 10mm
L Tooth length 3mm

[0067] The reluctance rotor 18c is ring-shaped, and its thickness/outside-
diameter ratio (T/OD) is relatively small. Table 1 lists nominal values of geometric
parameters of an illustrative reluctance rotor. The inner cylindrical surface 19a of
the rotor can be used for eddy-current sensors to measure the rotor radial
positions, as shown in FIG. 2A. If sensing schemes that measure the outer rotor
surface 19b are used, the central hole 47 of the rotor can be decreased or even
completely eliminated by filling it with solid materials. This can help magnetic

levitation, because for the same negative radial stiffness k; the increases rotor
mass m lowers the open-loop unstable frequency w, = ./ k,/m of the suspension

system.

[0068] The outer surface 19b of the reluctance rotor 18c¢ has unique salient
features including 20a and 5a-b. The rotor has two circular fins 5a-b protruding
radially outwards, one from the top 5b and the other from the bottom 5a. These fins
5a-b are where the homopolar bias flux from the magnet arrays enter (or leave if

the magnetization of the magnet arrays is reversed) the rotor 18c. Having small fin
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thickness t, e.g., t <1 mm, can help magnetic levitation. This is because the bias
flux can saturate the thin fins 5a-b more easily, and the magnetic saturation makes
the variation of the magnetic flux density in the fins 5a-b relatively insensitive to the

rotor position variation, thereby leading to smaller radial negative stiffness k.

[0069] The axial separation between the fins 5a-b and rotor teeth S should be
sufficiently large to achieve good performance in radial force generation. Too small
separation S can result in insufficient force/current sensitivity of the levitation
system. Also, small separation S can make the radial force not monotonically
increasing with respect to the amplitude of the suspension winding MMF, which

makes it difficult to lift off an off-centered rotor.

[0070] In this illustrative embodiment, between the two fins 5a-b, the reluctance
rotor has four teeth equally spaced along the circumference. The rotor tooth (e.qg.,
the tooth 20a of FIG. 4) is designed such that its width W span a circumferential
length covering about two stator teeth, e.g., W = 23 mm. This rotor teeth design
minimizes the cogging torque. As will be described below in conjunction with Fig. 5,
one factor to consider in selecting the number of stator teeth to use in a particular

application is cogging torque.

[0071] Referring now to FIG. 5, a plot of Rotor Tooth Width (W) vs. Peak
Cogging Torque include a curve 500 which shows cogging torque with respect to
rotor tooth width W. The data are obtained from a finite-element analysis (FEA)
simulations performed using the magnetostatic solver of ANSYS Maxwell software.
Here, the curve 500 has two zero-crossing 510a-b points at W = 11mm and W = 23
mm. In one particular illustrative bearingless motor design, a peak W = 23mm is

selected for the rotor tooth design.

[0072] The number of the rotor teeth can, of course, be fewer or more than four,
but more rotor teeth proportionally increases the required electrical frequencies of
the rotation winding MMF. That is, given the rotor mechanical speed Q, the

required electrical frequency for the rotation winding MMF is wr = pQr, where p is
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the number of rotor teeth and equivalently the number of pole pairs of the rotation
winding MMF.

[0073] Referring again to FIG. 4A, the rotor 18d (sometimes referred to as a
hysteresis rotor), can be made as a single piece by machining a solid steel, or
made of two different steels. A single-piece rotor can be made of semi-hard
magnetic materials, such as D2 steel. Or, the inner ring 64 can be made of soft
magnetic materials 62, such as low-carbon steels, and the outer ring 63 can be
made of semi or medium-hard magnetic materials 61, such as AINiCo or
CROVACR®. The inner ring 64 can be made as two halves, the top and bottom

ones, and then press-fitted into the outer ring 63.

[0074] The stator has permanent magnets (e.g., magnet array 14 of FIG. 1) that

provide the rotor with homopolar bias flux.

[0075] Referring now to FIG. 6, shown is a flux-biasing design of the bearingless
motor 10 provided in accordance with the concepts described herein. The dashed
lines designated by reference number 64 represent homopolar bias flux generated
from the permanent magnets 14. The magnet arrays 14 can be made of any hard

magnetic materials, such as NbFeB, SmCo, AINiCo, Ferrite, etc.

[0076] In the structure of FIG. 6, the magnets 14 are located relatively close to
the rotor compared with the same spacing achieved in prior art homopolar
bearingless slice motors. Two annular magnet arrays 16a, 16b are placed at the
tips 17 of the stator teeth 12. One magnet array 16a is substantially aligned with a
first or top surface 18a of the rotor 18, and the other array 16b is substantially
aligned with a second or bottom surface 18b of the rotor 18. In this illustrative
embodiment, each magnet array 16a-b comprises arc-segment magnets. Other

techniques for providing one or both of magnet arrays 16a, 16b may also be used.
[0077]  Asshownin FIGs. 6 and 7, the homopolar flux generated by the

permanent magnet arrays 16a-b passes the rotor via a local path provided from the

magnet, top and bottom air gaps, rotor, and middle air gap.
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[0078] Referring now to FIG. 7, a schematic representation illustrates the flux-
biasing design of the motor design 10 described herein. Each of the permanent-
magnet arrays 14 includes two sets of magnets 71a-b magnetized in two different
directions, which forms a Halbach array configuration. The magnets 71a closer to
the rotor fins are radially magnetized, as marked with horizontal arrows 7-12 in FIG.
7. The others 71b closer to the stator teeth are axially magnetized, as marked with
vertical arrows 7-14 in FIG. 7. This magnetization pattern forces the homopolar
bias-flux toward the rotor side, which makes more permanent-magnetic flux is
engaged with the rotor. The dashed lines 64 in FIG. 7 represent the homopolar bias
flux from the permanent magnets 14. The bias flux enter the rotor via the radial fins,
and exit the rotor via the rotor teeth. One magnet array is a mirrored image of the
other magnet array. That is, the magnetization patterns of the two magnet arrays

are symmetric with respect to Section A-A.

[0079] In the bearingless motor described herein, the homopolar bias-flux
makes some rotor degrees of freedom passively stable due to the reluctance force.
Specifically, referring to FIG. 7, the axial translation along z-axis and tilting about x-
and y-axes are passively stable. However, two radial translations along x- and y-
axes are open-loop unstable. Therefore, these two degrees of freedom needs to be
stabilized via feedback control, which are explained herein in more detail. The axial
rotation about z-axis is stable, or marginally stable in the worst case, which is also
feedback-controlled for current commutation, torque generation, and speed

regulation. Details in torque generation are explained herein.

[0080] As noted above, in an illustrative embodiment, the winding of the
bearingless motor have 36 coils. In other embodiments, fewer or more coils may, of
course, be used. The coil leads are interconnected to form two sets of three-phase

windings: suspension winding and rotation winding.

[0081] FIG. 8 schematically shows Section A-A of FIG. 7. Here, the flux density

vectors across the air gap 19 are shown as dashed lines identified with reference
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numeral 84. The rotor teeth 20a-N steer the homopolar flux towards the stator teeth
12a-L closer to the rotor teeth 20a-N. That is, the air gap 19a between the stator
teeth 12a-L and rotor teeth 20a-N are smaller than air gap 19b between the stator
teeth and rotor surface 18a-N. Therefore, the homopolar bias-flux is focused and
returning via the rotor teeth 20a-N. As a result, the homopolar air gap flux density
exhibits a periodic undulation, where the maximum magnitudes occur on the rotor
teeth 20a-N and the minimum magnitudes occur on the rotor inter-teeth 18a-N. This
periodic flux density enables torque generation as interacting with a traveling MMF
wave generated by the stator coils 30a-L, specifically by the rotation coils 32a-L in
FIGs. 10B and 13. The rotor tooth height H in FIG. 4 is designed to match with the
stator tooth height H in FIG. 3.

[0082] Referring now to FIG. 9, shown are a variety of alternative designs for the
magnet array 14. For all sub-figures (1) through (19), the left part is a section of the
stator 12, and the right part is a section of the rotor 18. Permanent magnet arrays

14 are placed on the stator.

[0083] FIGs. 10A and 10B illustrate winding schemes, where the coils are
labeled (and shaded) to show the phase configuration. FIG. 10A shows the coils
34a-L, 36a-L forming the suspension winding. FIG. 10B shows the coils 32a-L
forming the rotation winding. This winding scheme, where the windings for torque
generation and suspension force generation are physically separated, is called a
separated winding in the bearingless motor literature. This winding scheme can
reduce the required number of power electronics. Two three-phase power

amplifiers can run the motor.

[0084]  Alternatively, one can implement combined winding scheme, where each
stator tooth has a single coil that contributes to both torque and force generations.
The combined winding scheme is explained in U.S. Patent Application 15/227,256
filed August 3, 2016 and assigned to the assignee of the present application and

hereby incorporated herein by reference in its entirety.
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[0085] The suspension winding generates two-pole MMF distribution around the
rotor, which induces imbalanced flux density distribution of the homopolar bias-flux
and generates radial forces. The principle of radial force generation is similar to that

of typical homopolar-biased magnetic bearings.

[0086] The suspension winding comprises wye-connected three phases
(U,V,W), where each phase comprises eight coils connected in series. The three
phases overlap each other on the stator teeth, i.e., each stator tooth 12a-L are
engaged with two coils 34a-L, 36a-L from two different phases as shown in FIG.
10A. This winding scheme allows the suspension winding to generate more

sinusoidally distributed two-pole MMF around the rotor.

[0087] Stator windings comprise rotation winding and suspension windings (e.qg.,
rotation winding 32 and suspension windings 34, 36 of FIG. 6). Here, stator
windings comprise stator coils 30a-L (e.g., 36 stator coils in total). The suspension
windings comprise coils 34a-L and 36a-L of FIG. 10A. The rotation winding
comprises coils 32a-L of FIG. 10B. Referring now to FIGs. 11A, 11B, and 11C
showing the winding configuration of the phase U, V, and W, respectively, of the
suspension winding. The coils 34a-L and 36a-L, forming the same phase, conduct
the same phase current: iy, iv, and iw. The coils 34a-L and 36a-L forming the same
phase have the same shading. The positive direction of the phase current is

represented with bold arrows.
[0088] By applying a balanced three-phase currents, i.e.,
iu = ls cos(Bs)

iv=ls COS(es - 21/3)

iw = Is cos(Bs + 211/3);

the suspension winding can generate radial force whose amplitude is controlled
with I, and direction is controlled with 6s, where 85 is the angle of the radial force

with respect to the axis x in FIGs. 11A, 11B, and 11C. Since iy + iv + iw = 0, the
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negative or positive terminals of the three phases can be connected together to

form a wye-connected three-phase winding.

[0089] Currents through the suspension winding generates two-pole MMF
distribution around the rotor. Since the coils in the same phase conducts the same
current, the MMF generated by each coil is proportional to the number of tumns.
Four coils closer to the magnetic axis of the phase, or primary coils, has more
number of turns than the others, or secondary coils. There is an optimal turn ratio
between the secondary coil N2 and the primary coil N4 to minimize the force
coupling between x- and y- axes, which is about N2/N1 = 0.37. This number is
optimal in the sense that the resulting twelve-point MMF sequence has the least
total harmonic distortion. For example, the suspension winding can have N4 = 140
and N2= 52.

[0090] As explained above at least in conjunction with FIG. 4, the separation S

between the rotor fin and the rotor teeth affects the suspension force generation.

[0091] FIGs. 12A and 12B compares the radial suspension force applied to the
rotor for two different fin-teeth separation S. Here, FIG. 12Ais for S = 1.5 mm, and
FIG. 12B is for S = 3 mm. The data are obtained from the finite-element analysis
(FEA) simulations performed using the magnetostatic solver of ANSYS Maxwell
software. Here, the horizontal axis is the MMF amplitude F, and the vertical axis is
the radial force along the x’-axis. In the simulation, two-pole MMF is applied toward
the positive X'-direction, i.e., F, > 0 and 8s = 0. For the case with S = 1.5 mm, the
force curve for a relatively large offset is not monotonically increases with respect to
the MMF amplitude. This makes the rotor lift-off impossible because the net radial
force cannot reach zero. For the case with S = 3 mm, all force curves shown are
monotonic with respect to the MMF amplitude. In particular, the force curve for the
0.5mm radial offset crosses zero at the MMF amplitude of 1300 amp-turns, which

shows that rotor lift-off is possible.
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[0092] Rotation winding generates a rotating eight-pole MMF around the rotor,
which interacts with the homopolar bias-flux modulated by the rotor teeth to

generate a torque.

[0093] The rotation winding comprises wye-connected three phases (A, B, C),
where each phase comprises four coils connected in series. The three phases are

placed over the stator teeth in a staggered arrangement, as shown in FIG. 10B.

[0094] FIGs. 13A, 13B, and 13C show the winding configuration of the phase A,
B, and C and their electrical connections. Here, the coils 32a-L forming the same
phase are in the same shading, and conduct the same phase current, ia, ip, and ic,
respectively. The positive direction of the phase current is represented with bold

arrows. Each coil has a number of turns Ny = 108.

[0095] As explained above at least in conjunction with FIG. 8, the teeth 20a-N of
the reluctance rotor 18 are all magnetized to the same pole (here north poles). That
is, the homopolar bias flux is focused more on the rotor teeth 20a-N and less on the
rotor inter-teeth 81a-N. As the rotor rotates about a z-axis (e.g. an axis going out of
the page), each phase sees a time-varying flux linkage. The maximum flux linkage
occurs when the phase winding is aligned with the rotor teeth, and the minimum
flux linkage occurs when the phase winding is aligned with the rotor inter-teeth. The
time-varying flux linkage generates induced voltage, or back EMF, across the
phase terminals. This implies that the rotation winding 32a-L can also generate a

torque by conducting a current.

[0096] The rotation winding 32a-L can generate an eight-pole rotating MMF as

excited with a set of balanced three-phase currents:
ia = Ir cos(6r)

ib = Ir cos(6r - 211/3)

ic = Ir cos(Br + 211/3);
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[0097] Here, I, is the amplitude of the rotation winding current and 6, is the
electrical angle of the rotation winding current. The resulting MMF wave has an
amplitude N(r and its mechanical angle of rotation is ¢ = 6,/p with respect to x-axis,
where p = 4 is the number of pole pairs of the motor MMF. Since ia + ip + ic = 0, the
negative or positive terminals of three phases can be connected together to form a

wye-connected three-phase winding.

[098] Referring now to FIG. 14A, a plot of Torque vs. Rotor Angle illustrates
torque on the rotor as computed with FEA simulations. Here, the horizontal axis is
the rotor electrical angle 8 = p@ , where ¢ is the rotor mechanical angle and p = 4.
The rotation winding MMF angle is set to 6: = 0 in the simulations. That is, the
resulting motor MMF is stationary and only the rotor angle 6 is varied. The rotation
winding is excited such that N = {-200, -100, 0, 100, 200} amp-turns and the rotor
angle is varied such that 6 = (0, 360) deg. As explained in Section 2.2, the cogging
torque, a torque for zero amp-turns Nl = 0, shows negligible variation for the rotor

angle 6.

[099] Referring now to FIG. 14B, a plot of Torque vs. MMF Angle illustrates the
torque on the rotor as computed with FEA simulations. Here, the horizontal axis is
the MMF angle 6. The rotor angle is setto 6 = 0. That is, the rotor is stationary and
only the MMF rotates about z-axis by ¢r = 6//p. In FEA simulations, the rotation
winding is excited such N, = {-200, -100, 0, 100, 200} amp-turns, and the MMF
angle is varied such that 8, = (0, 360) deg.

[0100] The torque generation principle for the reluctance rotors is similar to
typical permanent magnet synchronous motors. The torque generation principle for
the hysteresis rotors is explained in U.S. Patent Application 15/227,256 filed August

3, 2016 and assigned to the assignee of the present application.

[0101]  The bearingless motor described herein forms a closed-loop system with

a controller, sensors, and power amplifiers.
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[0102] Referring now to FIG. 15, shown is a block diagram of an illustrative
closed-loop system 1500. Any real-time controllers that can implement discrete-
time control algorithms, such as Compact-RIO targets from National Instruments,
can be used. The power amplifiers 1510a-b are configured in transconductance
modes, i.e. voltage-controlled-current-sources, where the closed-loop current

controls are implemented either using analog circuits or digital algorithms.

[0103] The sensors 215 which may be the same as or similar to sensors 21 and
200 described above in conjunction with FIGs. 2A, 2B,embedded in the bearingless
motor, send the controller signals that contain information on the rotor radial
positions x and y. The sensors 216 send the controller signals that contain
information on the rotor angle 6. One illustrative bearingless motor 10 described
herein has four eddy-current sensors (n = 4) and three Hall affect sensors (m = 3)
216 that generate signals containing sufficient information on x, y, and ¢. These
signals are sent to the controller and processed by estimation algorithms, i.e., the
position converter 1520 and angle estimator 1515 in FIG. 15, to compute the
estimates of the rotor radial positions £ and #, and rotational angle 8. The
estimates x, ¥, and 6 are sent to discrete-time control algorithms, i.e., the
suspension controllers Kx(z) 1540b and Ky(z) 1540c, and rotation controller Ka(z)
1540a, which generated signals to control the currents through the suspension

winding and rotation winding.

[0104] The suspension controllers Kx(z) 1540b and Ky(z) 1540c take error
signals ex = Xref - X and ey = yref - ¥ and generate control efforts ux and uy,
respectively. For example, PD controllers or Lead controllers can be implemented
for K«(z) and Ky(z). The control efforts uxand uy are processed via the Inverse
Clarke Transformation 1525a to compute three-phase signals uy, uy, and uw as

follows:
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[0105] The signals uy and uy are sent to a three-phase transconductance
amplifier 1510a as current commands, and the amplifier drives the suspension
winding with currents iy, iv, and iw. Excited with iy, iv, and iw, the suspension winding

generates two-pole MMF around the rotor, and therefore a radial suspension force.

[0106]  The rotation control Ka(z) 1540a takes an error signal eq = Qres- Q and
computes the g-axis control effort ug. For example, a Pl controller can be
implemented for K(z). The d-axis control effort ug can be set to zero in typical
cases, or set to other values if necessary. The two control efforts uqg and uq are

converted to uq and ug via the Inverse Park Transformation 1530:

lug) = [0 0[]

which utilize the estimate of rotor angle 8 during the computation. The outputs U«
and ug are sinusoidal signals modulated with ug and uq to transform the quantities in
a rotating frame to ones in a stationary frame. Then, the Inverse Clarke

Transformation 1525b converts uq and ug to ua, Up, and uc as follows:

[0107] The signals u, and up are sent to a three-phase transconductance
amplifier 1510b as current commands, and the amplifier drives the rotation winding

with currents ia, ib, and ic. Excited with iy, ib, and i¢, the rotation winding generates.

[0108] The rotation controller Kq(z) 1540a and suspension controllers Ky(z)
1540b and Ky(z) 1540c are decoupled in the sense that Kq(z) 1540a does not use ¥
and § to compute its control efforts, and Kx(z) 1540b and Ky(z) 1540c do not use

6 to compute their control efforts. This characteristic is also explained in U.S.
Patent Application 15/227,256 filed August 3, 2016 and assigned to the assignee of

the present application.
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[0109] The feedback control of the subject bearingless motor requires

information on the rotor radial positions, ¥ and ¥, and rotor rotational angle 6.

[0110] One way of obtaining such information is to use sensors (e.g., sensors 21
of FIG. 2). For example, the rotor radial positions can be directly measured with
four eddy-current sensors (e.q., the sensors 21). The eddy-current sensors can be
located at the center of the stator to measure the distance to the rotor inner
surface. The radial rotor positions ¥ and ¥ can be computed by taking differential
outputs of the two pairs of diametrically-opposing sensors. Eddy-current sensors
can be also placed between the stator teeth to measure the rotor outer surface. In
this case, the rotor needs to be encapsulated with thin-walled metal to provide a
cylindrical target surface to the sensors. Alternatively, one can use an array of Hall-
effect sensors to measure the variation of the homopolar-bias flux density with
respect to the rotor radial positions. Position sensors of other kinds, such as
inductive, capacitive, and optical sensors, can be used as well. The rotational angle
of the rotor can be computed using the Hall-sensor outputs, as in typical
permanent-magnet synchronous motors. In other embodiments, the radial positions
can be directly measured with a sensing coil module (e.g., the sensing coil module
200 of FIG. 2B).

[0111]  Alternatively, the information on £, 9, and @ can be indirectly obtained
via estimation algorithms. For example, angle estimate 8 can be computed using

an observer based on the measurements of the phase voltages and currents.

[0112] The bearingless motor design described herein can be utilized to develop
bearingless pumps, as shown in FIGs. 16 and 17. Here, the magnet-free rotor of
the subject bearingless motor is attached to the pump impeller. The impeller-rotor
assembly is then encapsulated by the pump housing. As the stator levitates and
rotates the rotor, the attached impeller drives the fluid from the inlet to the outlet.
The internal geometry of the pump housing guides the flow path. The fluid is only

contained inside the pump housing, and does not make contact with the stator.
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[0113] Referring now to FIG. 16, shown is the design of a centrifugal pump 1600
integrated with the bearingless motor 10 described herein. Not shown in the FIG.
16, but the impeller 1605 has multiple vanes that radially pushes a liquid as the
impeller 1605 rotates. The flow comes down into the center of the impeller and
goes radially outwards to the outlet 1610. The pump housing 1615 can either have
a single spiral volute or multiple diffuser vanes, both of which increase the outlet

pressure by decreasing the fluid velocity.

[0114] Referring now to FIG. 17, shown is an axial-flow pump 1700 integrated
with the subject bearingless motor 10. Here, diffuser vanes 1705 are connected to
a cylindrical shell 1710 that is rigidly connected to the pump housing 1715,

although the connection is not shown in the figure. An impeller 1720 of the pump
1700 has multiple vanes that axially pushes a liquid as the impeller rotates. The tips
1706 of the impeller vanes are connected to the magnet-free rotor. In operation, the
impeller-rotor assembly is magnetically levitated and rotated in the pump housing
1715. The flow enters the pump via the inlet 1730 located at the center, reverts its
direction against the curved surface 1735 of the impeller housing bottom, gains
momentum as being pushed by the impeller vanes 1740, and goes through diffuser
vanes 1705 and exits the pump. A central conduit, comprising central through-holes
of diffuser 1705 and impeller 1720, and an outer annular conduit 1745, where the
impeller vanes 1740 and diffuser vanes 1705 are located, form a co-axis flow path.
This co-axial pump design is suitable to make an integrated pump-oxygenator unit.
An oxygenation chamber (not shown) can be directly attached to the annular outlet
1745 to make the pump-oxygenator as a single unit. With this design, the pump-
oxygenator unit can be easily mounted into and dismounted from a stator bore

1750 without changing the fluidic circuit connections.

[0115]  All publications and references cited herein are expressly incorporated

herein by reference in their entirety.
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CLAIMS

1. A homopolar bearingless slice motor comprising:
a stator armature having a plurality of stator teeth;
a stator winding comprising a plurality of coils;
an array of permanent magnets disposed on the stator teeth; and

a magnet-free rotor comprising one or more salient features.

2. The homopolar bearingless slice motor of claim 1 wherein the permanent
magnet array provides homopolar bias flux to the rotor and the salient features on
the rotor surface route the bias flux toward paths desirable for force and torque
generation.

3. The homopolar bearingless slice motor of claim 2 wherein two magnet
arrays are placed at the tips of stator teeth, to provide the bias flux via relatively
short flux paths.

4. The homopolar bearingless slice motor of claim 3 wherein in response to
modulating a current through a winding based on rotor radial and angular position

measurements, the stator can levitate and rotate the rotor.

5. The homopolar bearingless slice motor of claim 1 wherein the motor utilizes
flux-biasing magnets in a Halbach array configuration and located around an outer

surface of a rotor.

6. The homopolar bearingless slice motor of claim 1 wherein the salient
features corresponding to one or more of:

€) radial fins projecting from one or more surfaces of the rotor;

(b) radial fins projecting from top and/or bottom surfaces of the rotor;

(©) radial fins projecting from one or more surfaces of the rotor and one or more
members provided on a side surface of a rotor,

(d) radial fins projecting from top and/or bottom surfaces of the rotor and one or
more members provided on a side surface of a rotor;
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(e) radial fins projecting from one or more surfaces of the rotor and a magnetic
material disposed around a side surface of the rotor; and

® radial fins projecting from top and/or bottom surfaces of the rotor and a
magnetic material disposed around a side surface of the rotor between the radial

fins.

7. The homopolar bearingless slice motor of claim 1 wherein the motor utilizes
a stator having a winding scheme that physically separates the windings for
rotation and suspension functions, thereby reducing the required number of power

amplifiers.

8. The homopolar bearingless slice motor of claim 1 wherein the salient
features comprise a plurality of rotor teeth equally spaced along a circumference of
the rotor.

9. The homopolar bearingless slice motor of claim 8 wherein a width of each
rotor tooth spans a circumferential length of the rotor to cover about two stator
teeth.

10. A homopolar bearingless slice motor comprising:
a magnet-free rotor comprising one or more salient features.

11.  The homopolar bearingless slice motor of claim 10 further comprising:
a stator armature having a plurality of stator teeth;
a stator winding comprising a plurality of coils; and

an array of permanent magnets disposed on the stator teeth.

12.  The homopolar bearingless slice motor of claim 11 wherein the permanent
magnet array provides homopolar bias flux to the rotor and the salient features on
the rotor surface route the bias flux toward paths desirable for force and torque
generation.

13.  The homopolar bearingless slice motor of claim 12 wherein two magnet

arrays are placed at the tips of stator teeth, to provide the bias flux via relatively
short flux paths.
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14.  The homopolar bearingless slice motor of claim 13 wherein in response to
modulating a current through a winding based on rotor position measurements, the
stator can levitate and rotate the rotor.

15.  The homopolar bearingless slice motor of claim 11 wherein the motor
utilizes flux-biasing magnets in a Halbach array configuration and located around
an outer surface of a rotor.

16.  The homopolar bearingless slice motor of claim 11 wherein the salient
features corresponding to one or more of:

€) radial fins projecting from one or more surfaces of the rotor;

(b) radial fins projecting from top and/or bottom surfaces of the rotor;

(©) radial fins projecting from one or more surfaces of the rotor and one or more
members provided on a side surface of a rotor,

(d) radial fins projecting from top and/or bottom surfaces of the rotor and one or
more members provided on a side surface of a rotor;

(e) radial fins projecting from one or more surfaces of the rotor and a magnetic
material disposed around a side surface of the rotor; and

® radial fins projecting from top and/or bottom surfaces of the rotor and a
magnetic material disposed around a side surface of the rotor between the radial

fins.

17.  The homopolar bearingless slice motor of claim 11 wherein the motor
utilizes a stator having a winding scheme that physically separates the windings
for rotation and suspension functions, thereby reducing the required number of
power amplifiers.

18.  The homopolar bearingless slice motor of claim 11 wherein the salient
features comprise a plurality of rotor teeth equally spaced along a circumference of
the rotor.

19.  The homopolar bearingless slice motor of claim 18 wherein a width of each

rotor tooth spans a circumferential length of the rotor to cover about two stator
teeth.
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20. A method of operating a homopolar bearingless slice motor, the method
comprising:

rotating a magnet-free rotor comprising one or more salient features within
a stator bore defined by a stator armature having a plurality of stator teeth.
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