47106746 A1 I YO0 0 O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date

(10) International Publication Number

9 December 2004 (09.12.2004) PCT WO 2004/106746 A1l
(51) International Patent Classification’: F04D 29/04, CZ,DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH,
13/06, A61M 1/10 GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC,
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW,
(21) International Application Number: MX, MZ, NI, NO, NZ, OM, PH, PL, PT, RO, RU, SC, SD,
PCT/US2003/015155 SE, SG, SK, SL, TJ, TM, TN, TR, TT, TZ, UA, UG, US,

(22) International Filing Date: 15 May 2003 (15.05.2003)

(25) Filing Language: English

(26) Publication Language: English

(71) Applicants and

(72) Inventors: DAVIS, William [US/US]; P.O. Box 1093,
Dripping Springs, TX 78620 (US). LANCISI, David
[US/US]; 104 Luttrel Court, Folsom, CA 95630 (US).

(74) Agent: DAVIS, William; P.O. Box 1093, Dripping
Springs, TX 78620 (US).

(81) Designated States (national): AE, AG, AL, AM, AT, AU,
AZ,BA,BB, BG,BR, BY, BZ, CA, CH, CN, CO, CR, CU,

UZ, VC, VN, YU, ZA, ZM, ZW.

(84) Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW),
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
ES, FI, FR, GB, GR, HU, IE, IT, LU, MC, NL, PT, RO,
SE, SI, SK, TR), OAPI patent (BF, BJ, CF, CG, CI, CM,
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
with international search report

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations” appearing at the begin-
ning of each regular issue of the PCT Gazette.

(54) Title: PUMP WITH MAGNETIC BEARINGS

(57) Abstract: A pump includes an impeller (310), a stator (380), and a plurality of permanent magnets (320) forming bearing poles
& coupled to a selected one of the stator or the impeller. The pump further includes a plurality of shorted coils (370) coupled to the
& other of the stator or the impeller. The magnets may be arranged as a Halbach array. The plurality of bearing poles and shorted coils
co-operate to form an electrodynamic bearing during rotation of the impeller. The electrodynamic bearing supports the impeller
either axially or radially during operation of the pump. Currents induced into each coil by a single bearing pole or by a plurality of
bearing poles substantially simultaneously produce an electrodynamically generated magnetic field that repels the inducing bearing

pole(s) when the impeller is rotating.



10

15

20

25

30

WO 2004/106746 PCT/US2003/015155

1

PUMP WITH MAGNETIC BEARINGS

FIELD OF THE INVENTION
This invention relates to the field of pump design. In particular, this

invention is drawn to bearings supporting pump impellers.

BACKGROUND OF THE INVENTION

Traditional dynamic pumps have a pumping component and a drive
component. The pumping component includes an impeller supported by
mechanical contact bearings. Mechanical energy is transferred from the drive
component to the impeller of the pumping component through a shaft. A
shaft seal in the pumping component permits rotation of the shaft while
preventing leakage around the shaft. |

Shaft seals are prone to failure due to continuous mechanical wear
during operation of the pump. Mechanical contact bearings supporting the
impeller are also prone to failure. The pumped fluid may adversely affect the
life expectancy of the bearings. For example, the mechanical contact bearings
and seal may be particularly susceptible to failure when in contact with caustic
materials. Alternatively, the bearings may damage the fluid being pumped.
Contact bearings, for example, may result in increased levels of hemolysis
and thrombosis in blood pump applications.

Some recent pump designs have integrated the pump and drive
components into a single unit so that the pump impeller is also the motor
rotor, thus eliminating the need for a transmission shaft to supply power to
the impeller. Such designs eliminate the need for shaft seals. Examples of
pumps with combination impeller/rotors may be found in U.S. Patent No.
5,607,329 of Cho, et al. (marine propulsor), U.S. Patent No. 5,695,471 of
Wampler and PCT publication WO 99/12587 of Woodard, et al. (blood
pumps).

Some of these pump designs also incorporate passive magnetostatic
bearing (PMB) or active magnetic bearing (AMB) systems or other non-
contacting bearing mechanisms (e.g., hydrodynamic bearings) in lieu of

mechanical contact bearings to stabilize the impeller axially and/or radially.
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Without mechanical bearings to wear out, these non-contacting bearing
mechanisms eliminate disadvantages associated with the mechanical contact
bearings.

PMB architectures are characterized by the use of opposing sets of
permanent magnets arranged to repulse each other. The bearings are thus
magnetostatic bearings. For example, Wampler discloses radial
magnetostatic bearings using concentric sets of stacked magnetic elements of
alternating magnetization. Radial impeller support is provided by locating
one set of magnetic elements in the stator and another set in the impeller
such that the first and second sets are concentric and coaxially aligned. The
concentric stacks of permanent magnets co-operate to form a radial PMB.
The repulsive magnetostatic forces are substantially constant independent of
pump speed.

One disadvantage of this design is that each magnet in a stack is
constantly exposed to a significant de-magnetizing field due to the close
proximity of the adjacent magnets in the stack. Another disadvantage of this
design is that the use of axially alternating magnetic rings results in a number
of points of axial metastability which may create pump control or efficiency
issues. The passive magnetostatic bearings can create significant axial bearing
load issues for impellers with a radial PMB. Similarly, impellers with an axial
PMB may suffer from significant radial bearing load issues. These loading
forces result in a less power efficient pump.

Active magnetic bearing systems are characterized by the use of
permanent magnets, electromagnets, position feedback information, and
controllers as illustrated by U.S. Patent No. 6,227,817 Bl of Paden. The
impeller is stabilized with respect to one or more axes by a controlled
interaction between the magnets and electromagnets. The electromagnets
are dynamically controlled by the controller based on the position feedback
information and sophisticated control algorithms. Position of the impeller is
controlled by varying the current through the windings forming the
electromagnets. Due to the dynamic nature of the control elements, the

impeller position can be controlled with greater precision. In addition, active
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magnetic bearing systems can be incorporated into the drive such that the
electromagnets are serving to both drive and support the rotor.

The PMB system does not require position feedback or power to
operate. In contrast, an AMB will fail in the event of a power interruption,
computational error, sensing error along any axis, etc. AMB systems are thus
inherently unstable. AMB systems also require significant computational
resources for position control. The use of AMB systems introduces multiple
points of faijlure which may be unacceptable for some pump applications

(e.g., implantable pumps).

SUMMARY OF THE INVENTION

A pump apparatus includes an impeller, a stator, and a plurality of
permanent magnets forming bearing poles. The bearing poles are coupled to
a selected one of the stator or the impeller. A plurality of shorted coils is
coupled to the other of the stator and the impeller. The bearing poles and the
shorted coils co-operate to form an electrodynamic bearing during rotation
of the impeller.

The electrodynamic bearing supports the impeller either axially or
radially during operation of the pump. Currents induced into each coil by a
single bearing pole or by a plurality of bearing poles substantially
simultaneously produce an electrodynamically genera{ed magnetic field that
repels the inducing bearing pole(s) when the impeller is rotating. In one
embodiment, if each shorted coil interacts with k bearing poles substantially

simultaneously, the k bearing poles are distributed at equidistant mechanical
2
angles of % radians about the impeller axis of rotation. Bearing poles

and/ or motor poles may be composed of individual magnetic elements, each
element having substantially the same magnetization vector throughout.
Alternatively, distinct bearing poles and/or motor poles may be formed by
creating individual magnetic domains within a single element.

Other features and advantages of the present invention will be
apparent from the accompanying drawings and from the detailed description

that follows below.
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BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is illustrated by way of example and not
limitation in the figures of the accompanying drawings, in which like
references indicate similar elements and in which:

Figure 1 illustrates one embodiment of a centrifugal pump.

Figure 2 illustrates one embodiment of an impeller with a radial
passive magnetic bearing (PMB).

Figure 3 illustrates one embodiment of an impeller with a radial
electrodynamic bearing.

Figure 4 illustrates an electrical model of a shorted coil illustrated in
Figure 3.

Figure 5 illustrates an electrical model of a shorted coil where coil
portions are at 180° mechanical angle about the spindle axis.

Figure 6 illustrates an impeller hub having magnetic vectors organized
to form a Halbach array through individual elements or individual magnetic
domains.

Figure 7 illustrates one embodiment of an impeller configured for an
axial flux gap motor and an axial electrodynamic bearing.

Figure 8 illustrates one embodiment of an impeller configured for an
axial flux gap motor and a radial electrodynamic bearing.

Figure 9 illustrates one embodiment of an impeller configured for a
radial flux gap motor and an axial electrodynamic bearing.

Figure 10 illustrates one embodiment of an impeller configured for a
radial flux gap motor and a radial electrodynamic bearing.

Figure 11 illustrates repulsive forces contributed to an impeller by a
single shorted coil when the coil is configured for induction from a single
bearing pole at a time.

Figure 12 illustrates repulsive forces contributed to an impeller by a
single shorted coil when the coil is configured for induction by two bearing
poles at a time.

Figure 13 illustrates repulsive forces contributed to the impeller by a
single shorted coil when the coil is configured for induction by a plurality of

bearing poles at a time.
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Figure 14 illustrates an impeller with a radial electrodynamic bearing

and an axial hydrodynamic bearing surface.

DETAILED DESCRIPTION

Figure 1 illustrates one embodiment of a centrifugal pump 100
providing radial support for the impeller 110 through the use of magnetic
bearings. The pump includes a top housing portion 120 and a bottom
housing portion 130. When assembled the top and bottom housing portions
define a volute pumping chamber 122. Rotation of impeller 110 drives the
working fluid from the pump inlet 150 to the pump outlet 160.

Centrifugal pump 100 utilizes an axial flux gap motor architecture.
When assembled, the top and bottom housing portions serve as a motor
stator. The motor windings 140 are disposed in the stator. The impeller
serves as a motor rotor and includes a plurality of permanent magnets
forming motor poles. The motor poles are arranged to co-operate with the
motor windings to drive the impeller and thus achieve a pumping action.
Back iron 170 serves to concentrate the flux generated by the windings 140.

The pump further includes a spindle protruding from the base of the
pumping chamber. The spindle is not illustrated in Figure 1 to avoid
obscuring the remainder of the pump. The impeller 110 rotates about the
spindle. The spindle thus forms a part of the stator. In this embodiment, the
impeller 110 contains one portion of the radial magnetic bearing. The spindle
carries another portion of the radial magnetic bearing. The impeller and
spindle bearing portions co-operate to provide radial support for the
impeller.

Figure 2 illustrates one embodiment of an impeller 210 with a radial
passive magnetic bearing using concentric stacked permanent magnets. One
set of ring or disk shaped permanent magnets 270 is retained by the
stator /spindle 250 and a ring shaped set 220 is retained by the impeller 210.
The impeller portion of the magnetic bearings are disposed within the
impeller such that they are coaxially aligned with the axis of rotation 290 and
encompass the center of the impeller. The stator set is supported by the

spindle 250 protruding from the base of the volute. In this embodiment, the
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impeller also includes permanent magnets (e.g., motor pole 202) disposed
within the blades (e.g., 230). The latter set of permanent magnets co-operate
with the motor windings to drive the impeller.

Each stacked set of magnets is arranged so that they form a coaxially
aligned set of magnetic cylinders of alternating opposing magnetization
along the axis of rotation. If a selected magnetic element 222 in a stack has a
magnetic vector parallel to the axis of rotation 290 and pointing a first axial
direction (an “N” orientation), the adjacent magnet(s) (e.g., 224) have a
magnetic vector parallel to the axis of rotation 290 and pointing 180° from the
first axial direction (an “S” orientation). Each magnetic element in stack 220 is
separated from its neighbor by a flux re-directing separator ring 226.
Similarly, each magnetic element in stack 270 is separated from its neighbor
by a flux-redirection separator disk or ring. In one embodiment, the
separators are ferrous. The separators serve to re-direct and concentrate the
magnetic flux radially. Proper alignment of the inner 270 and outer 220
stacks results in mutually repulsive forces between the inner and outer
cylinders.

The impeller is radially supported by passive magnetostatic forces
between the spindle set of magnets about which the impeller set of ring
shaped magnets rotates. The concentric sets of stacked rings form a radial
magnetostatic bearing and provide substantially the same radial force
regardless of impeller rotational speed.

One disadvantage of this design is the change in magnetic flux along
the axis of rotation 290. The magnetic field varies sharply because adjacent
rings have magnetic vectors that have a 180° phase difference. The sharply
varying magnetic field results in axial loading and multiple points of
metastability. Another disadvantage of this design is that individual magnetic
rings are continuously subjected to the demagnetizing fields of neighboring
magnetic rings. Finally, due to the use of a magnetostatic bearing, any
loading forces created by the bearing are present substantially independently
of the impeller rotational speed. PMBs, however, may be designed to be
inherently stable at least along a single axis. No power or control signals are

required for the bearing to maintain integrity about the chosen axis.
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One set of magnets may be replaced with electromagnetic windings to
achieve the same affect. The windings are energized to produce a magnetic
field and thus achieve the same effect as passive magnetic bearings.
Depending upon the design, the electromagnetic windings may achieve
control along more than a single axis. This approach requires greater
computational capabilities because the position of the impeller must be
monitored to determine the extent to which the windings should be
energized to accommodate various loading forces. This type of bearing is
referred to as an active magnetic bearing (AMB). Active magnetic bearings
are inherently unstable. Power and proper control signals are required at all
times for the bearing to maintain integrity.

An alternative magnetic bearing design uses a set of permanent
magnets and a set of shorted coils. This magnetic bearing relies on the
interaction between a plurality of permanent magnets and shorted coils when
the impeller is rotating. The shorted coils are arranged such that the
permanent magnets induce a current in the shorted coils due to relative
movement between the magnets and the coils when the impeller is rotating.
The current in the shorted coils generates a magnetic field that tends to
oppose the magnetostatic field of the inducing permanent magnet. Instead of
a passive magnetostatic bearing or an active magnetic bearing, the bearing
mechanism results from self-induced electrodynamic forces. Such magnetic
bearings are referred to as electrodynamic or eddy current bearings. The
bearings are still “passive” in nature given that no external control signals or
power is required to maintain integrity of the bearing.

Figure 3 illustrates an alternative embodiment of an impeller 310
incorporating a radial electrodynamic bearing. The impeller includes a
plurality of permanent magnets 320 for the radial bearing as well as
permanent magnets 302 forming the drive magnets. The bearing magnets
320 should be positioned so as not to interfere with the pump drive
component formed by the motor windings and the drive magnets 302. In the
illustrated embodiment, the drive magnets and bearing magnets are disposed
within blades (e.g., 330) of the impeller 310. As the impeller rotates about axis

390, the bearing magnets create a time varying magnetic field that induces
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currents and corresponding repulsive magnetic forces in the shorted coils 370
within the spindle 350. The spindle forms a portion of the motor stator 380.
In one embodiment, each shorted coil is wound around ferrous material 372.

Figure 4 illustrates an electrical model 480 of a single shorted coil of the
radial bearing of Figure 3. The electrical model illustrates the current and
voltages induced in the shorted coil by the time-varying magnetic field
created by the rotating impeller 310. As the impeller rotates about axis 490, a
voltage differential develops between coil portion 482 and 484. The voltage
differential results in a current, I, and a corresponding magnetic field which
opposes the inducing magnetic field thus establishing the radial magnetic
bearing.

When the impeller is rotating, only one side of each coil of coil
assembly 370 is exposed to inducing bearing poles. Generally, current will be
flowing in each coil as long as the impeller is rotating.

Figure 5 illustrates an electrical model 580 of a single shorted coil of a
radial bearing when the coil portions 582, 584 are at 180° mechanical angle
from each other. A shorting disk or ring (electrical model element 560) may
be used to couple coil portions at 180° from each other about the coil
assembly. Assuming bearing poles of the same magnetic vector are also
located at 180° mechanical angle, the net induced current, I, will be zero when
the impeller is properly centered (V1=V2) because the same voltage is
induced in each coil portion. As the impeller rotational axis 590 is displaced
from the central axis of the spindle 586, a voltage differential develops (i.e.,
V1=V2) thus creating a non-zero current. The generated current is a function
of the pitch of the shorted coils, rotational speed, strength of the bearing
magnets, amount of displacement of the impeller, and the impedance, Z, of
the shorted coils.

One characteristic that describes the drive component of a pump
motor is the number of poles associated with the rotor. Each pole represents
a concentration of magnetic flux. Each pole may be a single magnet or a
plurality of magnets arranged to provide a resultant magnetic flux vector.
The motor windings are electrically activated to repulse or attract the poles,

thus resulting in rotation of the motor rotor. Each mechanical cycle (i.e., 360°
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rotation) for the rotor will result in one or more electrical cycles depending
upon the number of pole pairs. A four pole motor, for example, experiences
two electrical cycles for each mechanical cycle (4 poles/2 poles per set).

The permanent magnets and shorted coils of the electrodynamic
bearing are discussed independently of any magnets or windings used in the
drive mechanism for the pump. Magnets used for the drive component of
the pump are referred to as drive magnets or motor poles. Magnets used for
the magnetic bearing are referred to as bearing magnets or bearing poles.
Unless noted otherwise, subsequent use of the terms “magnets” and “coils” is
referring to their use in the impeller bearing.

Each bearing pole may comprise a single magnet or a plurality of
magnets. In one embodiment, the bearing poles have been arranged to form
an “undulating magnet” or Halbach array. One advantage of a Halbach
array is that the magnetic flux tends to be concentrated on a selected one of
the interior or exterior of a cylindrical Halbach array or only on one side of a
linear Halbach array. The individual poles making up the Halbach array also
tend to result in a more sinusoidal magnetic field. Although the magnetic
vectors defined by the Halbach array have different orientations, they need
not be defined by completely distinct magnets. For example, a Halbach array
may be created by creating domains of magnetization within a single
element. In one embodiment, the Halbach array is created by magnetic strips
of sintered NdFeB.

Figure 6 illustrates the permanent magnet “hub” of a magnetic
bearing comprising a Halbach array. The Halbach array of hub 620 is formed
using separate magnetic elements wherein the magnetic vectors within each
element are substantially the same throughout. The Halbach array of hub
630 is formed by varying the magnetization (i.e., individual magnetic
domains) within a given element. Although each domain within hub 630
may have magnetic vectors substantially the same throughout, the individual
domains may have magnetic vectors significantly different from each other
within the same element. Individual domains within the same magnetic
element are magnetized such that the domains collectively form a Halbach

array.
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Figure 7 illustrates one embodiment of an impeller 710 configured for
an axial flux gap motor and an axial electrodynamic bearing. The permanent
magnets forming the bearing poles may be coupled to a selected one of the
stator or the impeller. The shorted coils are located with the other of the
stator or the impeller. In the illustrated embodiment, the magnets forming
bearing poles 720 and the magnets forming motor poles 730 are disposed
within vanes 740 of the impeller 710. Disk shaped impeller 710 includes a
plurality of channels 760 for moving the working fluid of the pump. In the
illustrated embodiment, each channel is formed on only one face of the
impeller so that the channels do not extend to or connect both faces of the
impeller. The axial flux gap motor architecture and the axial electrodynamic
bearing design indicate that the axis of magnetization of the motor poles and
the bearing poles are parallel to an impeller axis of rotation.

In the illustrated embodiment, the bearing poles 720 are distinct from
the motor poles 730. The bearing and motor poles do not have any magnetic
elements in common. The number of bearing poles may be less than, equal
to, or greater than the number of motor poles when the bearing poles are
distinct from the motor poles.

In an alternative embodiment, the bearing poles and motor poles rely
on the same magnetic elements. One end of each magnet forms a motor pole
for the motor drive component and the other end of the magnet serves as a
bearing pole for the impeller support. This might be the case, for example,
with an axial flux gap motor having an axial electrodynamic bearing or a
radial flux gap motor having a radial electrodynamic bearing. Given that one
end of the magnets serves as a motor pole and the other end serves as a
bearing pole, the motor will typically be limited to stator windings only at
one end of the magnets.

Although the bearing poles 720 are indicated as being closer to the

. inner periphery of the impeller while the motor poles are located closer to the

outer periphery of the impeller, other embodiments are possible. For
example, in one embodiment the pump motor and electrodynamic bearings
architecture is defined such that poles 720 are the motor poles and poles 730

are the bearing poles. In this alternative embodiment, the motor poles are
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closer to the inner periphery of the impeller while the bearing poles are closer
to the outer periphery of the impeller.

Figure 8 illustrates one embodiment of an impeller 810 configured for
an axial flux gap motor and a radial electrodynamic bearing. The axis of
magnetization of the motor poles 830 is parallel to the impeller axis of
rotation, but the axis of magnetization of the bearing poles 820 are
perpendicular to the impeller axis of rotation. In this embodiment, the
number of bearing poles is the same as the number of motor poles. Due to
the use of distinct magnetic elements for bearing and motor poles, the motor
architecture may incorporate either a single or dual stator (i.e., a set of drive
windings for each end of the motor poles). Thus, for example, stator
windings may be incorporated into the top and bottom housing portions to
produce a dual stator axial gap motor architecture.

Figure 9 illustrates one embodiment of an impeller 910 configured for
a radial flux gap motor and an axial electrodynamic bearing. The axis of
magnetization of the motor poles is perpendicular to the impeller axis of
rotation, but the axis of magnetization of the bearing poles is parallel to the
impeller axis of rotation. In this embodiment, the number of bearing poles is
not the same as the number of motor poles. Impeller 910 has 8 motor poles
930 and 4 bearing poles 920.

Figure 10 illustrates one embodiment of an impeller 1010 configured
for a radial flux gap motor and a radial electrodynamic bearing. The radial
flux gap motor architecture and the radial electrodynamic bearing design
indicate that the axis of magnetization of the motor poles and the bearing
poles are perpendicular to the impeller axis of rotation. In this embodiment,
the motor poles and the bearing poles are at opposing ends of the same
magnets. The motor windings may be located adjacent the outer periphery
of the impeller (i.e., poles 1030) or the inner periphery of the impeller (i.e.,
poles 1020) depending upon the desired location for the drive portion of the
motor. The shorted coils for the radial bearing are located adjacent the
periphery not otherwise selected for the motor windings.

In the preceding illustrations, the bearing poles were located on the

impeller. In alternative embodiments, however, the shorted coils are coupled
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to the impeller while the bearing poles are coupled to the stator. High
energy magnets such as samarium cobalt or neodymium-iron-boron
(NdFeB) may be used for the motor pole magnets, the bearing pole magnets,
or both. Regardless of whether the bearing poles are substantially the same
as or distinct from the motor poles, the shorted coils may be arranged to
achieve different forces as desired for the bearing.

For example, each shorted coil may be arranged such that current is
induced predominately by only a single bearing pole at any given point in
time as is the case with the shorted coils of Figure 3. Figure 11 illustrates the
axial repulsive force contributed to an impeller 1110 by a single shorted coil
when the coil is configured for induction by a single bearing pole 1140 at a
time. No blades or channels are illustrated in order to more clearly illustrate
other features.

Each coil can only exert repulsive forces 1150 on the area of the
inducing bearing pole 1140. Thus each coil can produce only a localized
repulsive force on the impeller 1110. This repulsive force may be used to
counteract any axial loading during pump operation. In this configuration
each shorted coil has time varying currents in them at all times.

In another embodiment, each shorted coil is arranged such that
current is induced by a selected plurality, k, of bearing poles. In such cases,
the coil should be arranged so that the selected plurality of bearing poles
have the same magnetic flux vector (i.e., same polarity or magnetization
vector).

Figure 12 illustrates the repulsive forces contributed to an impeller by
a single shorted coil when the coil is configured for induction by two bearing
poles at a time (i.e., k=2). Each shorted coil is acted upon substantially
simultaneously by a pair of bearing poles. Examples of bearing pole pairs at
different mechanical angles (a, 8,a + ) are illustrated. One pairing of
bearing poles (1240, 1242) represents a mechanical angle a ~120°. Another
pairing of bearing poles (1242, 1244) represents a mechanical angle f§ ~30°.
Yet another combination (1240, 1244) represents a mechanical angle
o+ f=180°.
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The repulsive forces will now be distributed across two bearing poles
instead of one. When the impeller is properly aligned, the bearing poles
induce the same current substantially simultaneously into the shorted coil.
Thus the repulsive force is equally distributed among each bearing pole of the
bearing pole pair.

As the mechanical angle between bearing pole pairs increases, the
current differential for the same angular displacement also increases. Thus
increasing the mechanical angle tends to increase the bearing’s effectiveness.
This current differential results in an unequal distribution of repulsive forces
across the bearing poles. The unequal distribution of force makes it easier for
the impeller to be returned to the correct position in the presence of an
opposing restoring force. The coils will have time varying currents in them
whenever the impeller is incorrectly positioned.

The optimal mechanical angle between bearing poles when each coil
interacts with only two bearing poles at a time is 180° (the simultaneously
inducing bearing poles have the same magnetization vector). If the
electrodynamic bearing is designed so that the same magnitude of current is
induced into the shorted coil by each bearing pole when the impeller is
centered, there will be no net current flow in the shorted coil due to the
opposing signs. Zero current flow results in less heat dissipation for the
pump which may be particularly desirable in implantable pump applications
such as blood pumps. When the impeller is properly centered this implies
that the pump will be more energy efficient because energy from the rotating
impeller will not be consumed by the magnetic bearing.

Figure 13 illustrates repulsive forces applied to the impeller by a single
shorted coil when the coil is configured for simultaneous induction by a
selected plurality, k, of bearing poles at any given time where k>2. In one
embodiment, each shorted coil is configured so that the selected plurality of
bearing poles (1340, 1342, 1344) are at relative equidistant mechanical angles.
The k bearing poles are thus distributed about the axis of rotation at

360°
k

forces (1350, 1352, 1354) about the impeller axis of rotation. “Ripples” or

mechanical angles of 2?71_ radians (i.e., ). This distributes the repulsive
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variations in the forces supporting the impeller may be reduced by increasing
the number k and configuring the shorted coil so that the k selected bearing
poles are distributed in this manner.

The control of an impeller requires control of 6 degrees of freedom of
motion. The bearings must account for 5 degrees of freedom while 1 degree
of freedom is allocated to the drive component for handling the rotational
velocity of the impeller. A radial or axial electrodynamic bearing can be used
in conjunction with other bearings for full control of the impeller. The use of
the electrodynamic bearing to reduce the number of degrees of freedom
over which control must still be exerted, for example, reduces the
computational complexity required by an AMB. Alternatively, the
electrodynamic bearing may be used with other passive bearing mechanisms.
Thus in one embodiment, an impeller is configured for both an axial
electrodynamic bearing and a radial electrodynamic bearing.

Figure 14 illustrates one embodiment of an impeller 1410 designed for
a centrifugal pump with an axial flux gap motor architecture as indicated by
the configuration of motor poles 1430. The impeller 1410 includes a plurality
of bearing poles 1420 (or alternatively shorted coils) for a radial
electrodynamic bearing. In this embodiment, the impeller includes a plurality
of blades 1450 on one face of the impeller. In addition, the impeller may have
hydrodynamic bearing surfaces 1460 designed to generate axial or radial
hydrodynamic bearings when the bearing becomes too close to features of
the stator such as a diffuser or a volute wall. The hydrodynamic bearings
may be realized by providing regions 1460 on one face of the impeller that
have tapered surfaces. Instead of “blades” the impeller may use a plurality of
channels to move the working fluid. In one embodiment, the channels or
blades are located only on one face of the impeller.

Although the illustrations are directed towards an impeller for a
centrifugal pump, the electrodynamic bearing can be used with other pump
architectures such as axial flow or mixed flow pumps. Moreover, the pump
architecture may include either radial, axial, or both types of electrodynamic
bearings. The electrodynamic bearings may be utilized in pumps

incorporating either axial or radial flux gap motor architectures.
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The use of electrodynamic bearings is an improvement over contact
bearings which tend to damage some working fluids such as blood (e.g.,
thrombosis, hemolysis). If needed, the impeller may be coated to protect the
impeller and incorporated elements from the working fluid. The
electrodynamic bearings may also be used for pump applications where the
working fluid is gaseous or otherwise fluid-like (e.g., mixtures) in nature. For
example, air blowers or fans may benefit from the electrodynamic bearing
due to the lack of any need for bearing lubrication. Given that the bearing is
operable only once the rotational speed reaches a threshold, the designer
may need to incorporate touchdown bearings or other mechanisms to
prevent damage when transitioning from an “off” state to an “on” state or
from rotational speeds above the threshold to rotational speeds below the
threshold. For applications where the pump is designed to run continuously
(i.e., blood pumps), such touchdown bearings may not be necessary as a
practical matter.

In the preceding detailed description, the invention is described with
reference to specific exemplary embodiments thereof. Various modifications
and changes may be made thereto without departing from the broader spirit
and scope of the invention as set forth in the claims. The specification and
drawings are, accordingly, to be regarded in an illustrative rather than a

restrictive sense.
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CLAIMS

What is claimed is:

1. A pump apparatus comprising:

an impeller (310);

a stator (380);

a plurality of permanent magnets (320) forming bearing poles coupled
to a selected one of the stator and the impeller; and

a plurality of shorted coils (370) coupled to the other of the stator and
the impeller, wherein the plurality of bearing poles and shorted coils
co-operate to form an electrodynamic bearing during rotation of the

impeller.

2. The apparatus of claim 1 wherein the plurality of magnets is coupled to
the stator and the plurality of shorted coils is carried by the impeller.

3. The apparatus of claim 1 wherein the plurality of magnets is carried by
the impeller and the plurality of shorted coils is coupled to the stator.

4. The apparatus of claim 1 wherein the electrodynamic bearing forms an

axial bearing.

5. The apparatus of claim 1 wherein the electrodynamic bearing forms a

radial bearing.

6. The apparatus of claim 1 wherein each shorted coil is arranged such
that only one bearing pole induces current in the shorted coil at a given point

in time.

7. The apparatus of claim 1 wherein each selected shorted coil is arranged
such that a selected plurality (k) of bearing poles induces current in the

selected shorted coil at substantially the same time.
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8. The apparatus of claim 7 wherein k=2.

9. The apparatus of claim 8 wherein the two bearing poles have a

mechanical angle substantially distinct from 180° relative to each other.

10.  The apparatus of claim 8 wherein the two bearing poles have a

mechanical angle approximately 180° relative to each other.
11.  The apparatus of claim 7 wherein k > 2.

12.  The apparatus of claim 11 wherein the selected plurality of bearing

360
poles are distributed at equidistant mechanical angles of — about the

impeller axis of rotation.

13.  The apparatus of claim 1 wherein the pump apparatus further
comprises a plurality of motor poles for driving the impeller, wherein the

motor poles and bearing poles are distinct.

14.  The apparatus of claim 13 wherein the number of bearing poles is

distinct from the number of motor poles.

15.  The apparatus of claim 1 wherein the permanent magnets of the

bearing poles also serve as motor poles for driving the impeller.

16.  The apparatus of claim 1 wherein at least one bearing pole comprises a

plurality of the permanent magnets.

17.  The apparatus of claim 1 wherein the plurality of permanent magnets
is arranged as a Halbach array (620).
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18.  The apparatus of claim 1, the pump apparatus further comprises a
plurality of motor poles for driving the impeller, wherein each of the motor

poles has an axis of magnetization substantially parallel to an axis of rotation

of the impeller.

19.  The apparatus of claim 1 wherein the pump apparatus further
comprises a plurality of motor poles for driving the impeller, wherein each of
the motor poles has an axis of magnetization substantially perpendicular to

an axis of rotation of the impeller.

20.  The apparatus of claim 1 wherein the pump apparatus is a selected one

of an axial flow, a mixed-flow, and a centrifugal pump.

21. A pump apparatus comprising:

an impeller (310);

a stator (380);

a plurality of magnetic elements (620) forming bearing poles coupled
to a selected one of the stator and the impeller, wherein each element has
substantially a same magnetization vector throughout; and

a plurality of shorted coils (370) coupled to the other of the stator and
the impeller,'Wherein the plurality of bearing poles and shorted coils
co-operate to form an electrodynamic bearing during rotation of the

impeller.

22. A pump apparatus comprising:

an impeller (310);

a stator (380);

a plurality of magnetic elements (630) forming bearing poles coupled
to a selected one of the stator and the impeller, wherein each element has a
plurality of magnetic domains having substantially distinct magnetization

vectors; and
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a plurality of shorted coils (370) coupled to the other of the stator and
the impeller, wherein the plurality of bearing poles and shorted coils
co-operate to form an electrodynamic bearing during rotation of the

impeller.

23.  The apparatus of claim 22 wherein the magnetic domains of each of

the plurality of magnetic elements forms a Halbach array.
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