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(57) Abstract: A radial stabilizer is provided for stabilizing levitation passive bearing elements against lateral displacements. The
stabilizer provides a means to introduce anisotropy in the radial stitfness of the stabilizer. The presence of anisotropic stiffness has
a strongly stabilizing effect on whirl-type rotor-dynamic instabilities. The stabilizer design also provides a means for continuously
monitoring the state of health of the rotor by signaling the onset of changes of balance that would be expected to precede any major
failure.

[Continued on next page]



WO 20177209960 A1 {10000 0 00O R

TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IF, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:
—  with international search report (Art. 21(3))



WO 2017/209960 PCT/US2017/033191

HALBACH-ARRAY

Cross Reference to Related Applications

[0001] This application claims priority to and claims the benefit of U.S.S.N.

15/170,864 filed on June 1, 2016, which is incorporated herein by reference.

Statement Regarding Federally Sponsored Research or Development

[0002] The United States Government has rights in this invention pursuant
to Contract No. DE-AC52-07NA27344 between the U.S. Department of Energy
and Lawrence Livermore National Security, LLC, for the operation of

Lawrence Livermore National Laboratory.

BACKGROUND

Field

[0003] The present technology relates to passive magnetic bearings, and
more specifically, it relates to means for radial stabilization of such bearings.
In more detail, the present technology is of a Halbach-array radial stabilizer

for a passive magnetic bearing.

Description of Related Art

[0004] An improved radial stabilizer is desirable for stabilizing levitation

passive bearing elements against lateral displacements. A means for
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overcoming whirl type instabilities would be especially beneficial. It is also
desirable that the stabilizer design includes a means for continuously
monitoring the state of health of the rotor by signaling the onset of changes of

balance that would be expected to precede any major failure.

SUMMARY

[0005] The technology herein is directed to a radial stabilizer for a passive
magnetic bearing. An example radial stabilizer is described in U.S patent No.
5,847,480, "Passive Magnetic Bearing Element with Minimal Power Losses" by
the present inventor. The present invention involves the subdivision of the
stator windings of the stabilizer into four quadrant windings. Geometrically
opposite pairs of these quadrant windings are then connected in opposing
series so that when the axes of the windings and the Halbach array coincide,
the induced voltage measured at the ends of this circuit approaches zero at
this "null" position but increases exponentially with displacements of the axes.
To complete the circuits and to accomplish one of the objectives of the
invention, inductances are connected to complete the circuit of each of the
quadrant pairs. By using dissimilar values in these two inductances, the radial
stiffness of the stabilizer is made to be anisotropic. Anisotropy in radial
stiffness is strongly stabilizing against so-called “whirl” instabilities of the
rotor/bearing systems that can arise from mechanical hysteresis or
displacement-dependent drag forces. Another new, aspect of the present

technology is accomplished by electronically monitoring the voltage output of
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each quadrant pair of windings. Any observed change in the ratio of these
two voltages or in their waveform would signal a change in the balance of the
rotor/bearing system, such as would occur as a result of a structural change
in these components, for example, and internal rupture of fibers in a
composite rotor. Such a signal would represent an early warning of a possibly
major failure of the rotor system. This information could then be used to

trigger a shutdown of the system before such a failure occurred.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The accompanying drawings, which are incorporated into and form
a part of the disclosure, illustrate embodiments of the invention and, together
with the description, serve to explain the principles of the invention.

[0007] FIG. 1 is a schematic drawing of a radial stabilizer of the present
invention and includes a view of the Halbach array and the quadrant winding
support.

[0008] FIG. 2 is a schematic view of one quadrant winding and the
geometry of the stabilizer winding support.

[0009] FIG. 3 shows an electrical connection schematic for the radial
stabilizer windings of the present invention.

[0010] FIG. 4 shows a schematic drawing of an anisotropic stiffness radial

stabilizer.
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DETAILED DESCRIPTION

[0011] A Halbach array stabilizer and passive magnetic bearing system is
described in U.S. Patent No. 5,847,480, “Passive Magnetic Bearing Element
with Minimal Power Losses.” The present invention includes embodiments
of a radial stabilizer that has advantages over the one disclosed in that patent
and is particularly applicable for use in the passive magnetic bearing in a
flywheel energy storage system. An aspect of the invention is that it
suppresses rotor-dynamic instabilities by introducing anisotropic stiffness
through circuit modifications of the stabilizer winding system. Another
aspect of the invention is that it employs electrical signals from the modified
windings to sense incipient failure modes of the flywheel rotor that result in a
change in balance of the rotor. Thus, in addition to its role in stabilizing the
passive bearing system against transverse displacements, the new stabilizer
can help to stabilize so-called “whirl” instabilities of the rotor and, at the same
time, detect changes in the balance of the rotor that could signal incipient
mechanical failure of the rotor and/or elements attached to it.

[0012] The geometry of the concept is shown schematically in FIG. 1. In
top (or end) view there is shown the outermost cylindrical object, the Halbach
array 10, which would be typically mounted on the inner surface of the rotor
(not shown). The magnetic field from the Halbach array is concentrated near
the inner surface of the array where it can interact strongly with the special
windings that are located on the support 12 of the stabilizer. The support 12

is shown in the drawing as a cylindrical element with a slightly smaller radius
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than that of the inner surface of the Halbach array. Thus, there is a gap 16
between suppoft 12 and Halbach array 10. Halbach arrays are known in the
art and it is within the skill in the art to arrange the permanent magnets of the
Halbach arrays to concentrate the magnetic field near the inner surface of the
array. Only one permanent magnet 14 of such an array is shown in the figure.
As can be seen in the drawing, the stabilizer is divided into four quadrant
regions (1, 2, 3, 4), a division, as described below, that is employed in creating
the afore-mentioned anisotropic radial stiffness of the stabilizer. In an
alternate embodiment, the Halbach array is affixed to the inner support and
its magnetic field is directed outward. In this alternate embodiment, the
windings, in their respective quadrant, are located on the inner surface of the
rotor which is configured to rotate around the relatively stationary Halbach
array.

[0013] FIG. 2 is a schematic view of one of the quadrant windings referred
above. As shown in the side view, the winding 20 is of a zig-zag shape, with
a spacing between each leg congruent with a half-wavelength of the Halbach
array. The ends of each quadrant winding are connected to conductors that
exit the vacuum chamber through insulated bushings, for connection to
external circuit elements to be described.

[0014] Each quadrant winding will generate an AC output voltage that
will increase exponentially in magnitude with a radial displacement of the
Halbach array relative to the stationary cylindrical element that supports the

windings. On one side of the support structure 12, such radial displacement
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will narrow the gap between the winding of that quadrant and the Halbach
array. The gap will correspondingly increase between the opposite quadrant
and Halbach array. In the centered position of the Halbach array (relative to
the axis of this cylinder), the output voltage of the quadrants that are located
180° from each other will be the same except for phase. Thus, if these opposite
quadrant windings are then connected in opposing series, their output will
approach zero when the Halbach array is centered with respect to the
winding support cylinder. This output will then also increase exponentially
from zero with lateral displacements of the Halbach array in the direction of
either of these two opposite quadrants.

[0015] To control the current that flows in the electrically connected pairs
of quadrant windings, an inductance is connected in series with the leads
from each pair of the windings. These two inductances play an important
role in the design. First, they control the net stiffness of the stabilizer and
along with this they control the ohmic losses in the windings that occur upon
transverse displacements. Second, by choosing different values for the two
inductances, the stiffness of the stabilizer is made to be anisotropic.
Anisotropic stiffness acts as a strong stabilizer against so-called “whirl
instabilities” that can occur in bearing-supported rotating systems as a result
of mechanical hysteresis within the rotating elements or mechanical moments
generated by displacement-dependent drag forces.

[0016] Figure 3 is an electrical connection schematic for the present

invention. Although the quadrant windings are shown as altogether forming

-6-
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a square, the windings in the present inVention are formed on the circular
outer wall of the support structure, and therefore curve around the circular
outer wall. The windings are labeled 41 through 44. All of the windings are
located within the vacuum vessel 46. Winding 41 has a positive lead 52
connected to an inductor 54, which is connected to positive lead 54 of winding
43. The negative leads 58 and 60 of winding 41 and 43, respectively, are
connected together and can optionally be connected to ground. Winding 42
has a positive lead 62 connected to an inductor 64, which is connected to
positive lead 66 connected to winding 44. The negative leads 68 and 70 of
winding 42 and 44, respectively, are connected together and can be optionally
be connected to ground. To achieve anisotropy, the values of inductors 54 and
64 are dissimilar. Note that the length of the winding segments can be set to
accommodate any size stator. Thus, the larger the stator, then the larger are
each of its quadrants and the length of the windings on each quadrant.

[0017] Independent of the stabilizing role of the quadrant windings in
providing positive radial stiffness to overcome the negative stiffness of the
levitation bearings, they can perform another, quite different and very
important role. This role is to provide a means for continuously monitoring
the state of balance of the rotor and thereby be able to sense any sudden
change in balance associated with an incipient catastrophic failure of the rotor
(or of any change in the rotor-dynamics of the system that would bring it
closer to an instability threshold) in time to shut down the system before a

major failure occurred. This sensing action would be implemented by

7
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connecting the output leads of the quadrant windings to an electronic circuit
that would be able to signal any sudden change in the magnitude of the
output of one or more of the windings, such as would occur as a result of any
structural changes in the rotor due to small internal failures. Such a signal
could therefore give an early warning of an incipient major failure.

[0018] Another technique is provided herein for stabilizing both the lateral
type of whirl instability and a more recondite form of whirl instability "the tilt
instability" that can arise as a result of gyroscopic nutation effects. The
stabilizing effect on laterally directed whirling motion arises from a
modification of the above described stabilizer to produce one which has
anisotropic stiffness, that is, the positive stiffness (negative force derivative) of
the stabilizer is caused to be greater for displacements in the, say, "x" direction
than it is in the "y" direction, i.e., perpendicular to the former. For
displacements that are purely transverse (i.e., no tilting motion) the equations
that describe the forces on the center-of-gravity of the rotating object (in the

absence of damping forces) are those given below:

d?x

M“(‘ig = -Kijx + o,y
d2?

Mg’t“g‘ = -K,y - 0,yX

Here K; and K are the stiffness in the x and y direction, respectively, and a;

and a are the x and y-directed displacement-dependent, whirl producing,
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drag forces, from whatever source (i.e., from drags in the bearing system, or
in the generator/motor (where relevant), or from internal mechanical
hysteretic effects in the rotor.

[0019] Theoretical analysis of the solutions to the above equations yields a
stability criterion which specifies a degree of stiffness anisotropy (nonequality

of K1 and K2) sufficient to insure stability against lateral whirl. This criterion

is:
K, 2\/ oLy 0y
K, <l - K, , Ky <K, , Stable
Ky N a0,
or, K, <i1 - K, . K, <K, , Stable
[0020] If the drag force coefficients are small compared to the stiffness

coefficients (i.e., 1 << K, as is usually the case) the stiffness anisotropy
required to stabilize transverse whirl is corresponding small.

[0021] To accomplish the first end of the invention, i.e., stabilization
against lateral whirl, it is proposed to modulate the spacing between
inductive circuits azimuthally, i.e., to have the spacing between windings be
minimum in the direction of one axis, say x, increasing to a wider spacing for
plus or minus azimuthal changes that approach the y axis. This effect is

shown (in exaggerated form) on the attached figure, for a case where the
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Halbach array rotates around the stationary windings. FIG. 4 shows a
stationary circuit array 80 around which is located a rotatable Halbach array
82. Notice the narrower spacing between circuits at location 84 compared to
the wider spacing at location 86.

[0022] An alternative embodiment (not shown) is one where the Halbach
array is stationary and is located inside the (rotating) windings. In this case
the azimuthal spacing of the windings would be uniform, but the azimuthal
wavelength and/or intensity of the field of the Halbach array would be
modulated by progressively varying the thickness of the magnet bars with
azimuth. Variation of the thickness in the radial direction would modulate the
strength of the field; modulation of the thickness in the azimuthal direction
would vary the wavelength. In either case the modulation of the parameter is
to be performed on the stationary element.

[0023] The above prescriptions would accomplish one objective of the
invention, namely, stabilization of lateral whirl motions. The second objective
of the invention, stabilization of tilt-whirl motion is accomplished by the
choice of the geometry. Theory shows (analysis by T. K. Fowler, R. F. Post,
and D. D. Ryutov) that if the drag force produced on the rotating element is
produced by a stationary object outside of which there is a rotating element
producing the drag force (here the residual drag produced by the rotating
Halbach array of the first case, or the windings, of the second case), then with
a proper adjustment of the parameters both the lateral and the tilt-type whirl

can be stabilized.

-10-
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[0024] The foregoing description of the invention has been presented for
purposes of illustration and description and is not intended to be exhaustive
or to limit the invention to the precise form disclosed. Many modifications
and variations are possible in light of the above teaching. The embodiments
disclosed were meant only to explain the principles of the invention and its
practical application to thereby enable others skilled in the art to best use the
invention in various embodiments and with various modifications suited to
the particular use contemplated. The scope of the invention is to be defined
by the following claims.

[0025] All elements, parts and steps described herein are preferably
included. It is to be understood that any of these elements, parts and steps
may be replaced by other elements, parts and steps or deleted altogether as
will be obvious to those skilled in the art.

[0026] Broadly, this writing discloses at least the following: A radial
stabilizer is provided for stabilizing levitation passive bearing elements
against lateral displacements. The stabilizer provides a means to introduce
anisotropy in the radial stiffness of the stabilizer. The presence of anisotropic
stiffness has a strongly stabilizing effect on whirl-type rotor-dynamic
instabilities. The stabilizer design also provides a means for continuously
monitoring the state of health of the rotor by signaling the onset of changes of

balance that would be expected to precede any major failure.
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Concepts:

This writing also presents at least the following concepts:

1. An apparatus, comprising;:

a cylinder having an outer wall characterized as having four
quadrants and further having a central longitudinal axis;

a separate winding located on each quadrant, wherein the positive
output of the windings located on geometrically opposite quadrants are
connected together;

a rotor configured to rotate around said cylinder; and

a Halbach array attached to the inner wall of said rotor and
configured to concentrate its magnetic field near the inner surface of the

array.

2. The apparatus of concept 1, further comprising a first inductor
connected between the positive output of a first set of windings located on
geometrically opposite quadrants and a second inductor connected between
the positive output of a second set of windings located on geometrically

opposite quadrants.

3. The apparatus of concept 1 or 2, wherein said Halbach array is
configured to concentrate its magnetic field near the inner, wherein when the
rotor is rotating and the center of rotation of said rotor coincides with sald

central longitudinal axis, the induced voltages between the connected

12-
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windings approaches zero, and wherein when the rotor is rotating and the
center of rotation of said rotor does not coincides with said central
longitudinal axis, the induced voltage between the connected windings

increases exponentially with displacements of the axes.

4. The apparatus of concept 2, wherein said Halbach array is
configured to concentrate its magnetic field near the inner, wherein when the
rotor is rotating and the center of rotation of said rotor coincides with said
central longitudinal axis, the induced voltages between the connected
windings approaches zero, and wherein when the rotor is rotating and the
center of rotation of said rotor does not coincides with said central
longitudinal axis, the induced voltage between the connected windings

increases exponentially with displacements of the axes.

5. The apparatus of concept 2, wherein the inductance of said first

inductor is different from that of said second inductor.

6. The apparatus of any one of the preceding concepts, wherein

each said separate winding comprises zig-zag pattern.

7. The apparatus of concept 6, wherein zig-zag pattern comprises a

square wave pattern or a rectangular wave pattern.
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8. The apparatus of concept 7, wherein a spacing between each leg

of said pattern is congruent with a half-wavelength of said Halbach array.

9. The apparatus of any one of the preceding concepts, further
comprises means for electronically monitoring the voltage output of each

quadrant pair of windings.

10. An apparatus, comprising;:

a cylinder having an outer wall and a central longitudinal axis,
wherein said outer wall can be characterized as having four quadrants that
altogether span the circumference of said outer wall such that a first quadrant
is adjacent to a second quadrant which is adjacent to a third quadrant which
is adjacent to a fourth quadrant which is adjacent to said first quadrant,
wherein said first quadrant is on the opposite side of said axis from said third
quadrant and wherein said second quadrant is on the opposite side of said
axis from said fourth quadrant;

a first winding located on said first quadrant and not on the other
quadrants, said first winding having a first negative lead and a first positive
lead, wherein said first negative lead is grounded;

a second winding located on said second quadrant and not on the
other quadrants, said second winding having a second negative lead and a

second positive lead, wherein said second negative lead is grounded;

-14-
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a third winding located on said third quadrant and not on the other
quadrants, said third winding having a third negative lead and a third
positive lead, wherein said third negative lead is grounded, wherein said first
positive lead and said third positive lead are connected together;

a fourth winding located on said fourth quadrant and not on the
other quadrants, said fourth winding having a fourth negative lead and a
fourth positive lead, wherein said fourth negative lead is grounded, wherein
said second positive lead and said fourth positive lead are connected together;

a rotor configured to rotate around said cylinder; and

a Halbach array attached to the inner wall of said rotor and
configured to concentrate its magnetic field near the inner surface of the

array.

11. The apparatus of concept 10, further comprising;:

a first inductor having a first inductor lead and a second inductor
lead; and

a second inductor having a third inductor lead and a fourth
inductor lead, wherein said first positive lead is connected to said first
inductor lead, wherein said second inductor lead is connected to said third
positive lead, wherein said second positive lead is connected to said third
inductor lead and wherein said fourth inductor lead is connected to said

fourth positive lead;

15-
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12. The apparatus of concept 10, wherein said Halbach array is
configured to concentrate its magnetic field near the inner surface of the array
such that said magnetic field can interact with said first winding, said second
winding, said third winding and said fourth winding, wherein when the rotor
is rotating and the center of rotation of said rotor coincides with said central
longitudinal axis, (i) the induced voltage between said first positive lead and
said third positive lead approaches zero and (ii) the induced voltage between
said second positive lead and said fourth positive lead approaches zero, and
wherein when the rotor is rotating and the center of rotation of said rotor does
not coincides with said central longitudinal axis, (i) the induced voltage
between said first positive lead and said third positive lead increases
exponentially with displacements of the axes and (ii) the induced voltage
between said second positive lead and said fourth positive lead increases

exponentially with displacements of the axes.

13. The apparatus of concept 11, wherein said Halbach array is
configured to concentrate its magnetic field near the inner surface of the array
such that said maglletic field can interact with said first winding, said second
winding, said third winding and said fourth winding, wherein when the rotor
is rotating and the center of rotation of said rotor coincides with said central
longitudinal axis, (i) the induced voltage between said first positive lead and
said third positive lead approaches zero and (ii) the induced voltage between

said second positive lead and said fourth positive lead approaches zero, and

-16-
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wherein when the rotor is rotating and the center of rotation of said rotor does
not coincides with said central longitudinal axis, (i) the induced voltage
between said first positive lead and said third positive lead increases
exponentially with displacements of the axes and (ii) the induced voltage
between said second positive lead and said fourth positive lead increases

exponentially with displacements of the axes.

14. The apparatus of any one of concepts 11-13, wherein the

inductance of said first inductor is different from that of said second inductor.

15. The apparatus of any one of concepts 10-14, wherein each of
said first winding, said second winding, said third winding and said fourth

winding comprises zig-zag pattern.

16. The apparatus of concept 15, wherein zig-zag pattern comprises

a square wave pattern or a rectangular wave pattern.

17. The apparatus of concept 16, wherein spacing between each leg

is congruent with a half-wavelength of said Halbach array.

18. The apparatus of any one of concepts 10-17, wherein the
direction from the negative lead to the positive lead of each winding is

identical around said outer wall.

17-
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19. The apparatus of any one of éoncepts 10-18, wherein said first
positive lead is adjacent to said second negative lead, wherein said second
positive lead is adjacent to said third negative lead, wherein said third
positive lead is adjacent to said fourth negative lead, wherein said fourth

positive lead is adjacent to said first negative lead.
20. The apparatus of any one of concepts 10-19, further comprises

means for electronically monitoring the voltage output of each quadrant pair

of windings.

18-
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We claim:

1. An apparatus, comprising;:

a cylinder having an outer wall characterized as having four
quadrants and further having a central longitudinal axis;

a separate winding located on each quadrant, wherein the positive
output of the windings located on geometrically opposite quadrants are
connected together;

a rotor configured to rotate around said cylinder; and

a Halbach array attached to the inner wall of said rotor and
configured to concentrate its magnetic field near the inner surface of the

array.

2. The apparatus of claim 1, further comprising a first inductor
connected between the positive output of a first set of windings located on
geometrically opposite quadrants and a second inductor connected between
the positive output of a second set of windings located on geometrically

opposite quadrants.

3. The apparatus of claim 1, wherein said Halbach array is
configured to concentrate its magnetic field near the inner, wherein when the
rotor is rotating and the center of rotation of said rotor coincides with said
central longitudinal axis, the induced voltages between the connected

windings approaches zero, and wherein when the rotor is rotating and the

-19-
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center of rotation of said rotor does not coincides with said central
longitudinal axis, the induced voltage between the connected windings

increases exponentially with displacements of the axes.

4. The apparatus of claim 2, wherein said Halbach array is
configured to concentrate its magnetic field near the inner, wherein when the
rotor is rotating and the center of rotation of said rotor coincides with said
central longitudinal axis, the induced voltages between the connected
windings approaches zero, and wherein when the rotor is rotating and the
center of rotation of said rotor does not coincides with said central
longitudinal axis, the induced voltage between the connected windings

increases exponentially with displacements of the axes.

5. The apparatus of claim 2, wherein the inductance of said first

inductor is different from that of said second inductor.

6. The apparatus of claim 1, wherein each said separate winding

comprises zig-zag pattern.

7. The apparatus of claim 6, wherein zig-zag pattern comprises a

square wave pattern or a rectangular wave pattern.

-20-
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8. The apparatus of claim 7, wherein the with a spacing between
each leg of said pattern is congruent with a half-wavelength of said Halbach

array.

9. The apparatus of claim 1, further comprises means for
electronically monitoring the voltage output of each quadrant pair of

windings.

10. An apparatus, comprising:

a cylinder having an outer wall and a central longitudinal axis,
wherein said outer wall can be characterized as having four quadrants that
altogether span the circumference of said outer wall such that a first quadrant
is adjacent to a second quadrant which is adjacent to a third quadrant which
is adjacent to a fourth quadrant which is adjacent to said first quadrant,
wherein said first quadrant is on the opposite side of said axis from said third
quadrant and wherein said second quadrant is on the opposite side of said
axis from said fourth quadrant;

a first winding located on said first quadrant and not on the other
quadrants, said first winding having a first negative lead and a first positive
lead, wherein said first negative lead is grounded;

a second winding located on said second quadrant and not on the
other quadrants, said second winding having a second negative lead and a

second positive lead, wherein said second negative lead is grounded;

21-
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a third winding located on said third quadrant and not on the other
quadrants, said third winding having a third negative lead and a third
positive lead, wherein said third negative lead is grounded, wherein said first
positive lead and said third positive lead are connected together;

a fourth winding located on said fourth quadrant and not on the
other quadrants, said fourth winding having a fourth negative lead and a
fourth positive lead, wherein said fourth negative lead is grounded, wherein
said second positive lead and said fourth positive lead are connected together;

a rotor configured to rotate around said cylinder; and

a Halbach array attached to the inner wall of said rotor and
configured to concentrate its magnetic field near the inner surface of the

array.

11. The apparatus of claim 10, further comprising;:

a first inductor having a first inductor lead and a second inductor
lead; and

a second inductor having a third inductor lead and a fourth
inductor lead, wherein said first positive lead is connected to said first
inductor lead, wherein said second inductor lead is connected to said third
positive lead, wherein said second positive lead is connected to said third
inductor lead and wherein said fourth inductor lead is connected to said

fourth positive lead;

292~
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12. The apparatus of claim 10, wherein said Halbach array is
configured to concentrate its magnetic field near the inner surface of the array
such that said magnetic field can interact with said first winding, said second
winding, said third winding and said fourth winding, wherein when the rotor
is rotating and the center of rotation of said rotor coincides with said central
longitudinal axis, (i) the induced voltage between said first positive lead and
said third positive lead approaches zero and (ii) the induced voltage between
said second positive lead and said fourth positive lead approaches zero, and
wherein when the rotor is rotating and the center of rotation of said rotor does
not coincides with said central longitudinal axis, (i) the induced voltage
between said first positive lead and said third positive lead increases
exponentially with displacements of the axes and (ii) the induced voltage
between said second positive lead and said fourth positive lead increases

exponentially with displacements of the axes.

13. The apparatus of claim 11, wherein said Halbach array is
configured to concentrate its magnetic field near the inner surface of the array
such that said magnetic field can interact with said first winding, said second
winding, said third winding and said fourth winding, wherein when the rotor
is rotating and the center of rotation of said rotor coincides with said central
longitudinal axis, (i) the induced voltage between said first positive lead and
said third positive lead approaches zero and (ii) the induced voltage between

said second positive lead and said fourth positive lead approaches zero, and
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wherein when the rotor is rotating and the center of rotation of said rotor does
not coincides with said central longitudinal axis, (i) the induced voltage
between said first positive lead and said third positive lead increases
exponentially with displacements of the axes and (ii) the induced voltage
between said second positive lead and said fourth positive lead increases

exponentially with displacements of the axes.

14. The apparatus of claim 11, wherein the inductance of said first

inductor is different from that of said second inductor.

15. The apparatus of claim 10, wherein each of said first winding,
said second winding, said third winding and said fourth winding comprises

zig-zag pattern.

16. The apparatus of claim 15, wherein zig-zag pattern comprises a

square wave pattern or a rectangular wave pattern.

17. The apparatus of claim 16, wherein the with a spacing between

each leg is congruent with a half-wavelength of said Halbach array.

18. The apparatus of claim 10, wherein the direction from the
negative lead to the positive lead of each winding is identical around said

outer wall.
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19. The apparatus of claim 10, wherein said first positive lead is
adjacent to said second negative lead, wherein said second positive lead is
adjacent to said third negative lead, wherein said third positive lead is
adjacent to said fourth negative lead, wherein said fourth positive lead is

adjacent to said first negative lead.

20. The apparatus of claim 10, further comprises means for

electronically monitoring the voltage output of each quadrant pair of

windings.
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