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Development and Testing of a
Radial Halbach Magnetic Bearing

Dennis J. Eichenberg, Christopher A. Gallo, and William K. Thompson
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135

Summary

The NASA John H. Glenn Research Center has developed and tested a revolutionary Radial Halbach
Magnetic Bearing. The objective of this work is to develop a viable non-contact magnetic bearing utilizing
Halbach arrays for all-electric flight, and many other applications. This concept will help reduce harmful
emissions, reduce the Nation’s dependence on fossil fuels and mitigate many of the concerns and
limitations encountered in conventional axial bearings such as bearing wear, leaks, seals and friction loss.
The Radial Halbach Magnetic Bearing is inherently stable and requires no active feedback control system
or superconductivity as required in many magnetic bearing designs. The Radial Halbach Magnetic
Bearing is useful for very high speed applications where conventional bearings cannot be used including
turbines, instrumentation, and medical applications. In addition, this technology has potential application
in ultra-efficient motors, computer memory systems, manufacturing equipment and space power systems
such as flywheels.

The Radial Halbach Magnetic Bearing employs many advanced technologies. The innovative
physical layout consists of a rotor and a stator. The rotor is contained within a static shell assembly or
stator. Magnetic fields suspend and support the rotor assembly within the stator. Advanced technologies
developed for particle accelerators, and currently under development for maglev trains and rocket
launchers, served as the basis for this application.

A small scale experimental hardware system was successfully designed and developed to validate
the basic principles described, and the theoretical work that was performed. The report concludes that the
implementation of Radial Halbach Magnetic Bearings can provide significant improvements in rotational
system performance and reliability.

Introduction

The NASA Glenn Research Center has a wealth of experience in Halbach bearing technology
through the Fundamental Aeronautics Program. The goals of the program include improving aircraft
efficiency, reliability, and safety. The Radial Halbach Magnetic Bearing discussed in this report was
developed under the Fundamental Aeronautics Program.

The electromagnetic concept of the Radial Halbach Magnetic Bearing uses permanent magnet
elements attached to the circumference of the rotor, and wire coils placed in the stator shell. The
permanent magnets are arranged in a “Halbach” configuration which results in the production of a
sinusoidally varying, periodic magnetic field in the vicinity of the stator coils. This magnetic array
configuration was pioneered by Klaus Halbach for use in particle accelerators (ref. 1). When the rotor is
set in motion, the time varying magnetic fields interact with the passive coils in the stator assembly to
produce repulsive forces between the stator and the rotor providing magnetic suspension. The system is
inherently stable once the rotor reaches critical speed, and thus requires no active feedback control or
superconductivity as seen in many traditional implementations of magnetic suspension.

Theoretical derivations have been developed to predict the levitation forces generated by a circular
Halbach array and coil assembly. Finite element analyses were then performed to validate the theoretical
derivations. Finally, experimental hardware was successfully designed and developed which served to
validate the basic principles described and the theoretical work that was performed.
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Figure 1.—The radial Halbach array for N, = 32 magnets. Arrows
indicate the direction of magnetization for each individual magnet.
This particular arrangement will concentrate the B field outside

the ring and cancel it inside the ring.

Electromagnetic Analysis

Magnetostatic Field

Figure 1 shows a typical arrangement of N,, magnets comprising an external field axial Halbach

array. In this case there are N,,, = 32 sector-shaped permanent magnets with an inner radius ry, an outer
radius r,, an axial length Z, and four magnets per Halbach wavelength in the azimuthal (i.e., ¢) direction.

The number of pole pairs is therefore p = N, /4. Each magnet has an index, s =0, 1, ... N,~1], and a

magnetization M = +4nB,/p, whose direction is indicated by the arrows. B, is the remanent magnetization

of the permanent magnet material.

Post determined previously (ref. 2) that the radial component of the field, B,, at a radial distance r > r,

is
. p+1
_ 2
B,(r)=8B, (T] cos po

and the azimuthal component, B,, is

where

and
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C. = cosP [ij [M} (4)
n 4p nl4

At sufficiently large values of gap distance, g = r— r, the field components exhibit sinusoidal behavior
versus azimuthal position, ¢. While additional harmonics in the field components arise at gap values that
are small compared to the magnet thickness, a large enough stator winding smoothes out these
harmonics in the flux calculations. All three field components also exhibit an inverse power law behavior
with increasing gap distance, g. Writing equations (1) and (2) as a function of gap distance gives the
radial field component as

p p+1
B,(9)= Bo[ 2 J c0s po (5)
rn+g
and the azimuthal component as
p+1
r )
By(9) = Bo[ J sin g ()
r+9

Flux, EMF, current and force calculations for an r-z stator pole piece
Consider the stator pole piece shown in figure 2 which is window frame shaped and wound radially,
i.e., the plane of the center of the stator winding lies in the r-z plane at azimuthal location ¢ = 0. The

normal vector of this plane coincides with the J) direction. The winding consists of N; turns, the width of

Figure 2.—A 6-turn r-z stator winding viewed from one end
of the magnet array. The azimuthal span of the winding
matches the width of one magnet. H and W refer to the
winding height and width, respectively. A gap, g, exists
between the center of the nearby conductors of the
winding and the magnet surface.
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the winding in the radial direction is W, and the height of the winding in the axial direction is H. H is
chosen to be approximately the axial magnet length, Z. The size of W is critical. W must be large enough
to minimize the Lorentz force interaction between the returning current and the B, field, while minimizing
the stator resistance, which tends to reduce the lifting force and increase the drag force and power
dissipation. The number of stator turns, N, is chosen to make the angular span of the winding
approximately equal to one magnet width. A gap, g, exists between the outer radial surface of the
magnets and the center of the nearby conductors of the winding. The radial location of the inner leg of the
winding is Ry = r, + g and the outer leg is located at R, = r, + g+ W.

To compute the stator flux, integrate the field component normal to the winding plane over the surface
enclosed by the stator winding. For an r-z winding the flux as a function of angular position is given by

Faraday’s Law as
([EEFE

The winding factor, w =w;w,, accounts for the spatial variance of the B field over the azimuthal span and
the radial depth of the winding, respectively. The first winding factor component, w; is the intra-layer
average of the winding. It is computed as the average over all winding turns when the peak of a cosine
function coincides with the center of the winding. There are N; = N;,Nj, total turns. If there are Ny, turns in
each layer, then wy is given by

B .NwZr,
p

P

n+9

I

rn+g+W

RZ
@, ,(0) :NthB¢(F)o ds = N,wzj By (r)dr =
S R.

N 1
- (n+2j(d+s)p
— cos for Ny, even
Nt¢ n=0 r2 + g
wy = 8
1 Ny (8)
2 n(d+e
1423 cos LCLLLA | P Ny, odd
Niy e r+g

The second winding factor, w;, is the inter-layer average of the winding. It is computed as the average
over all layers of the radial decay factor when the nearest layer is normalized to unity. If there are Ny,
layers, then w;, is given by

1 Ntzi’l r2 p+1
w, = _— (9)
2 N, nz_(:)[rz +g+n(d+s))

In these expressions d is the diameter of the conductor comprising the stator winding, ¢ is the average
distance between the individual turns. If the winding spans approximately the same angle as one magnet
and N = 1 layer, then w = 0.9 and this factor may be taken outside the integral. For other winding
geometries the winding factor may be computed as a spatial average over the axial span and axial depth
of the winding and then taken outside the integral.

Assume that the array now rotates at a constant angular velocity o = 2r x rom/60, where rom is the
rotational speed expressed in revolutions per minute. The initial rotary position of the array relative to the
static Halbach array case is ¢, = 0. Therefore

b= ot (10)

and the flux therefore becomes a sinusoidal function of time given by
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B, N;wHr,
p

,_,(t) =

p P
I I :
e

Since there are p Halbach arrays in the disk, the electrical frequency becomes po = N,w/4. Using
equation (11) and Faraday’s law, the open circuit voltage becomes

P p

r. r.

Vo) =~ 2020 _ g Nw Hon || -2 | | —2 | |cos(pot) (12)
at r,+g r,+g+W

Dividing by the complex impedance of the stator winding, including any external series components, and
rearranging terms gives

P P
I(t)= BoNew A 7 22 - L2 ! - sin(pot)+ (LJ -cos (pot) (13)
pL ry+g ry+g+W o R 2 pol
(i)

Here R and L represent the total resistance and inductance, respectively, of the stator winding circuit.
These impedances represent the lumped values of the stator self-resistance (R;), self-inductance (L),
any mutual inductances between windings, and any external passive components. Typically, an external
coil with resistance R, and inductance L, may be added in series with the stator winding. The purpose of
the external coil is to optimize the phase shift of the voltage and current, which maximizes axial force
production (lift) while minimizing transverse plane force production (drag). For the arrangement under
consideration, it is necessary that the phase angle between the voltage and current be as close to n/2 as
practical so that the current is flowing axially downward (i.e., —z) when a —¢ polarized magnet is passing
over the stator so that lift force (+r) may be produced. Thus the total resistance is R= Rs + R; and the total
inductanceis L =L + L..

The current may be decomposed into its imaginary (lift-producing) and real (drag-producing)
components. One may note, by comparing equations (13) with (5) and (6) that the lift current is in phase
with B, field component and the drag current is in phase with the B, component. The Lorentz force on the
stator winding centered radially at gap distance g from the magnets is derived from dF = Id¢ x B as

Fuitovs :[Bothszwzrz}[ r ]p [ r ]p _( r Jp _ 1 (14)
' 2pL r,+g r+g r+g+W R
(e
27 2142,,2 P p P R
Forgavs ={Bo NtzH w I’z}( ry J [ ry ] _[ ry J . poL . (15)
pL rp+9g r,+g r,+g+Ww 1+[Rj
polL

The factor of V2 arises from the multiplication of two sinusoids of the same frequency. From the
previous expressions, it should be noted that both the lift and drag forces vary with the square of the
magnetic field strength at the magnet surface (B.2), the square of the number of stator turns (N;?) and the
square of the winding factor (w?). Equation (3) gives B, as a linear function of the strength of the magnets
(B;) and as a nonlinear function of the ratio of the magnet inner and out radii (i.e., r4/r;). Force production
falls off with increasing gap distance g as a power law dependence on the ratio of the outer magnet
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radius (r,) to the radial position of the winding (r,+g). Scaling the machine diameter (i.e., varying r,) is
more complex due to the nonlinear explicit dependence of force production on this parameter, as well as
the non-linear implicit dependence of R and L on this parameter.

The stator winding circuit resistances and inductances determine both the saturation value of the lift
force and the rotational speed at which saturation is achieved. The drag force outpaces the lift force at
low rotational speeds but reaches a maximum value at a critical speed given by (ref. 2)

1R

ry (16)

®¢

and then rolls off toward zero at high speeds. The expressions for lift and drag force are per stator pole,
so the net forces must be summed as vectors over all poles.

Test Objectives

The objective of testing the Radial Halbach Magnetic Bearing is to validate the derived theoretical
analyses and associated finite element analyses. This validation provides confidence in using the derived
and numerical analyses for developing and optimizing conceptual Radial Halbach Magnetic Bearing
designs.

Testing of the Radial Halbach Magnetic Bearing was performed at the NASA Glenn Research Center.
To ascertain the effectiveness of the bearing, performance data are of particular interest. Force, voltage,
current, and temperature were monitored at various rotor operating speeds.

Test Hardware Description

Two Radial Halbach Magnetic Bearing Test Models were developed. One test model includes a 4 in.
long by 4 in. nominal diameter rotor as shown in figure 3 and the other includes a 1 in. long by 1 in.
nominal diameter rotor as shown in figure 4. The Radial Halbach Magnetic Bearing Test Model block
diagram is shown in figure 5. The Test Model components are identified in figure 6. This test hardware
includes the support structure, force measurement scale and positioning system, and drive system
components.

Figure 3.—Four inch radial Halbach magnetic bearing test model.
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Figure 4.—One inch radial Halbach magnetic bearing test model.
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Figure 5.—Radial Halbach magnetic bearing test model block diagram.
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Figure 6.—Radial Halbach magnetic bearing test model components.

The support structure consists of precision structural components that are securely fastened to a
heavy optics plate. The motor and the drive shaft bearing blocks are connected to right angle brackets
that are connected to the optics plate via posts. This subsystem supports and aligns the drive system with
respect to the scale and positioning system that is placed on the optics plate. A safety shield is fastened
to the optics plate to protect personnel from the rotating components of the drive system and rotor.

The drive system for the 4 in. test model consists of a variable speed computer controlled motor that
is connected to a 3/8 in. diameter drive shaft through a flexible coupling to allow for misalignment. The
drive shaft is supported by two roller bearings secured in the bearing blocks. The rotor assembly is
clamped to the drive shaft between the two bearings and is driven by the motor to maintain precise
operating speed. The 1 in. test model drive system has a similar arrangement except that the motor used
to drive the rotor is connected to a 5 mm shaft. The 1 in. rotor assembly is pinned to the drive shaft and is
also located between the two bearings.

The 4 in. rotor assembly, as shown in figures 7 and 8, has an overall diameter of 4.15 in. and an
overall length (not counting the two half in. clamping rings) of 4.31 in. The outer layer of the rotor consists
of a 0.070 in. thick 300 series stainless steel shroud that is used to contain the 128 Neodymium Iron
Boron B55 magnets. The magnets are 1/4 in. thick by 1 in. long segments. There are 32 segments
around the circumference oriented in a Halbach array to make a ring and there are 4 rings total along the
length of the rotor. The outside diameter of the magnet ring is 4 in. and each magnet segment occupies
11.25° of the assembled magnet ring. The magnets have a light press fit between the shroud and the hub
that was wire electrical discharged machined from 6061-T6 aluminum. The hub has 32 flat surfaces
machined around the circumference to support the back side of the magnets which is flat. The magnets
are held in the rotor axially by two aluminum endplates which are fastened to the hub with non-magnetic
stainless steel screws. Total weight of the assembled rotor is 2.8 kg (6.2 Ib).

The 1 in. rotor assembly has an overall diameter of 1.06 in. and an overall length of 1.14 in. The outer
layer of the rotor consists of a 0.030 in. thick 300 series stainless steel shroud that is used to contain the
16 Neodymium Iron Boron B55 magnets. The magnets are 1/8 in. thick by 1 in. long segments. There are
16 segments around the circumference oriented in a Halbach array to make a ring. The outside diameter
of the magnet ring is 1 in. and each magnet segment occupies 22.5° of the assembled magnet ring. The
magnets have a light press fit between the shroud and the hub that was wire electrical discharged
machined from 6061-T6 aluminum. The hub has 16 flat surfaces machined around the circumference to
support the back side of the magnets which is flat. The magnets are held in the rotor axially by two
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aluminum endplates fastened to the hub with non-magnetic stainless steel screws. Total weight of the
assembled rotor is 94 g (0.21 Ib).

Figure 7.—Radial Halbach magnetic bearing test model rotor.

Figure 8.—Internal view of radial Halbach magnetic bearing rotor.
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Figure 9.—Radial Halbach magnetic bearing test model r-z stator pole piece.

Four different stator pole pieces were tested. Two 4 in. r-z pole pieces were developed, one with one
turn of wire, and the other with six turns of wire. Two 1 in. r-z pole pieces were developed, one with one
turn of wire, and the other with six turns of wire. An r-z pole piece is shown in figure 9. All of the pole
pieces have 20 gauge square copper magnet wire. The wire is wound around a slot in the pole piece
machined from Ultem polyetherimide with a maximum operating temperature of 340 °F. The magnet wire
is cemented in place in the slot to ensure that accurate data is obtained.

The pole piece may be terminated by an inductor to introduce a phase shift thus maximizing the
generated repulsive force. Two different inductors were used; one consists of 17 turns of 14 gauge
square copper wire wound around a ferrite rod, and the other has 27 turns of 20 gauge square copper
wire wound around a ferrite rod.

The orientation of the pole piece is highly critical to maximize the force developed by the rotating
rotor. The pole piece is connected with nylon fasteners to a precision horizontal linear stage which is
connected to a precision vertical stage. These two stages allow for an accurate adjustment of the coil
placement in close proximity to the surface of the rotor. The force measurement system monitors the
force developed by the rotating rotor upon the pole piece.

Instrumentation

The Radial Halbach Magnetic Bearing Test Model was instrumented to measure bearing
performance. Data from the drive motor, particularly rotor speed, were obtained from the motor drive
system and sent directly to a personal computer (PC), where the data was stored. The other data were
sent to the various test instruments and monitored. Test data includes stator pole piece voltage, stator
pole piece current, stator pole piece force, stator pole piece temperature, and ambient temperature.

A block diagram of the instrumentation system is shown in figure 10. Type K thermocouples were
used for all temperature measurements. Hall Effect transducers were used for all current measurements.
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Figure 10.—Radial Halbach magnetic bearing instrumentation block diagram.

Test Procedures

The tests described in this report were conducted at the NASA Glenn Research Center in Cleveland,
Onhio. The tests were conducted in accordance with the test matrix provided in Table 1.

Test models of the radial magnetic bearing with diameters of 4 in. and 1 in., respectively, validated
the accuracy of the analytical model in the laboratory. The test procedure employed stators oriented in
the r-z plane. The test matrix comprised stators with either a single turn winding or a 6-turn winding (i.e.,
N =1 or N; = 6). In the case of the 4 in. (102 mm) diameter test model, axial stator heights of H =4 in.
(102 mm) and H = 2 in. (51 mm) were tested. For the 1 in. (25 mm) diameter test model, only the
H = 1in. (25 mm) case was tested. All stators were wound with 20 AWG wire (d = 0.032 in. (0.8mm)).

The test consisted of precisely locating the stator beneath the magnet array such that the air gap
was one of three selected values. For the 4 in. test model, the air gaps were 0.11 in. (2.8 mm), 0.16 in.
(4.0 mm) and 0.21 in. (5.3 mm). Factoring in the thickness of the retaining shroud for the magnets and the
finite radius of the conductor, the effective gap distances from the magnet surfaces to the center of the
conductor were 0.196 in. (5.0 mm), 0.246 in. (6.2 mm) and 0.296 in. (7.5 mm), respectively. For the 1 in.
test model the air gaps were 0.01 in. (0.25 mm), 0.025 in. (0.64 mm) and 0.04 in. (1.0 mm), resulting in
effective gaps of 0.056 in. (1.4 mm), 0.071 in. (1.8 mm) and 0.086 in. (2.2 mm), respectively.

Peak-to-peak open circuit voltage (V,.) and short circuit current (lss) were measured via oscilloscope
with the rotor rotating at fixed mechanical speeds of 100, 250, 500, 1000, 2000 and 3000 rpm. The stator
winding can accommodate a series inductor to provide the necessary phase shift between voltage and
current to boost the production of lifting force. Two coils were included in these additional tests:

Coil 1: 17 turns, 14 AWG, L, =4.8 uH, R = 13.8 mQ
Coll 2: 27 turns, 20 AWG, L, =77.4 pH, R; = 34.6 mQ

With these series coils inserted into the stator winding circuit, current (I;) and lift force (Fx) production
were measured with the oscilloscope and a precision 200 gram scale, respectively.

The analytical model presented in this article predicted expected values for V., lss, Ic and F.
Predicted values were compared to the measured results. Additionally, the analytical model predicted the
drag force (Farag) and power dissipation (Pg).

Finite element analysis (FEA) predictions at 1000 rpm were also compared to the analytical and
measured results for Vo, lss, lc, Fir, and Fprag. Maxwell 3D software (Ansoft Corp., Pittsburgh, PA)
generated the FEA predictions.
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Table 1.—Radial Halbach magnetic bearing test matrix

Parameter Stator Gap Speed Termination
(in.) (in.) (rpm)
4 in. single turn r-z 4 and 2in. 0.110, 0.160, 0.210 100, 250, 500, 1000, Open circuit, short circuit,
stator pole 2000, 3000 inductor
4 in. six turn r-z 4 and 2in. 0.110, 0.160, 0.210 100, 250, 500, 1000, Open circuit, short circuit,
stator pole 2000, 3000 inductor
1in. single turn r-z 1in. 0.010, 0.025, 0.040 100, 250, 500, 1000, Open circuit, short circuit,
stator pole 2000, 3000 inductor
1in. six turn r-z 1in. 0.010, 0.025, 0.040 100, 250, 500, 1000, Open circuit, short circuit,
stator pole 2000, 3000 inductor

Test Results
4-in. Test Model Results

Tables 2-5 summarize the results for the 4-in. radial test model. The tables include data for the
analytical model, measured data and the FEA model, respectively. The data were obtained at 1000 rpm
for three cases--the short circuit case and using the two series coils. A complete set of data for all
rotational speeds is presented as a series of plots (A-1 through A-12) in the appendix.

Predicted and measured open circuit voltages generally agree within 5 percent for nearly all speeds
in all three cases. At speeds of 1000 rpm or less, predicted and measured currents generally agree within
10 percent. At speeds above 1000 rpm, the predicted currents significantly exceed the measured values.
In contrast, when using either series coil, the measured current significantly exceeds the predicted values
at speeds above 1000 rpm. Predicted and measured values of lift force generally agree within 10 percent
when using series coil #2. However, the predicted lift force significantly exceeds the measured values for
the shorted winding, and the measured values significantly exceed the predicted value for series coil #1.

The greatest force production without a significant increase in temperature occurred with the 4-in. 6-
Turn stator operating with the 0.11 in. air gap and series coil #2. Under these conditions, the model
produced 0.151 kg-force at 3000 rpm with a lift/drag ratio of 2.4.

Of particular interest is the dependence of the generated lift force on the axial length, H, of the stator
winding. Comparing the results for the H =4 in. and H = 2 in. cases, note that doubling the axial length of
the winding typically more than doubles the lift force produced. This effect is due to the fact that H linearly
factors into both the flux calculation and the Lorentz force calculation. However, force production does not
truly vary as H?since Rand L are, respectively, linear and non-linear functions of H. Unfortunately, this
same effect applies to the drag force as well, so the additional lift force comes with a price.

1-in. Test Model Results

Tables 6-7 summarize the induced voltage, current, lift force and power dissipation results for the 1-
in. radial test model. The tables include data for the analytical model, measured data and the FEA model,
respectively. The data were obtained at 1000 rpm for two cases--the short circuit case and using series
coil #1. A more complete set of data for all rotational speeds is presented as a series of plots in the
appendix (figs. A-13 through A-15). Lift forces were not measured, except at the very highest speeds.

As with the 4-in. model, the measured and predicted open circuit voltages generally agree within 5
percent. Predicted and measured currents agree within 10 percent up to 3000 rpm, at which point the
same behaviors exhibited by the 4-in. test model appear, i.e., the predicted short circuit current exceeds
the measured value, but the measured current with series coil #1 exceeds the predicted values.

Due to the unfavorable power factor and low amplitude of force production, complete lift force
measurements were not taken on the 1-in. test model. However, when the model operated with a 0.010
in. air gap at 5000 rpm with series coil #1 inserted, it produced a measured lift force of 15.7 grams-force.
This compared well with the analytically predicted value of 14.4 grams-force and the FEA-predicted value
of 15.0 grams-force.
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Table 6.—Comparison of analytically predicted, measured and FEA-predicted values at 1000 rpm for the 1 in. test
model with a 1 in. by 1 in. stator winding of 6 turns. The stator resistance is Rs= 21.0 mQ and the inductance is

Ls = 1.75 pH. Values of peak-peak open circuit voltage (Voc), peak-peak winding current (1), lift force (FLit), and real
power dissipation (Pq) are given at three different air gaps (0.010, 0.025, and 0.040 in.) and with three different series
combinations, including no series coil (R; =0, L. =0, i.e., a shorted winding), Coil #1 (R.= 13.8 mQ, L. = 4.8 yH) and
Coil #2 (R.= 34.6 mQ, L. = 77.4 yH). Measurement or analysis conditions that were not performed are left blank.

1-in. radial test model at 1000 rpm, 1 in. by 1 in. stator, 6 turns
Air gap = 0.01 in. (0.25 mm), Eff. gap = 0.056 in. (1.42 mm)
No series coil With series coil #1
Analytical FEA Analytical FEA
Quantity predicted Measured predicted predicted Measured predicted
Voo (V) 0.16 0.16 0.15 0.16 0.16 0.15
I (A) 7.79 7.80 7.00 7.25 650 | -
Fir (grams-force) 0.039 | e | e 064 | | e
Py (W) 032 | | e 026 | @ - | e
Air gap = 0.025 in. (0.64 mm), Eff. gap = 0.071 in. (1.8 mm)
No series coil With series coil #1
Analytical FEA Analytical FEA
predicted Measured predicted predicted Measured predicted
Voo (V) 0.30 0.30 0.14 0.15 0.14 0.14
I(A) 14.05 13.00 6.40 6.60 6.00 | @ -
Fiin (grams-force) 0.031 | | e 051 | - | -
Py (W) 026 | @ - | e 021 | e e
Air gap = 0.04 in. (1.02 mm), Eff. gap = 0.086 in. (2.2 mm)
No series coil With series coil #1
Analytical FEA Analytical FEA
predicted Measured predicted predicted Measured predicted
Voo (V) 0.40 0.40 0.12 0.13 0.13 0.12
I(A) 19.00 18.00 5.70 5.95 550 | @ -
Fir (grams-force) 0.025 | e | e 041 | e e
Py (W) 021 | | e 018 | | e
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Table 7.—Comparison of analytically predicted, measured and FEA-predicted values at 1000 rpm for the 1 in. test
model with a 1 in. by 1 in. stator winding of 1 turn. The stator resistance is Rs= 10.3 mQ and the inductance is

Ls = 0.17 pH. Values of peak-peak open circuit voltage (Voc), peak-peak winding current (1), lift force (FLit), and real
power dissipation (Pq) are given at three different air gaps (0.010, 0.025, and 0.040 in.) and with three different series
combinations, including no series coil (R; =0, L. =0, i.e., a shorted winding), Coil #1 (R.= 13.8 mQ, L. = 4.8 yH) and
Coil #2 (R.= 34.6 mQ, L. = 77.4 yH). Measurement or analysis conditions that were not performed are left blank.

1-in. radial test model at 1000 rpm, 1 in. by 1 in. stator, 1 turn
Air gap = 0.01 in. (0.25 mm), Eff. gap = 0.056 in. (1.42 mm)
No series coil
Quantity Analytical FEA
predicted Measured predicted
Voc (V) 0.03 0.03 0.03
I(A) 3.07 2.60 2.70
Fiin (grams-force) 0006 | e e
P4 (W) 0.024 | e e
Air gap = 0.025 in. (0.64 mm), Eff. gap = 0.071in. (1.8 mm)
No series coil
Analytical FEA
predicted Measured predicted
Voo (V) 0.06 0.05 0.03
I (A) 5.51 4.80 2.44
Fir (grams-force) 0.005 e e
Py (W) 0020 | e e
Air gap = 0.04 in. (1.02 mm), Eff. gap = 0.086 in. (2.2 mm)
No series coil
Analytical FEA
predicted Measured predicted
Voo (V) 0.08 0.07 0.02
I (A) 7.46 6.60 2.28
Fir (grams-force) 0.004 e e
Py (W) o016 | e e
Discussion

The excellent agreement between measured and predicted open circuit voltages validates the
analytical equations for the magnetostatic field and induced EMF as a function of rotor and stator
geometries, magnet properties, winding factor and air gap. Good agreement between measured and
predicted currents and forces at low speeds further validates the dynamic equations of the analytical
model. Additional physical effects explain the discrepancies observed at higher speeds as discussed
below.

The drop in measured current (vs. predicted) at higher rotational speeds arises from an increase in
winding resistance due to higher temperature (ref. 3). For example, a 30° rise in temperature will increase
the stator resistance by 10 percent. Measured temperature increases sometimes exceeded 50 °C with
the 4-in. test model operating at the smallest air gap.

The rise in measured current (vs. predicted) when using a series coil arises from saturation of the
inductor core at high currents (ref. 4). Under saturation conditions, the inductance drops and the coil no
longer behaves as a true inductor (i.e., impedance no longer rises linearly with frequency). This effect
also produces harmonic distortion of the normally sinusoidal current waveform as observed on the
oscilloscope.

NASA/TM—2006-214477 18



These same physical phenomena translate to the production of the lift force, which scales linearly
with winding current. Additionally, eddy currents in the larger gauge wire of series coil #1 may further
contribute to the rather large discrepancy (~100 percent) observed between the measured and predicted
values of lift force for this coil. This effect is apparently ameliorated by the lower diameter winding of
series coil #2.

In summary, the analytical model presented in this paper may be considered valid under the following
conditions:

a) The temperature rise in the stator winding remains less than 10 °C.

b) The electrical frequency of the system is kept low enough so that the skin depth on the stator
winding conductor is not small compared to the conductor diameter. This condition must be
evaluated for a given design.

c) If a ferrite core inductor is used to produce a favorable power factor for force production, the
currents must be kept low enough so as not to saturate the core. This condition must be
evaluated for the specific inductor used.

d) The stator winding conductor diameter is kept sufficiently small to preclude the development of
eddy currents under the strong time-varying magnetic fields of the Halbach array. This condition
must be verified for the particular choice of stator winding conductor.

Concluding Remarks

The NASA John H. Glenn Research Center has successfully designed, developed, analyzed, and
tested a revolutionary Radial Halbach Magnetic Bearing. The goals of the program include improving
aircraft efficiency, reliability, and safety. The objective of this work is to develop a viable non-contact
magnetic bearing utilizing Halbach arrays for all-electric flight, and many other applications. This concept
will help to reduce harmful emissions, reduce the Nation’s dependence on fossil fuels and mitigate many
of the concerns and limitations encountered in conventional axial bearings such as bearing wear, leaks,
seals and friction loss. The Radial Halbach Magnetic Bearing is inherently stable and requires no active
feedback control system or superconductivity as required in many magnetic bearing designs. The Radial
Halbach Magnetic Bearing is useful for very high speed applications where conventional bearings cannot
be used including turbines, instrumentation, and medical applications.

Theoretical derivations have been developed successfully to predict the levitation forces generated by
a circular Halbach array and coil assembly. Finite element analyses successfully validated the theoretical
derivations. Empirical test results obtained from experimental hardware successfully validated the basic
principles described, and the theoretical work that was performed. Of particular value, are the analytical
tools and capability that were developed successfully under this project. Performance predictions can be
made confidently for machines of various scale.

The test results were obtained using a small scale test model. The factors limiting performance of this
model improve significantly when the physical scale is increased. For large machines on the order of 1 m
diameter, the stator inductance to resistance ratio may be made favorable enough to make the use of an
external series inductor unnecessary, even at speeds of less than 1000 rpm. This favorable balance
results in less resistive heating and the larger size gives more thermal mass, as well as more surface
area from which to radiate heat.

The report concludes that the implementation of Radial Halbach Magnetic Bearings is feasible and
can provide significant improvements in rotational system performance and reliability. In addition to
aircraft engines, this technology has potential application in ultra-efficient motors, computer memory
systems, instrumentation systems, medical systems, manufacturing equipment, and space power
systems, such as generators and flywheels.
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Appendix A—Equipment Under Test Summary Data Sheet

1.0 Radial Halbach Magnetic Bearing Test Model
1.1 1 in. Test Model Drive Motor

1.1.1  Type Brushless DC Servomotor
1.1.2 DC Voltage Range 20t0 48V

1.1.3 Operating Temperature 0to 70 °C (32 to 158 °F)
1.1.4 Storage Temperature —20 to 85°C (-4 to 185 °F)
1.1.5 Humidity 0 to 80 percent

1.1.6 Peak Torque 0.63 N-m (89 oz-in.)

1.1.7 Continuous Torque 0.24 N-m (33 oz-in.)

1.1.8 No Load Speed 7400 rpm

1.1.9 Nominal Power 0.10 kW (0.14 hp)

1.1.10 Servo Update 4069 Hz

1.1.11 Rotor Inertia 1.34 x 107° kg-m? (0.0019 0z-in?)
1.1.12 Width 57.2 mm (2.25in.)

1.1.13 Length 115 mm (4.5in.)

1.1.14 Weight 0.95 kg (2.1 Ib)

1.2 4 in. Test Model Drive Motor

1.21 Type AC Servomotor

1.2.2 Voltage 200 V

1.2.3 Operating Temperature 0to 40 °C (32 to 104 °F)

1.2.4 Peak Torque 14.68 N-m (130 in-Ib)

1.2.5 Rated Torque 4.85 N-m (43 in-Ib)

1.2.6 Rated Speed 3000 rpm

1.2.7 Maximum Speed 5000 rpm

1.2.8  Nominal Power 1.5 kW (2.0 hp)

1.2.9 Rotor Inertia 0.25 N-m-s® x 107

(2.19 in-Ib-s*x 107%)

1.3 Force Measurement System

1.3.1  Type Variable Capacitance

1.3.2 Capacity 410 g

1.3.3 Readability 0.001 g

1.3.4 Linearity £0.02g

2.0 1 in. Test Model Rotor

21 Diameter 2.69 cm (1.06 in)

2.2 Length 2.89cm (1.14in)

23 Weight 94 g (0.21 Ib)

2.4 Magnet Type Neodymium Iron Boron B55
2.5 Magnet Orientation Halbach Array (32)

2.6 Magnet Shape Sectors

3.0 4 in. Test Model Rotor

3.1 Diameter 10.54 cm (4.15in)

3.2 Length 10.95 cm (4.31in)

3.3 Weight 2800 g (6.2 Ib)

3.4 Magnet Type Neodymium Iron Boron B55
3.5 Magnet Orientation Halbach Array (16)

3.6 Magnet Shape Sectors
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4.0

5.0.

6.0

7.0

8.0

9.0

10.0

1in. Test Model Single Turn 1 in. r-z Stator Pole Piece

4.1
4.2
4.3

Wire
Inductance
Resistance

#20 Square Copper
0.17 uH
10.30 mQ

1 in. Test Model Six Turn 1 in. r-z Stator Pole Piece

5.1
5.2
5.3

Wire
Inductance
Resistance

#20 Square Copper
1.75 uH
21.0 mQ

4 in. Test Model Single Turn 4 in. r-z Stator Pole Piece

6.1
6.2
6.3

Wire
Inductance
Resistance

#20 Square Copper
0.55 uH
12.7 mQ

4 in. Test Model Six Turn 4 in. r-z Stator Pole Piece

7.1
7.2
7.3

Wire
Inductance
Resistance

#20 Square Copper
4.8 uH
44.4 mQ

4 in. Test Model Single Turn 2 in. r-z Stator Pole Piece

8.1
8.2
8.3

Wire
Inductance
Resistance

#20 Square Copper
0.38 uH
8.6 mQ

4 in. Test Model Six Turn 2 in. r-z Stator Pole Piece

9.1
9.2
9.3

Wire
Inductance
Resistance

Inductor No. 1

10.1
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Inductor No. 2
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Inductance
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#20 Square Copper
2.8 uH
30.6 mQ

Helix

#14 Square Copper
17

Ferrite Rod

4.8 uH

13.8 mQ

Helix

#20 Square Copper
27

Ferrite Rod

77.4 yH

34.6 mQ



Appendix B—System Performance Test Results

A complete set of plots of the test results are included here. Table 1 identifies the tests that were

4-in. Test Model, 6-Turns, 4 by 1 in. Winding, Shorted

conducted.
Predicted Measured
quantities quantities
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Figure A—1.—Plots of analytically predicted and measured quantities versus rpm for 4-in.-radial test model stator
winding, including (a) induced EMF in volts, (b) current in amps. Stator winding is six turns of 20 AWG, H =4 in.,
W =11in., Rg=44.4 mQ, Lg = 4.8 yH, with no series inductor: R = 0, L = 0.
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4-in. Test Model, 6-Turns, 4 by 1 in. Winding, With Series Inductor #1

Current, 6-turn R-Z stator

500 1000 1500 2000 2500 3000 3500
rpm

Drag force
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rom

Power dissipation
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quantities quantities
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201 (e)
0 T T T
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rpm

Figure A—2.—Plots of analytically predicted versus measured quantities for 4-in.-radial test model stator winding,
including induced EMF in volts (a), current in amps (b), and lift force in grams—force (c). Predicted values only
for drag force in grams—force (d) and power dissipation in watts (e). Stator winding is six turns of 20 AWG,
H=4in,W=1in., Rg=44.4 mQ, Lg = 4.8 yH, with series inductor 1: R = 13.8 mQ, L, = 4.8 pyH.
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4-in. Test Model, 6-Turns, 4 by 1 in. Winding, With Series Inductor #2

Predicted Measured
quantities quantities
7 - 0.11-in.-airgap ® 45
64 ——— 0.16-in.-airgap A 40 - n
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5 1 » 30- A
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2 | 15 -
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o o 501
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£ wl ST 5 2]
(] 1 ]
© 201(q) O o l4”
o Lift force g *(d) Drag force
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
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5 Predicted
quantities
" — 0.11-in.-air gap
= ——— 0.16-in.-air gap
< - --- 0.21-in.-air gap

0 < Power dissipation
0 500 1000 1500 2000 2500 3000 3500
rom

Figure A—3.—Plots of analytically predicted versus measured quantities for 4-in.-radial test model stator winding,
including induced EMF in volts (a), current in amps (b), and lift force in grams—force (c). Predicted values only
for drag force in grams—force (d) and power dissipation in watts (e). Stator winding is six turns of 20 AWG,
H=4in,W=1in., Rg=44.4 mQ, Lg = 4.8 yH, with series inductor 1: R; = 34.6 mQ, L; = 77.4 pH. Note the
effects of inductor core saturation on the measured current in (b) above 1500 rpm.
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Predicted
quantities

4__

4-in. Test Model, 6-Turns, 2 by 1 in. Winding, Shorted

Measured
quantities
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r’o

Current
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Figure A—4.—Plots of analytically predicted and measured quantities versus rpm for 2-in.-radial test model stator
winding, including induced EMF in volts (a), current in amps (b). Stator winding is six turns of 20 AWG, H =2 in,,

W =1in, Rg =30.6 mQ, Lg = 2.8 yH, with no series inductor: Rc =0, L = 0.
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4-in. Test Model, 6-Turns, 2 by 1 in. Winding, With Series Inductor #1

Predicted Measured
quantities quantities
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Figure A-5.—Plots of analytically predicted versus measured quantities for 4-in.-radial test model stator winding,
including induced EMF in volts (a), current in amps (b), and lift force in grams—force (c). Predicted values only
for drag force in grams—force (d) and power dissipation in watts (e). Stator winding is six turns of 20 AWG,
H=2in,W=1in., Rg=30.6 mQ, Lg = 2.8 yH, with series inductor 1: R = 13.8 mQ, L, = 4.8 pyH.
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4-in. Test Model, 6-Turns, 2 by 1 in. Winding, With Series Inductor #2
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Figure A-6.—Plots of analytically predicted versus measured quantities for 4-in.-radial test model stator winding,
including induced EMF in volts (a), current in amps (b), and lift force in grams—force (c). Predicted values only
for drag force in grams—force (d) and power dissipation in watts (e). Stator winding is six turns of 20 AWG,
H=2in,W=1in., Rg=30.6 mQ, Lg = 2.8 yH, with series inductor 2: R; = 34.6 mQ, L, = 77.4 pH.
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4-in. Test Model, 1-Turn, 4 by 1 in. Winding, Shorted

Current

Predicted Measured
quantities quantities
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Figure A—7.—Plots of analytically predicted and measured quantities versus rpm for 2-in.-radial test model stator
winding, including induced EMF in volts (a), current in amps (b). Stator winding is one turn of 20 AWG, H =4 in.,
W=11in, Rg=12.7 mQ, Lg = 0.55 pH, with no series inductor: R; =0, L¢ = 0.
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4-in. Test Model, 1-Turn, 4 by 1 in. Winding, With Series Inductor #1
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quantities quantities
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Figure A-8.—Plots of analytically predicted and measured quantities versus rpm for 4-in.-radial test model stator
winding, including induced EMF in volts (a), current in amps (b), and lift force in grams—force (c). Predicted
values only for drag force in grams—force (d) and power dissipation in watts (e).Stator winding is one turn of
20AWG,H=4in, W=1in.,, Rg=12.7 mQ, Lg = 0.55 pH, with series inductor 1: Rc = 13.8 mQ, L = 4.8 pH.
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4-in. Test Model, 1-Turn, 4 by 1 in. Winding, With Series Inductor #2
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Figure A-9.—Plots of analytically predicted and measured quantities versus rpm for 4-in.-radial test model stator
winding, including induced EMF in volts (a), current in amps (b), and lift force in grams—force (c). Predicted
values only for drag force in grams—force (d) and power dissipation in watts (e).Stator winding is one turn of

20AWG, H=4in, W=1in, Rg=127mQ, Lg =

NASA/TM—2006-214477

0.55 pH, with series inductor 2: R =

31

346 mQ, Lo =77.4 yH.



4-in. Test Model, 1-Turn, 2 by 1 in. Winding, Shorted

Predicted Measured
quantities quantities
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Figure A—10.—Plots of analytically predicted versus measured quantities versus rpm for 2-in.-radial test model stator
winding, including induced EMF in volts (a), current in amps (b). Stator winding is one turn of 20 AWG, H = 4 in.,
W=11in, Rg=8.6 mQ, Lg = 0.38 pH, with no series inductor: R; =0, L; = 0.

4-in. Test Model, 1-Turn, 4 by 1 in. Winding, With Series Inductor #1
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Figure A—11.—Plots of analytically predicted versus measured quantities for 4-in.-radial test model stator winding,
including induced EMF in volts (a), current in amps (b). Stator winding is one turn of 20 AWG, H=4in,, W=1in,,
Rs = 8.6 mQ, Lg = 0.38 pH, with series inductor 1: R = 13.8 mQ, L = 4.8 pH.

4-in. Test Model, 1-Turn, 2 by 1 in. Winding, With Series Inductor #2
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Figure A—12.—Plots of analytically predicted versus measured quantities for 4-in.-radial test model stator winding,
including induced EMF in volts (a), current in amps (b). Stator winding is one turn of 20 AWG, H=2in,, W=1in,,
Rg = 8.6 mQ, Lg = 0.38 pH, with series inductor 2: R¢ = 34.6 mQ, L = 77.4 pH.
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1-in. Test Model, 6-Turns, 1 by 1 in. Winding, Shorted

Predicted Measured
quantities quantities
0.9 — 0.01-in.-airgap ® — 40
08{ ——— 0.025-in.-airgap A 35 - P
071 ---- 0.04-in-airgap © 30 - 7--A
" 0.6 - = » 25 -
2 0.5 1 - Q
S 0.4 - E207
0.3 15 1
0.2 1 10 -
8(1) Induced EMF (5) Current
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
rpm rpm

Figure A—13.—Plots of analytically predicted versus measured quantities for 1-in.-radial test model stator winding,
including induced EMF in volts (a), current in amps (b). Stator winding is six turns of 20 AWG, H =1 in.,, W= 1in,,
Rs =21 mQ, Lg = 1.75 pH, with no series inductor: R = 0, L¢ = 0.

1-in. Test Model, 6-Turns, 1 by 1 in. Winding, With Series Coil #1
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Figure A—14.—Plots of analytically predicted versus measured quantities for 1-in.-radial test model stator winding,
including induced EMF in volts (a), current in amps (b). Stator winding is six turns of 20 AWG, H =1 in.,, W= 1in,,
Rs =21 mQ, Lg = 1.75 pH, with series inductor 1: R¢ = 13.8 mQ, L = 4.8 pH.

1-in. Test Model, 1-Turn, 1 by 1 in. Winding, Shorted
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Figure A—15.—Plots of analytically predicted versus measured quantities for 1-in.-radial test model stator winding,
including induced EMF in volts (a), current in amps (b). Stator winding is one turn of 20 AWG, H=1in.,, W=1in,,
Rg =10.3 mQ, Lg = 17 pH, with no series inductor: R; = 0, L = 0.
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