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Single Plane Radial, Magnetic
Bearings Biased With Poles
Containing Permanent Magnets
Magnetic bearings biased with permanent magnets have lower coil resistance p
losses, and the magnets can also be used to help support a constant side load.
paper, the performance of a single plane radial magnetic bearing biased with perma
magnets in several poles is presented. Although it has less load capacity and stiffnes
a similarly sized electrically biased single plane heteropolar bearing, it does not req
bias current, and its ratio of load capacity to coil resistance power loss is significa
better. This type of permanent magnet bearing has only a single plane of poles. It c
distinguished from the homopolar bearing type which has two planes and which can
be biased with permanent magnets. Magnetic circuit models for the novel single
bearing are presented along with verification by finite element models. Equations fo
key performance parameters of load capacity, stiffness, coil inductance and res
power loss are also presented.@DOI: 10.1115/1.1541630#
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1 Introduction
Radial magnetic bearings are used to suspend rotors in m

types of machines. These types of bearings have the advan
that they can be used to actively control the rotor vibration as w
as support a steady load. Magnetic bearings are actually com
systems including an electromechanical actuator with senso
power amplifier, and an electronic controller@1#. The characteris-
tics of two types of magnetic bearings have been described in
literature. These are heteropolar bearings which use electric
rent for bias and homopolar bearings which can use either ele
bias or permanent magnet bias.

Previous papers on permanent magnet biased magnetic bea
have covered the characteristics of the coplanar geometry. On
the earliest descriptions of this geometry, usually called the
mopolar design, was by Meeks@2#. These bearings may hav
either a permanent magnet in the backiron or an electric co
provide the bias flux for two parallel stators. Sortore et al. p
lished experimental results verifying the relatively low amount
electrical power required by homopolar bearings biased with p
manent magnets@3#.

Permanent magnet bias reduces the amount of current req
for magnetic bearing operation. This reduces the power lost du
the coil current resistance. Coil current resistive losses not o
reduce the bearing efficiency, but the heat produced is also a
jor design consideration. Nataraj and Calvert considered thi
detail and gave convection and conduction coefficients to aid
the design of magnetic bearings@4#. Grbesa presented an efficie
homopolar bearing with three poles per plane@5#. Saari and
Lindgren analyzed the efficiency of an electrically biased h
eropolar bearing@6#. Kasarda et al. examined the power loss
due to the rotating conductor effect in both heteropolar and
mopolar bearings@7#.

Lee, Hsiao, and Ko derived detailed equations for predict
the flux in the major paths of a homopolar bearing. They
scribed how to calculate the flux produced by the perman
magnet, and presented an advanced circuit model for these
of bearings and derived equations for the load capacity, cur
stiffness, and displacement stiffness@8#. Fan, Lee, and Hsaio
then published a methodology for the design of these type
bearings@9#.

Contributed by the Reliability Stress Analysis and Failure Prevention. Comm
for publication in the JOURNAL OF MECHANICAL DESIGN. Manuscript received
April 2001; revised April 2002. Associate Editor: J. Vance.
178 Õ Vol. 125, MARCH 2003 Copyright ©
any
tage
ell
plex
s, a

the
cur-
tric

rings
e of
ho-

l to
b-
of
er-

ired
e to
nly
ma-
in
in

t

et-
es
ho-

ng
e-
ent
type
ent

of

Overstreet, Flowers, and Szasz described an advanced hom
lar bearing design using four separate permanent magnets.
presented measured test results on the bearing load capacity
and even past the magnetic flux saturation threshold@10#. Fukata,
Yutani, and Kouya derived equations and provided correspond
experimental results for the dynamic motion of a rotor suspen
by a homopolar bearing@11#.

Jagannathan used one dimensional circuit analysis and
scribed the design of an electrically biased heteropolar bea
@12#. Schmidt, Platter, and Springer compared heteropolar bea
parameters which they derived from an enhanced circuit mode
those they calculated from a finite element model. They found
finite element method was superior for the case where the r
was significantly offset from the center@13#. Rockwell, Allaire,
and Kasarda described a finite element model which also inclu
the effect of rotor motion@14#.

Imlach, Blair, and Allaire presented a comparison between
measured and predicted force and stiffness characteristics@15#.
Measurements including the effects of hysteresis and freque
response for the force versus coil current in a heteropolar bea
were reported by Fittro, Baun, Maslen, and Allaire@16#.

This paper is focused on a certain type of single plane bea
biased with permanent magnets in the poles. Others, suc
Masayuk @17#, and Nagaghiko@18# have proposed bearing
with magnets in the poles. However, the bearing that is prese
here is different in that the poles with permanent magnets
designed solely for supplying the bias flux. Maslen et al. p
sented a two plane homopolar bearing where one of the pla
was used solely for providing bias flux@19#. Lewis, D. W.,
Humphris, R. R., Maslen, E. H., and Williams@20#, and Yamauchi
and Kuwahara@21#, have presented a different type of single pla
bearing biased with permanent magnets between each stat
core. In this paper, the performance equations are derived f
single plane bearing with bias only poles. The method of magn
circuits, as described by Woodson and Melcher, is used to ca
late the flux in air gaps@22#. The bearings are also analyzed wi
finite element models which have the advantage of including 3
effects@23,24#.

The innovative permanent magnet biased heteropolar magn
bearing,~BPB, bias pole bearing!, introduced here avoids som
key drawbacks of both heteropolar and homopolar designs w
retaining some of their advantageous features. To illustrate:

~a! The BPB only requires flux to flow in the plane of th
laminate stack. The homopolar MB requires cross laminate

tee
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flow and bias flux flow through a possibly unlaminated rotor
turn path. This causes increased bias flux reluctance due to
stacking factor effect and possibly eddy current generation with
accompanying heat and drag torque@25#.

~b! The BPB bias flux is produced passively there by elimin
ing the I bias

2 R losses inherent in conventional heteropo
bearings.

~c! The BPB may be easier to design or build than the homo
lar bearing which requires a detailed examination of leakage
tween the two axial planes, stacking factor reluctance effects,
sible recirculation of bias flux within the permanent magnet a
consequent segmenting requirements.

~d! The BPB may require a shorter length than the homopo
bearing because of its single plane construction.

The BPB does have north—south flux reversals for the ro
material which may encounter higher hysteresis losses and
current losses than a homopolar design. Thus in total, this bea
provides a compromise between the homopolar and heterop
approaches.

2 Bearing Structure
The bearing for which the magnetic circuit and performan

equations will be presented is a single plane bearing where
manent magnet poles are dedicated solely to providing a bias
A high reluctance permanent magnet and large air gap pre
control flux from flowing through these bias poles. The bias po

Fig. 1 „a… Eight pole symmetric bias pole bearing, and „b…
eight pole heteropolar bearing
Journal of Mechanical Design
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take up space on the rotor and reduce the amount of controll
force that can be applied. Figure 1 shows an eight pole symme
version of this type of bearing with bias poles.

The permanent magnets in all the bias poles are oriente
push flux into the rotor. The flux returns out through the cont
poles. The coils on the control poles can add or subtract a con
flux to the bias flux. Generally control coils on opposing pol
separated by one hundred and eighty degrees are wired in se
This way the control flux can add to the bias flux on one side
the rotor and subtract from the bias flux on the other side
controllable net force on the rotor is then produced. The fo
adding and force subtracting poles do not have to be on e
opposite sides.

In cases where a constant side load needs to be supported
bias poles can be placed on that side as shown in Fig. 2. The
poles on one side can have a smaller area at the gap to conce
the bias flux density and the bias force on that side. The per
nent magnet can also be placed between a split control pol
shown in Fig. 3, or a split magnet can be placed beside the c
of single control poles. In all of these cases the magnetic cir
and performance equations are very similar. Specific details
be presented in the next sections for the eight pole symme
bearing of Fig. 1~a!. This will allow for a direct comparison be
tween the eight pole bearing with four poles containing perman
magnets and the eight pole electrically biased heteropolar bea
of Fig. 1~b!.

Fig. 2 Bias pole bearing that can support a constant gravity
load with permanent magnet flux

Fig. 3 Bias pole bearing with permanent magnet between split
control poles
MARCH 2003, Vol. 125 Õ 179
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The bias pole bearing has two different gap reluctances: one
the gap under the bias poles, and one for the gap under the co
poles. Both the area and the length of the bias pole gap ma
different than that of the control pole gap. The bias flux pa
circuit for this bearing is shown in Fig. 4~a!. The control flux path
circuit is shown in Fig. 4~b!. It has only four branches because t
high reluctance of the magnet in each bias pole and the large
pole air gap takes these poles out of the control flux circuit.

3 Actuator Characteristics

3.1 Magnet Flux. The bias flux,Fb , is determined by the
thickness of the permanent magnet. The thickness of the ma
can be calculated once the air gap thicknesses have been se

Fig. 4 „a… Bias flux paths in an eight pole bias pole bearing „b…
control flux paths in an eight pole bias pole bearing
180 Õ Vol. 125, MARCH 2003
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bias pole bearing is likely to have two different gap reluctanc
since it is advantageous to have a large gap under the bias po
lower its contribution to the bearing position stiffness. T
equivalent magnetomotive force~mmf!, NIm , required by the
magnet can be determined from the circuit models, and for
bias pole bearing it is given by Eq.~1!.

NIm5Fb~Rm1Rgb1Rgc! (1)

In this equationRm is the reluctance of the permanent magn
andRgb andRgc are the reluctances of the gaps under the bias
control poles. The magnet mmf also depends on its thickness,l m ,
and material properties as in Eq.~2!.

NIm5
l mBo

mm
(2)

HereBo is the permanent magnet remenence flux density andmm
is its permeability.

Thus the required magnet length is as given by Eq.~3! assum-
ing that poles, the magnet, and the air gaps all have the same
section area for the flux.

l m5
mmBm~ l gc1 l gb!

mmBo2moBm
(3)

HereBm is the flux density in the magnet.
The high energy and low permeability of NdFeB magnets

ables them to be thin enough to be placed in the poles. For a
MGO magnet the relative permeability is 1.04 and the coerciv
is 920000 A/m@26#. A bearing with a .635 mm gap~.025 in! under
the control poles and a 3.175 mm gap~.125 in! under the bias
poles would require a 12 mm thick~.47 in! magnet in each bias
pole. The use of NdFeB magnets may limit the operating temp
ture to below 100 degrees centigrade@27#.

3.2 Load Capacity. The bearing biased with magnets
four of the poles will have a lower load capacity per unit leng
because those four poles cannot contribute to the force. For
bearing the maximum force produced in the X8 or Y8 direction is
given by Eq.~4! whereFpsat is the force in a magnetically satu
rated pole. The maximum force produced by a conventional e
trically biased heteropolar bearing isFebsp and given by Eq.~5!.

Fbpb52 cos~45!Fpsat51.414Fpsat (4)

Febsp52 cos~22.5!Fpsat12 cos~67.5!Fpsat52.613Fpsat (5)

The load capacity for the bearing biased with magnets in
poles is only fifty-four percent of an electrically biased heterop
lar bearing, as shown by Eq.~6!. The load capacity in the X8 or
Y8 direction is for both bearings 2 cos(45°) times higher than
the X or Y direction. Therefore the ratio does not change.

Fbpb

Febsp
5

1.414

2.613
5.54 (6)

If required, this load capacity reduction may be compensated
increasing the laminate stack length. Equation~6! is a conserva-
tive estimate favoring the conventional heteropolar design. T
control poles of the permanent magnet biased bearing can
larger in area than in the heteropolar design by using the
space not required with the permanent magnet bias poles.

3.3 Current Stiffness. The current stiffness ratio for the
two bearing types can also be calculated. The control flux,fc , is
proportional to the control current as given by Eq.~7!.

fc5
Nci cmoAgc

l gc
(7)

HereNc is the number of turns in each control coil andi c is the
peak amplitude of the control current. The area of the gap un
the control pole is,Agc , and the gap length isl gc .
Transactions of the ASME

er on 08 August 2023



X

i

r

o
y

t

t

rent.
oils.

the

wer
own
er

lane

g
ng
hich
nts
n
in
flux
iven
,
tor

in

gnet
stant
If
the
by
the

n in
the

ad
etic
e.g.,

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/m

echanicaldesign/article-pdf/125/1/178/5483588/178_1.pdf?casa_token=AZyIp6BePggAAAAA:pLgYH
E6FH

-Ab2H
VLzVJBvux3q6O

1hC
2M

m
Q

J3G
G

kltO
7jPnu7w

W
A1EAY8G

8fsFVxg5H
R

Z-6hy by Texas A & M
 U

niversity us
The force on the rotor due to two poles separated by one h
dred and eighty degrees isDFp given by Eq.~8!.

DFp5
2Fbfc

moAgc
(8)

The current stiffness is defined by Eq.~9! where Fnet is the
combination of all poles working in harmony to give the max
mum force.

Ki5
dFnet

dic
(9)

Substituting the forceDFp for Fpsat in Eq. ~4! and Eq.~5! and
utilizing the current stiffness definition, Eq.~9!, it follows that the
current stiffness of both bearings is given by Eq.~10! and Eq.~11!
in the X or Y direction.

Ki –bpb5
2FbNc

l gc
(10)

Ki –ebsp5
2FbNc

l gc
2 cos~22.5!5

3.696FbNc

l gc
(11)

In these equationsKi –bpb is the current stiffness of the perma

nent magnet biased bearing andKi –ebsp is that of the electrically

biased bearing. Thus the current stiffness of bearing with b
poles is only fifty-four percent of the electrically biased sing
plane bearing as in Eq.~12!. This may again be compensated b
increasing the laminate stack length.

Ki –bpb

Ki –ebsp
5

2.000

3.696
5.54 (12)

This ratio is also the same in the X or Y direction as in the8
or Y8 direction.

3.4 Stator Efficiency. The efficiency of these bearings
inversely proportional to the unwanted power loss. Causes of
power loss include hysteresis, eddy currents, and resistive lo
in the coils. Hysteresis and eddy current losses may be signific
and eddy current losses can be especially severe at high
speeds@7#. However, they are beyond the scope of this paper. T
efficiency considered here is based on only the coil resistive l
In particular,Fbpb /Pbpb , is the efficiency ratio used for this stud
of the bias pole bearing, whereFbpb is the maximum force of the
bearing andPbpb is the corresponding resistive power consum
in the electric coils.

The ratio of load capacity to electrical power dissipated in
coils is favorable for permanent magnet biased bearings. Thei 2R
resistive power loss in the coils,Pebsp, of an electrically biased
single plane bearing is given by Eq.~13! whereI b is the dc bias
current,R is the coil resistance andnp is the number of active
poles with coils.

Pebsp5S l b
21

1

2
i c
2DR•np (13)

The power required depends on the chosen ratio ofI b : i c . A
controller which maintains stability and minimizes power h
been presented by Meeker and Maslen@28#, for a heteropolar
bearing. Lee, Hsiao, and Ko discuss choosing the ratio in term
improving slew rate response in permanent magnet biased
eropolar bearings@29#. In this paper, we choseI b5 i c as a baseline
for comparison with the acknowledgement that the bearing e
ciency will depend on the controller sophistication as well as
bearing geometry. The power lost as heat in the coils is given
Eq. ~14!.

Pebsp51.5i c
2R•np (14)
Journal of Mechanical Design
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The permanent magnet biased bearings need no bias cur
The bearing with bias pole magnets also has half as many c
For this bearing the power required,Pbpb , is given by Eq.~15!.

Pbpb5
1

2
i c
2R•

1

2
np (15)

The bearing with bias poles loses one sixth the power in
coils. This is shown by Eq.~16!.

Pbpb

Pebsp
5

1
4

1.5
5

1

6
(16)

The permanent magnet biased bearing improvement in po
consumed compensates for the loss in load capacity. This is sh
by Eq. ~17!. The bias pole bearing has a load capacity to pow
loss ratio that exceeds that of the electrically biased single p
bearing by a factor of 3.24.

Fbpb /Pbpb

Febsp/Pebsp
554.653.24 (17)

3.5 Position Stiffness. The position stiffness of the bearin
biased with magnets in the bias poles is lowered by the lo
length of the magnets and large air gap under the bias poles w
makes for a small change in the bias flux with small moveme
of the rotor. When the rotor is moved slightly off center by a
amountDx, then there is only a significant change in the flux
the relatively short gap under the control poles. The change in
under these poles due to a small displacement of the rotor is g
by Eqs.~18–19! whereFb is the bias flux with the rotor centered
Fbgc1 is the bias flux in the gap which is lengthened by the ro
displacement, andFbgc2 is the bias flux in the gap which is
shortened.

Fbgc15Fb

l gc

l gc1Dx
(18)

Fbgc25Fb

l gc

l gc2Dx
(19)

The force,FbpbDx , due to a small displacement of the rotor
the X or Y direction is then given by Eq.~20!.

FbpbDx5S Fbgc1
2

2moAgc
2

Fbgc2
2

2moAgc
D (20)

Taking the limit with very small displacement,Dx, gives the
position stiffness for the bias pole bearing as shown in Eq.~21!.

Kp–bpb5
22Fb

2

moAgcl gc
(21)

In some cases, the position stiffness of the permanent ma
biased bearing may be used to advantage to support a con
side load with very little control current or power consumption.
the magnitude and direction of the static load is known, then
bias flux density may be used to support most or all of it
establishing a controller target position offset from center, in
opposing direction. The counteracted side load,Fsl , is propor-
tional to the position stiffness and target offset as in Eq.~22!.

Fsl5Kp–bpbDx (22)

Another approach is to construct a bias pole that tapers dow
the iron between the magnet and air gap. That will increase
magnetic attraction toward that pole since, as Eq.~20! indicates,
the force is inversely proportional to the area. The static lo
capacity may not be a design concern for the radial magn
bearings if the machine operates in a zero-g environment,
satellite based flywheels or momentum wheels.
MARCH 2003, Vol. 125 Õ 181
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Following a similar procedure as Eq.~18!–~22!, the position
stiffness of the electrically biased single plane bearing,Kp–ebsp is

determined to be Eq.~23!.

Kp–ebsp5
22Fb

2~11cos2 45!

moAgcl gc
5

23Fb
2

moAgcl gc
(23)

Equations~21! and ~23! allow a direct comparison to be mad
between the position stiffness of the bias pole bearing and ele
cally biased single plane bearing. For the comparison, the
flux density under all the C core poles of the electrically bias
single plane bearing is made equal to the bias flux density un
the poles of the bias pole bearing. Also for the comparison,
pole area and gap length dimensions of the control poles of
bias pole bearing and all the poles the electrically biased bea
are equal. The position stiffness of the permanent magnet bea
is two thirds that of the electrically biased single plane bearing
in Eq. ~24!. The position stiffness in the X8 or Y8 directions for
both bearings is the same as in the X or Y direction, so the r
given by Eq.~24! is still the same.

Kp–bpb

Kp–ebsp
5

2

3
(24)

3.6 Achievable Bearing Stiffness. The relative achievable
stiffnesses presented next are based on the relative curren
position stiffnesses derived previously. Equation~25! shows the
achievable stiffness of the electrically biased single plane bea
as a reference. As a conservative estimate the achievable stif
of the bias pole bearing relative to that of the electrically bias
single plane bearing is given by Eq.~26!.

Ka–ebsp5Ki –ebspKpaKc1Kp–ebsp (25)

Ka–bpb5.54Ki –ebspKpaKc1
2

3
Kp–ebsp (26)

Here Ka–ebsp is the achievable stiffness of the electrically b

ased single plane bearing andKa–bpb is the achievable stiffness o

the permanent magnet biased single plane bearing. The cont
gain is Kc . The achievable stiffness of the permanent mag
biased bearing is actually a little less than half that of the elec
cally biased bearing. This follows from comparing Eqs.~25! and
~26! and considering that the position stiffness has a nega
value.

4 Comparison to Finite Element Model Predictions
A three dimensional finite element model of an eight pole be

ing was created. The alternating four poles contained perma
magnets 12 mm~.47 in! thick. They were 35 MGO NdFeB mag
nets with a remanence of 1.22 T and a coercivity of 920000 A
The bearing cross section area through the poles, the rotor, an
circumferential paths were all equal. The air gap between the r
and the active poles was .635 mm~.025 in!. The air gap between
the rotor and the bias poles was 3.175 mm~.125 inch!. The outer
diameter of the bearing was 17.8 cm~7 in!, and the rotor outer
diameter was 10.2 cm~4 in!. The bearing thickness was 38.1 m
~1.5 in!. Figure 5 shows the three dimensional finite elem
model of the bearing.

The finite element model was used to calculate the flux dis
bution due solely to the permanent magnets in the bias poles,
the control coils carrying zero current as is shown in Fig. 6~a!.
Similarly with the control coils energized to produce a force
rectly in the X direction, and with ‘‘demagnetized’’ permane
magnets modeled simply as a material with a relative permeab
of 1.04, the FEA model calculated the control flux distributi
shown in Fig. 6~b!. The control flux to pull the rotor in the X8
direction is shown in Fig. 6~c!.
182 Õ Vol. 125, MARCH 2003
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To calculate the current stiffness, position stiffness, and lo
capacity of the bearing with the finite element model, the co
bined flux distribution of the coils and permanent magnets w
calculated. This is shown in Fig. 7.

First, the finite element model was used to check that the eq
tions for the load capacity and stiffness were derived correctly
the model, the relative permeability of the rotor and stator w
set to 100,000 to simulate the negligible reluctance of the m
path assumed by the circuit model. The rotor was set in the e
center. The bias flux was calculated from the finite element mo
analysis by integrating the flux density across the control gap a
The control flux was determined the same way. These values
the control and bias flux were substituted into Eq.~4!, Eq. ~8!, Eq.
~11! and Eq.~21!. The fringe factor was set to one since the g
fluxes were known. This gave numerical values for the load
pacity and stiffness partly based on the derived equations. T
the finite element model was adjusted by displacing the rotor .
mm ~.003 in.! in the Y8 direction. The force on the rotor wa
calculated from this model using maxwell stress tensor integra
and the stiffnesses were calculated directly from the X8 and Y8
components of this force.

The stiffness and load capacity determined from the maxw
stress tensor integration and the circuit equations are compare
Tables 1–3. The difference between the predictions did not exc
four percent.

A second comparison was made. It showed the effects of
saturation, actual alloy permeability, gap fringing, and leaka
around the permanent magnet. The bias and control flux ca
lated from the finite element model were not substituted into
circuit model equations to calculate the load capacity and s
ness. Instead, the bias flux used was from the circuit model
~3!, and the control flux was calculated from circuit model Eq.~7!.
The load capacity and stiffness were calculated from the cir
models by substituting the circuit model predicted fluxes into
circuit model equations.

The fields and flux densities were calculated from a finite e
ment model using a nonlinear BH curve for alloy Hyperco50
with a standard heat treatment@29#. The gap flux densities, the
load capacity, and the current stiffness were calculated by
analysis with the rotor in the exact center of the model. T
position stiffness was calculated with the rotor displaced .076 m
~.003 in! in the X8 direction. Tables 4–8 compare the gap flu
density, load capacity, and stiffness calculated from the finite
ment model analysis and the circuit model equations.

Several tables require clarification. Table 5 shows control flu
used to calculate the current stiffness and load capacity. To m

Fig. 5 Finite element model of bearing with permanent mag-
nets in alternating poles
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Fig. 6 „a… Bias flux from permanent magnets in poles „b… con-
trol flux to pull rotor in X direction „c… control flux to pull rotor
in X 8 direction
Journal of Mechanical Design
Table 1 Position Stiffness in Y 8 direction.

1-D Equation 3-D FEA
Percent

Difference

21.961 MN/m 21.957 MN/m 2.020
211200 Lb/in 211182 Lb/in

Table 2 Current Stiffness in X 8 direction.

1-D Equation 3-D FEA
Percent

Difference

456 N/A 441 N/A 23.4
~102 Lb/A! ~99.2 Lb/A!

Table 3 Load Capacity in X 8 direction.

1-D Equation 3-D FEA
Percent

Difference

1436 N 1412 N 21.7
~323 Lb! ~318 Lb!

Table 4 Nonlinear Model Bias Flux Through Control Gap.

1-D Equation 3-D FEA
Percent

Difference

.90 T .704 T 229

Table 5 Nonlinear Model Control Flux Density Through Con-
trol Gap.

1-D Equation 3-D FEA
Percent

Difference

.09 T .084 T 27.2

.90 T .73 T 224.5

Table 6 Nonlinear Model Position Stiffness in Y 8 direction.

1-D Equation 3-D FEA
Percent

Difference

22.721 MN/m 21.672 MN/m 262.7
~215540 Lb/in! ~29555 Lb/in!

Fig. 7 Bias pole bearing with combined bias flux and control
flux to pull rotor in the X 8 direction
MARCH 2003, Vol. 125 Õ 183
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sure the current stiffness, a small control flux was used along w
the bias flux. To measure the load capacity, the control current
set equal to that predicted by the circuit model to give an amo
of control flux that would equal the bias flux. In that case, the fl
density was high enough that the material saturation level
nearing, which lowered the amount of control flux produced.

The load capacity in Table 8 is predicted to be higher by
nonlinear finite element analysis than is shown in Table 3 for
linear analysis. This is because the control flux level used to
culate the value in Table 3 was set slightly less than the bias
level to insure that the flux did not reverse in the gap, which w
a presumption of the load capacity calculation based on the cir
model.

All the tables show that the values predicted by the finite e
ment model are the lowest. Although the circuit models are us
as a conceptual tool, they have significant limitations. Lee, Hs
and Ko @30# found a similar discrepancy when using simple c
cuit models to calculate the performance of permanent ma
biased homopolar bearings.

Two approaches can be taken to bring the circuit model
finite element model predictions in closer agreement. One i
refine the circuit model to include the alloy reluctance, an estim
of gap fringing and permanent magnet leakage, and other fac
as done by Meeker, Maslen and Noh@31#. This will lower the
predicted values in the circuit model. The second approach i
refine the bearing geometry by determining the best lengths
areas of the bias and control pole air gaps, the best magnet di
sions, and make geometry improvements as done by Overs
Flowers, and Szasz for homopolar bearings@9#. This will raise the
load capacity and stiffnesses. Both approaches could be the
ject of further research and development.

5 Summary
A bearing using poles with permanent magnets dedicated so

to providing bias flux has been presented. The performance e
tions developed in this paper for the bearing show it has about
the load capacity, current stiffness, and displacement stiffnes
an electrically biased heteropolar bearing of the same size
with the same total number of poles. The achievable stiffnes
less than half that of the electrically biased bearing. The low
load capacity and stiffness may be increased by utilizing the
ditional pole area made available by one half the number of co
Because it has half as many electric coils and uses no bias cur
the bearing with permanent magnet poles needs only one six
much electric power to have the same bias flux as the electric
biased heteropolar bearing. The ratio of load capacity to po
dissipated in the coil can be 3.24 times higher for this perman
magnet biased bearing. These conclusions were reached afte
riving the performance equations for the bearing from bias fl
and control flux circuit models which were confirmed by a thr
dimensional finite element analysis of the bearing. The finite e
ment model also showed that improvements are needed in
circuit model in order to make accurate predictions of the bea

Table 7 Nonlinear Model Current Stiffness in X 8 direction.

1-D Equation 3-D FEA
Percent

Difference

537 N/A 417 N/A 229
~121 Lb/A! ~93.8 Lb/A!

Table 8 Nonlinear Model Load Capacity in X 8 direction.

1-D Equation 3-D FEA
Percent

Difference

2454 N 1657 N 248
~552 Lb! ~372 Lb!
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parameters because of fringing, leakage, and magnetic satura
Research is also necessary to develop a procedure for finding
best bearing geometrical parameters so that the bearing
achieve a performance as near as possible to its theoretical l
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