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. Mem. ASME Magnetic bearings biased with permanent magnets have lower coil resistance power
e-mail: a-palazzolo@tamu.edu losses, and the magnets can also be used to help support a constant side load. In this
o . paper, the performance of a single plane radial magnetic bearing biased with permanent
Vibration Control and Electromechanics magnets in several poles is presented. Although it has less load capacity and stiffness than
Laboratory, a similarly sized electrically biased single plane heteropolar bearing, it does not require
Department of Mechanical Engineering, bias current, and its ratio of load capacity to coil resistance power loss is significantly
Texas A&M University better. This type of permanent magnet bearing has only a single plane of poles. It can be
College Station, TX 77845 distinguished from the homopolar bearing type which has two planes and which can also

be biased with permanent magnets. Magnetic circuit models for the novel single plane
bearing are presented along with verification by finite element models. Equations for the
key performance parameters of load capacity, stiffness, coil inductance and resistive
power loss are also presenteDOIl: 10.1115/1.1541630

1 Introduction Overstreet, Flowers, and Szasz described an advanced homopo-

Radial magnetic bearings are used to suspend rotors in mlfy SRS PR 908 08 BT R BORRR TR e
types of machines. These types of bearings have the advantgﬁ 9 pactty up
u

that they can be used to actively control the rotor vibration as w d even past the magnetic flux saturation threspOdl Fukata,

: . ani, and Kouya derived equations and provided corresponding
as support a steady load. Magnetic bearings are actually Comptleexi)erimental results for the dynamic motion of a rotor suspended

systems including an electromechanical actuator with sensors, .
o : : a homopolar bearinpl1].
power amplifier, and an electronic controlldr. The characteris- yJaganna?han used %133 dimensional circuit analysis and de-

tics of two types of magnetic bearings have been described in the. . - . .
literature T)rllzse are hgteropolar begarings which use electric ?—”bEd the design of an electrically biased heteropolar bearing
. . 7 . 2]. Schmidt, Platter, and Springer compared heteropolar bearing

rent for bias and homopolar bearings which can use either electfi¢ hich thev derived f h d ciroui del
bias or permanent magnet bias. parameters which they derived from an enhanced circuit model, to
Previous papers on permanent magnet biased magnetic bearth e they calculated from a finite element model. They found the

have covered the characteristics of the coplanar geometry. Onewo © (_eler_n_ent method was superior for the case where t_he rotor
- - - was significantly offset from the centgt3]. Rockwell, Allaire,

the earliest descriptions of this geometry, usually called the hghd Kasarda described a finite element model which also included

mopolar design, was by MeeK®]. These bearings may have

either a permanent magnet in the backiron or an electric coil E%?rﬁgiﬁt glar\ic;toainrgcg\ll?argrlezq.resented a comparison between the
provide the bias flux for two parallel stators. Sortore et al. pub- ' ' P P

lished experimental results verifying the relatively low amount qraeasured and predicted force and stiffness characterfsitis

clecicalpower Tequred by homopoarbearngs biased wih pafesu=riets IOdng the fecs of hyteros and fequency
manent magnets3]. P P g

Permanent magnet bias reduces the amount of current requi\f\éﬁe.reported. by Fittro, Baun, Maslen, and AII_aﬂﬂéS]. )
his paper is focused on a certain type of single plane bearing

for magnetic bearing operation. This reduces the power lost du&?sed with permanent magnets in the poles. Others, such as

the coil current resistance. Coil current resistive losses not o ; .
reduce the bearing efficiency, but the heat produced is also a asayuk [17], and Nagaghiko[18] have proposed bearings

jor design consideration. Nataraj and Calvert considered this ‘1 h magnets in the poles. However, the bearing that is presented
H;?re is different in that the poles with permanent magnets are

detail and gave convection and conduction coefficients to aid T d solely f Ving the bias fi Masl L al
the design of magnetic bearinfy§]. Grbesa presented an efficientsgﬁ'tggea t?/\?oeglar?é ag%poﬁgg ; bzarzﬁz WL;I):e.re gﬁ:r;fetthlparﬁés
homopolar bearing with three poles per plafd. Saari and E-/as used solely for providing bias flud9]. Lewis, D. W.,

Lindgren analyzed the efficiency of an electrically biased he - o~ .
eropolar bearind6]. Kasarda et al. examined the power losse umphris, R. R., Maslen, E. H., and V\_/|II|ar[1®O], and Ye_lmauchl
due to the rotating conductor effect in both heteropolar and h nd Kuwa_har@l],_have presented a different type of single plane
mopolar bearing§7]. earing biased with permanent magnets between each stator C
Lee, Hsiao, and Ko derived detailed equations for predicti re. In this paper, th? pe_rformance equations are derived for_a
ingle plane bearing with bias only poles. The method of magnetic

the flux in the major paths of a homopolar bearing. They de; &' . .
scribed how to calculate the flux produced by the permane?ffcu'tsl as described by Woodson and Melcher, is used to calcu-

magnet, and presented an advanced circuit model for these tjj§€ the flux in air gapg22]. The bearings are also analyzed with
of bearings and derived equations for the load capacity, curr [pite element models which have the advantage of including 3-D
stiffness, and displacement stiffnef8]. Fan, Lee, and Hsaio €7ects[23,24.

then published a methodology for the design of these types 0fTh_e innovativeT permanent magnet biased heteropo!ar magnetic
bearingg9)]. bearing,(BPB, bias pole bearingintroduced here avoids some
key drawbacks of both heteropolar and homopolar designs while
Contributed by the Reliability Stress Analysis and Failure Prevention. Committégtalnmg some of their ad\./antageous features' To illustrate:
for publication in the GURNAL OF MECHANICAL DESIGN. Manuscript received (&) The BPB only requires flux to flow in the plane of the
April 2001; revised April 2002. Associate Editor: J. Vance. laminate stack. The homopolar MB requires cross laminate flux

178 / Vol. 125, MARCH 2003 Copyright © 2003 by ASME Transactions of the ASME

202 ¥snBny g0 uo Jesn AysiaAiun N B V¥ Sexa L Aq AY9-ZyHGBXASI8O8AYI L VMM NUIZOINDDErDWINZOULOIbEXNAGIAZIAHZAY-HA9THAB1d: vy vvBBdegadiAzy=usxoy eseoiypd | "8/ 1/885E8YS/8.L/L/GT |/pd-Blomnie/ubisepleojueyoaw/bio swse uonos||odeybipswse//:dpy wol) pepe


https://crossmark.crossref.org/dialog/?doi=10.1115/1.1541630&domain=pdf&date_stamp=2003-03-21

flow and bias flux flow through a possibly unlaminated rotor re-
turn path. This causes increased bias flux reluctance due to the
stacking factor effect and possibly eddy current generation with its
accompanying heat and drag tord25). bias

(b) The BPB bias flux is produced passively there by eliminat- P°'®
ing the 13,,;R losses inherent in conventional heteropolar magnet
bearings.

(c) The BPB may be easier to design or build than the homopo-
lar bearing which requires a detailed examination of leakage be- control = R i
tween the two axial planes, stacking factor reluctance effects, pos- pole portgmz=-m= -y Jal ot ERLEREE o
sible recirculation of bias flux within the permanent magnet and [ ' b 5 [
consequent segmenting requirements.

(d) The BPB may require a shorter length than the homopolar
bearing because of its single plane construction.

§ bias flux >
¢con“cr‘ol |
fFlux

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

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

The bearing for which the magnetic circuit and performance

equations will be presented is a single plane bearing where PElke up space on the rotor and reduce the amount of controllable

manent magnet poles are dedicated solely to providing a bias ﬂ't%ﬁ'ce that can be applied. Figure 1 shows an eight pole symmetric
A high reluctance permanent magnet and large air gap prev%}Sion of this type of bearing with bias poles.

control flux from flowing through these bias poles. The bias poles The permanent magnets in all the bias poles are oriented to

push flux into the rotor. The flux returns out through the control
poles. The coils on the control poles can add or subtract a control
flux to the bias flux. Generally control coils on opposing poles
separated by one hundred and eighty degrees are wired in series.
This way the control flux can add to the bias flux on one side of
the rotor and subtract from the bias flux on the other side. A

§ bias flux >
# control flux m

magnet controllable net force on the rotor is then produced. The force
control adding and force subtracting poles do not have to be on exact
pole opposite sides.

In cases where a constant side load needs to be supported, the
bias poles can be placed on that side as shown in Fig. 2. The bias
poles on one side can have a smaller area at the gap to concentrate
the bias flux density and the bias force on that side. The perma-
nent magnet can also be placed between a split control pole as
shown in Fig. 3, or a split magnet can be placed beside the coils
of single control poles. In all of these cases the magnetic circuit
. ~iL and performance equations are very similar. Specific details will

R be presented in the next sections for the eight pole symmetric
bearing of Fig. 1a). This will allow for a direct comparison be-
tween the eight pole bearing with four poles containing permanent

bias pole

g blos flux A magnets and the eight pole electrically biased heteropolar bearing
¢ control A of Fig. 1(b).
< Flux

& bias flux A ‘__“P_&ant;_qpéw‘

# control flux A A - N T

‘,‘V A

g magnet

(b)

Fig. 1 (a) Eight pole symmetric bias pole bearing, and (b) Fig.3 Bias pole bearing with permanent magnet between split
eight pole heteropolar bearing control poles
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bias pole bearing is likely to have two different gap reluctances
since it is advantageous to have a large gap under the bias pole to
lower its contribution to the bearing position stiffness. The
equivalent magnetomotive forcenmf), NI, required by the
magnet can be determined from the circuit models, and for the
bias pole bearing it is given by E¢L).

Nl,=®,(Rp+ Rgpt Ry 1)

In this equatiorR,, is the reluctance of the permanent magnet,
andRg;, andRy are the reluctances of the gaps under the bias and
control poles. The magnet mmf also depends on its thickmgss,
and material properties as in E@®).

lmBo
NI ,= 2
= 2
HereB, is the permanent magnet remenence flux densityapd
is its permeability.
Thus the required magnet length is as given by Byassum-
ing that poles, the magnet, and the air gaps all have the same cross
section area for the flux.

+
|m:MmBm(£gc |gb) )
HmBo— moBm
HereB,, is the flux density in the magnet.

The high energy and low permeability of NdFeB magnets en-
ables them to be thin enough to be placed in the poles. For a 35
MGO magnet the relative permeability is 1.04 and the coercivity
is 920000 A/m26]. A bearing with a .635 mm gap025 in under
the control poles and a 3.175 mm gaf25 in under the bias
poles would require a 12 mm thidk47 in) magnet in each bias
pole. The use of NdFeB magnets may limit the operating tempera-
ture to below 100 degrees centigrd@&].

3.2 Load Capacity. The bearing biased with magnets in
four of the poles will have a lower load capacity per unit length
because those four poles cannot contribute to the force. For this
bearing the maximum force produced in thé &t Y’ direction is
given by Eq.(4) whereF 4, is the force in a magnetically satu-
rated pole. The maximum force produced by a conventional elec-
trically biased heteropolar bearing s, and given by Eq(5).

Fppb=2 COS45)F psa= L4145 4
Febsp=2 CO0$22.9F 5o+ 2 CO$67.9F pgo=2.61F 54 (5)

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

Fopp 1414
Fig. 4 (a) Bias flux paths in an eight pole bias pole bearing  (b) F._ 2613 .54 (6)
control flux paths in an eight pole bias pole bearing ebsp <

If required, this load capacity reduction may be compensated by
increasing the laminate stack length. Equatibnis a conserva-
The bias pole bearing has two different gap reluctances: one e estimate favoring the conventional heteropolar design. The

the gap under the bias poles, and one for the gap under the cong@trol poles of the permanent magnet biased bearing can be
poles. Both the area and the length of the bias pole gap may!B&ger in area than in the heteropolar design by using the coil
different than that of the control pole gap. The bias flux patBPpace not required with the permanent magnet bias poles.
circuit for this bearing is shown in Fig(d). The control flux path
circuit is shown in Fig. &). It has only four branches because th?w
high reluctance of the magnet in each bias pole and the large bbz?
pole air gap takes these poles out of the control flux circuit.

3.3 Current Stiffness. The current stiffness ratio for the
0 bearing types can also be calculated. The control #yx, is
Sportional to the control current as given by Eg).

_ Nei cMoPge

3 Actuator Characteristics P 0

3.1 Magnet Flux. The bias flux,®,, is determined by the  HereN. is the number of turns in each control coil ands the
thickness of the permanent magnet. The thickness of the magpesk amplitude of the control current. The area of the gap under
can be calculated once the air gap thicknesses have been set.tiecontrol pole isA4c, and the gap length i;.
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The force on the rotor due to two poles separated by one hun-The permanent magnet biased bearings need no bias current.
dred and eighty degrees is-, given by Eq.(8). The bearing with bias pole magnets also has half as many coils.
For this bearing the power require,y, is given by Eq.(15).
_2Pp¢ ®)

1 1
Hoge Popo=512R" 5 NP (15)
The current stiffness is defined by E() where F ¢, is the
combination of all poles working in harmony to give the maxi- The bearing with bias poles loses one sixth the power in the

AF,

mum force. coils. This is shown by Eq16).
1
Lo © Pop_ 2 _1 )
dic Pepsp 15 6

Substituting the forc@ F, for F ¢, in Eq. (4) and Eq.(5) and
utilizing the current stiffness definition, E¢P), it follows that the
current stiffness of both bearings is given by Efp) and Eq.(11)
in the X or Y direction.

The permanent magnet biased bearing improvement in power
consumed compensates for the loss in load capacity. This is shown
by Eq.(17). The bias pole bearing has a load capacity to power
loss ratio that exceeds that of the electrically biased single plane
20N, 10 bearing by a factor of 3.24.

Ki bppb=

lge Fopb/Popb

3.6961)ch Febsp/Pebsp
I (11) 3.5 Position Stiffness. The position stiffness of the bearing

. ) ) biased with magnets in the bias poles is lowered by the long

In these equationk; p,, is the current stiffness of the perma-jength of the magnets and large air gap under the bias poles which

nent magnet biased bearing ak ¢y, is that of the electrically makes for a small change in the bias flux with small movements

biased bearing. Thus the current stifiness of bearing with biQ5 the rotor. When the rotor is moved slightly off center by an
poles is only fifty-four percent of the electrically biased singl@MOUNtAx, then there is only a significant change in the flux in

plane bearing as in Eq12). This may again be compensated b);he relatively short gap under the c_ontrol poles. The change_ in flux
increasing the laminate stack length. under these poles due to a small displacement of the rotor is given

by Egs.(18—-19 whered,, is the bias flux with the rotor centered,

=54.6=3.24 17)

2D, N,
Ki_ebspzl— 2 CO$225) =

gc gc

Ki bpb  2.000 Dpgc+ Is the bias flux in the gap which is lengthened by the rotor
R (12) displacement, andbyy. is the bias flux in the gap which is
Ki ebsp 3.696 shortened.
This ratio is also the same in the X or Y direction as in the X lye
P L (18)
or Y’ direction. bge+ b|gc+AX
3.4 Stator Efficiency. The efficiency of these bearings is |
inversely proportional to the unwanted power loss. Causes of this Dpye = Dp—E— (19)
. - it gem T — Ax
power loss include hysteresis, eddy currents, and resistive losses gc

in the coils. Hysteresis and eddy current losses may be significant,l.
and eddy current losses can be especially severe at high r L Dpaax . .
speedg$7]. However, they are beyond the scope of this paper. T%Eé X or Y direction is then given by Eq20).
efficiency considered here is based on only the coil resistive loss. <I>§ . <I>§ 3
In particular,Fy,,,/Pppyp, is the efficiency ratio used for this study Fbpmx=(ﬁ— 5 ?AC\ )
of the bias pole bearing, wheFg,, is the maximum force of the HMofge  £Hofge

bearing andPy,p;, is the corresponding resistive power consumed Taking the limit with very small displacementx, gives the

he force,Fpppax, due to a small displacement of the rotor in

(20)

in the electric coils. , , o _position stiffness for the bias pole bearing as shown in (Egj.
The ratio of load capacity to electrical power dissipated in the
coils is favorable for permanent magnet biased bearingsi?me —2<I>§
resistive power loss in the coil®¢psp, Of an electrically biased Kp_bpb:—M A (21)
oM\gclge

single plane bearing is given by E(L.3) wherel,, is the dc bias
current,R is the coil resistance andp is the number of active  In some cases, the position stiffness of the permanent magnet
poles with coils. biased bearing may be used to advantage to support a constant

side load with very little control current or power consumption. If

— (124 Ez) R-np (13) the magnitude and direction of the static load is known, then the

ebsp| b e bias flux density may be used to support most or all of it by

) o establishing a controller target position offset from center, in the

The power required depends on the chosen ratit,ofc. A opposing direction. The counteracted side loBg,, is propor-

controller which maintains stability and minimizes power haﬁgnal to the position stiffness and target offset as in @4).
been presented by Meeker and Mas|@8], for a heteropolar

bearing. Lee, Hsiao, and Ko discuss choosing the ratio in terms of Fsi=Kp bppAX (22)
improving slew rate response in permanent magnet biased het- B

eropolar bearingg29]. In this paper, we chodg=i. as a baseline  Another approach is to construct a bias pole that tapers down in
for comparison with the acknowledgement that the bearing efthe iron between the magnet and air gap. That will increase the
ciency will depend on the controller sophistication as well as thmagnetic attraction toward that pole since, as €4) indicates,
bearing geometry. The power lost as heat in the coils is given bye force is inversely proportional to the area. The static load

Eq. (14). capacity may not be a design concern for the radial magnetic
5 bearings if the machine operates in a zero-g environment, e.g.,
Pepsp=1.5¢R-np (14)  satellite based flywheels or momentum wheels.
Journal of Mechanical Design MARCH 2003, Vol. 125 / 181
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Following a similar procedure as E¢L8)—(22), the position stator
stiffness of the electrically biased single plane bearig,cpspis

determined to be Eq23). coils

< —2d%(1+cog45  —3dF -
p_ebsp /'LoAgclgc MoAgclgc (23)
Equations(21) and(23) allow a direct comparison to be made

between the position stiffness of the bias pole bearing and electri
cally biased single plane bearing. For the comparison, the bia:
flux density under all the C core poles of the electrically biased
single plane bearing is made equal to the bias flux density unde
the poles of the bias pole bearing. Also for the comparison, the
pole area and gap length dimensions of the control poles of the
bias pole bearing and all the poles the electrically biased bearin
are equal. The position stiffness of the permanent magnet bearin
is two thirds that of the electrically biased single plane bearing as
in Eq. (24). The position stiffness in the Xor Y’ directions for
both bearings is the same as in the X or Y direction, so the ratio
given by Eq.(24) is still the same. Fig. 5 Finite element model of bearing with permanent mag-
nets in alternating poles

permanent
magnet poles

Kp_bpb _ 2 (24)
Kp_ebsp 3

To calculate the current stiffness, position stiffness, and load
ﬂaacity of the bearing with the finite element model, the com-
ined flux distribution of the coils and permanent magnets was

falculated. This is shown in Fig. 7.

Sirst, the finite element model was used to check that the equa-
ns for the load capacity and stiffness were derived correctly. In
the model, the relative permeability of the rotor and stator were
set to 100,000 to simulate the negligible reluctance of the metal
Ka_ebsp=Ki_ebsfpaKctKp ebsp (25) path assumed by the circuit model. The rotor was set in the exact

center. The bias flux was calculated from the finite element model

analysis by integrating the flux density across the control gap area.

Ka_bpp= 54K _enspakct §Kp_ebsp (26) ' The control flux was determined the same way. These values for

) ) . . _the control and bias flux were substituted into &, Eq. (8), Eq.

Here K, epspis the achievable stiffness of the electrically bi{11) and Eq.(21). The fringe factor was set to one since the gap
ased single plane bearing aKg ,,, is the achievable stiffness of fluxes were known. This gave numerical values for the load ca-
the permanent magnet biased single plane bearing. The controf@fity and stifiness partly based on the derived equations. Then,
gain is K.. The achievable stiffness of the permanent magngle finite el_emt_ant model was gdjusted by displacing the rotor .076
biased bearing is actually a little less than half that of the electfPm (.003 in) in the Y’ direction. The force on the rotor was
cally biased bearing. This follows from comparing E(&5) and calculated from this model using maxwell stress tensor integration

(26) and considering that the position stiffness has a negati@@d the stiffnesses were calculated directly from tHeaxd Y’
value. components of this force.

The stiffness and load capacity determined from the maxwell
stress tensor integration and the circuit equations are compared in
4 Comparison to Finite Element Model Predictions ]:I;)aubrlisescei.tThe difference between the predictions did not exceed

A three dimensional finite element model of an eight pole bear- A second comparison was made. It showed the effects of flux
ing was created. The alternating four poles contained permaneaturation, actual alloy permeability, gap fringing, and leakage
magnets 12 mn(.47 in) thick. They were 35 MGO NdFeB mag- around the permanent magnet. The bias and control flux calcu-
nets with a remanence of 1.22 T and a coercivity of 920000 A/rfated from the finite element model were not substituted into the
The bearing cross section area through the poles, the rotor, anddieuit model equations to calculate the load capacity and stiff-
circumferential paths were all equal. The air gap between the rotwess. Instead, the bias flux used was from the circuit model Eq.
and the active poles was .635 n(t825 in). The air gap between (3), and the control flux was calculated from circuit model EA4).
the rotor and the bias poles was 3.175 a&®5 inch. The outer The load capacity and stiffness were calculated from the circuit
diameter of the bearing was 17.8 dm in), and the rotor outer models by substituting the circuit model predicted fluxes into the
diameter was 10.2 crt# in). The bearing thickness was 38.1 mnrxircuit model equations.

(1.5 in. Figure 5 shows the three dimensional finite element The fields and flux densities were calculated from a finite ele-
model of the bearing. ment model using a nonlinear BH curve for alloy Hyperco50A
The finite element model was used to calculate the flux distnvith a standard heat treatmef9]. The gap flux densities, the
bution due solely to the permanent magnets in the bias poles, witlad capacity, and the current stiffness were calculated by an
the control coils carrying zero current as is shown in Fig)6 analysis with the rotor in the exact center of the model. The
Similarly with the control coils energized to produce a force diposition stiffness was calculated with the rotor displaced .076 mm

rectly in the X direction, and with “demagnetized” permanen{.003 in in the X' direction. Tables 4—8 compare the gap flux
magnets modeled simply as a material with a relative permeabildignsity, load capacity, and stiffness calculated from the finite ele-
of 1.04, the FEA model calculated the control flux distributioment model analysis and the circuit model equations.

shown in Fig. 6b). The control flux to pull the rotor in the X Several tables require clarification. Table 5 shows control fluxes
direction is shown in Fig. @). used to calculate the current stiffness and load capacity. To mea-

3.6 Achievable Bearing Stiffness. The relative achievable
stiffnesses presented next are based on the relative current
position stiffnesses derived previously. Equati@3) shows the
achievable stiffness of the electrically biased single plane beari
as a reference. As a conservative estimate the achievable stiffne
of the bias pole bearing relative to that of the electrically bias
single plane bearing is given by E®6).
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Fig. 7 Bias pole bearing with combined bias flux and control
flux to pull rotor in the X ' direction

Table 1 Position Stiffness in Y ' direction.

Percent
1-D Equation 3-D FEA Difference
—1.961 MN/m —1.957 MN/m —.020
—11200 Lb/in —11182 Lb/in

Table 2 Current Stiffness in X ' direction.

Percent
1-D Equation 3-D FEA Difference
456 N/A 441 N/A -34
(102 Lb/A) (99.2 Lb/A)

Table 3 Load Capacity in X ' direction.

Percent
1-D Equation 3-D FEA Difference
1436 N 1412 N -17
(323 Lb (318 Lb

Table 4 Nonlinear Model Bias Flux Through Control Gap.

Percent
1-D Equation 3-D FEA Difference
90T 704 T -29

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

Percent
1-D Equation 3-D FEA Difference
09T .084 T -7.2
90T 73T —-24.5
Table 6 Nonlinear Model Position Stiffness in Y ' direction.
Percent
1-D Equation 3-D FEA Difference
—2.721 MN/m —1.672 MN/m —-62.7
(—15540 Lbl/in (—9555 Lb/in
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Table 7 Nonlinear Model Current Stiffness in X ' direction. parameters because of fringing, leakage, and magnetic saturation.

Research is also necessary to develop a procedure for finding the
Percent best bearing geometrical parameters so that the bearing can

1-D Equation 3-D FEA Difference achieve a performance as near as possible to its theoretical limit.
537 N/A 417 N/A —-29
121 Lb/A 93.8 Lb/
( ) ( A Acknowledgments
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