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ABSTRACT 

The r otor losses in t hree magnet ic 
bearing con figurations were 
eva luated by mea s uring t he rundown 
speed of t he r otor, in a ir, after it 
was s pun up to speeds of 
approximately 30,000 rpm . The 
kinetic energy of the r otor is 
converted to power l oss (heat) 
dur ing the run d own . 

Magnetic bearing power losses were 
measured in three different 
bearings. The effects of bias flux 
density, air gap thickness and flux 
path design were studied . 

INTRODUCTION 

Rotor losses in magnetic bearings 
are very important for many 
applications. In some applications 
such as aircraft gas turbines, space 
devices, or energy storage 
flywheels, these losses must be 
minimized to maximize the length of 
time the rotating machine can 
operate on a fixed energy or power 
supply. In other applications such 
as large compressors or electric 
motors, the heating caused by the 
magnetic bearing must be removed and 
excessive heating can be a major 
problem. 

While not extensive, some power loss 
studies have been published in the 
open literature. Matsumura, et al 
[1] discussed magnetic bearing 
losses including a partial Fourier 
analysis of magnetic flux as seen by 
the rotor as it passes the poles in 
the bearing. Higuchi, et ale [2] 
presented some experimental rotating 
loss data in magnetic bearings. 
Ueyama and Fu jimoto [3) gave power 
loss results in an e i ght pole radial 
bearing. Matsumura and Hatake (5) 
discussed a Fourier a nalysis of 
fring ing and leakage e ff e cts on eddy 
current lossee, indicating that pole 
edge e f f e c ts may be the most 

important consideration. Kasarda e t 
a l e [5, 6) c onducted loss 
measureme nts in a low speed test 
r ig, operating up to approximately 
28 00 rpm ( DN = 175,000) , in a ir . 

Kasa rda , et ale [7) discussed the 
design of the present hig h s peed 
test rig in some detail and gave a 
sensitivity analysis of the loss 
modeling based upon the theoretical 
parameters involved. Kasarda, et 
ale [8) presented high speed loss 
results, using the same test rig 
employed for the work in this paper, 
for an 8 pole radial bearing 
constructed of silicon iron 
laminated materials. The rotor 
operated at a top speed of about 
32,000 rpm, corresponding to a DN 
value of 2. 9x106 rom rpm . Variations 
in pole winding configuration and 
bias flux were examined. Bias flux 
was found to be very significant 
while pole winding was found to be 
not very significant. An analytical 
/empirical model was then applied to 
the loss measurements by Kasarda, et 
a1. [9] . 

TEST RIG 

The test rig consists of a shaft 
with two magnetic bearings and two 
induction motors located at the 
shaft ends, as shown in Fig. 1. It 
has been designed to measure the 
power losses in magnetic bearings by 
accurately measuring the conversion 
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Figure 1. Diagram of Magnetic 
Bearing Loss Test Rig 
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of the rotor's kinetic energy into 
heat. This is done by measuring the 
time it takes for the rotor to run 
down from one speed to another . The 
rotor kinetic energy due to rotation 
is 

(1) 

The power loss is the time 
derivative of the kinetic energy 

dEk 

dt 
Jw dw + 

dt 
w2 dJ ---
2 dt 

(2 ) 

The second term i s small for this 
test because the r otor does not have 
large dimensional changes s o this 
expression reduces to 

(3 ) 

The polar moment of inertia of the 
rotor , J, is easily determined from 
a calculation and wet) is easily 
measured from the rundown tests. On 
the right hand side of this 
equation, the power loss is written 
as t he sum of the power loss due t o 
eddy currents, p., the power loss 
due to hysteresis, Pb ' a nd the power 
loss due to windage, Pw • It has 
been shown in previous work [7,8,9] 
t hat the power loss can be written 
in terms of frequency dependent 
parameters as 

based upon analytical/empirical 
models. Here, the skin effects are 
small a nd are neglected [8]. 

The test rig h a s been designed so 
that the only significant loss 
mechanisms come from the magnetic 
bearings: eddy current -losses, 
hysteresis loss es, and a ir drag. 
The two electric motors drive the 
rotor up to pea k operating speed a nd 

then they are shut off. The motor 
stators have been shown to not have 
any s ignif icant residual magnet ic 
drag during run down (8] . 

A vacuum chamber will be employed in 
future work to eliminate air drag 
but t hat feature was not in place 
for t he work r eported here. No 
thrust bearings are p resent in the 
test rig: the r otor i s centered by 
reluctance for c e s in the radial 
bearings. Thus there are no thrust 
bearing losses . 

Fig. 2 shows a rotor assembly 
drawing. The outer diameter of the 
bearing journal s is 91.4 rom ( 3.6 in) 
and t he test rig is designed to 
operate up to 50,000 rpm resulting 
in a DN o f 4. Sxl06 rom-rpm. The 
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Figure 2. Rotor Assembly Drawing 

rotor first critical speed is at 
approx imately 84,000 rpm so the 
r otor is considered rigid. Fig. 3 
shows a full assembly drawing of the 
test rig. 

MOTOR STATOR REMOVAl 1A000R 

Figure 3. Full Test Rig Assembly 
Drawing 

MAGNETIC BEARING STATOR PROPERTIES 

Two comparable bearing stators have 
been tested for losses: stator 51 : 
an 8 pole radial planar 
(heteropolar) bearing and stator 52: 
an 2,-plane, 8 pole homopolar 



bearing. Both o f t hese stators have 
equal total pole face are as, with 
t he atator surface area is 6,748 mml 

(10.46 inz) for one bearing. The 
axial pole length o f the homopolar 
stator is one hal f of the 
heteropolar but there are two poles . 
The stators were constructed of 
0.356 rom (0 . 014 in) 3% silicon iron 
laminations . The number of e dges 
that the journal passes is the same 
for both bearings. Both stators 
have the same 10 . 

MAGNETIC BEARING ROTOR PROPERTIES 

Three laminated rotors with bearing 
journals were employed. All are 
c onstructed of 3% sil icon iron 
lamination thickness o f 0 . 356 rom 
(0.014 in). They are approximately 
91.4 rom ( 3.6 in) 00 wi th slight 
differences to obtain the clearances 
desired. The laminations are 
stacked axial ly along the shaft to 
restrict the development of e ddy 
currents moving in the axial 
direction. The three r otors have 
two different air gaps, Rotor R1 has 
A nominal air gap of 0.762 rom (0.030 
in) while rotors R2 and R3 have a 
nominal air gap of 0.381 mm (0.015 
in). The difference between rotors 
R2 and R3 is that rotor R3 is 
somewhat longer to accommodate the 
extra length of the homopolar stator 
(S2) • 

BETEROPOLAR BEARINGS 

The heteropolar bearing geometry i s 
shown in Fig . 4. It has 8 poles , 
rotor 00 = 91.4 rom (3.60 in), shaft 
00 ~ 50.8 rom (2.0 in), stator 00 K 

196. 2 rom (7.726 in), axial length of 
bearing L z 43.6 rom (1.715 in) 

Radial (Heteropolar) 

8 po l e 

Figure 4. Heteropolar Bearing 
Geometry 
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(without coils). The radial length 
of each leg is 31.8 mm (1.253 in) 
and the circumferential width of 
each leg i s 21. 1 rom (0.79 in). The 
re l ative permeability o f the rotor 
and stator mater i al is e stimated at 
3, 000. Two air gaps were run for 
this bearing, rotor R1: gl = 0.762 
rom (0 .030 in) and rotor R2: g2 -
0.381 rom (0.01 5 in). The dif fe rent 
gap thicknesses were obtained by 
using two d ifferent rotors with 
different r otor lamination 00 . 
Table 1 shows the heteropolar and 
homopolar bearing configurations . 

Table 1 . Heteropolar and Homopolar 
Bearing Configurations 

Bearing stator Rotor 

No. 1 Sl R1 
(Heteropolar) 

No. 2 Sl R2 
(Heter opolar) 

No. 3 S2 R3 
(Homopolar) 

Fig. 5 shows the measured power loss 
data for the heteropolar bearing 
with the two different air gaps at 
three different values of bias flux 
density, 0.4 Tesla, 0.5 Tesla, and 
0.6 Tesla. Rundown plots are not 
s hown for all of these cases but the 
method of reduc i ng the data is 
discussed later in the paper and 
some example rundown plots are shown 
later , in Fig. 8 . 

DATA REDUCTION 

Rundown data was evaluated to 
determine power loss using the 
following model 

dw 
dt 

(5) 

where the coefficients are defined 
as 

c. . 
J ' 

C.., (6 ) 
J 

from (3) and ,( 4) • An analytical 
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Figure 5. Measured Magnetic Bearing Power Loss vs. 
Density Values for Two Air Gap Thicknesses. 

Speed at Three Bias Flux 

Table 2. Power Loss Coefficients For Magnetic Bearing Data Presented in Fig. 5 
For Three Bias Flux Density Values and Two Air Gap Thicknesses. 

B-AT 
Bearing # I Bearing ~2 

(Gap = .76mm) (Gap = .38mm) 
Hysteresis bl- bJ: 
(rpm-s- I) -17.6 -16.0 

Eddy b2: br 
Current -4.6x I 0-3 -1.0xlo-2 

(s- I) 
Windage b3- br 

(rpm-·8-s- l ) -S.6xI0-7 -7.4xlo-7 

expression for the actual speed 
curve was determined for each case 
and minimized using a simplex search 
method (8). The measured power loss 
was then determined from (4) and 
(6). The coefficients b l , b1 and b) 
are given in Table 2 for the data in 
Fig. 5. The hysteresis coefficients 
are nearly the same for both 
bearings at a given value of flux 
density indicating that the 
hysteresis effects are nearly the 
same for each bearing. The eddy 
current coefficients are much 
larger, by a factor of 2 to 3, for 
the case with the smaller gap of 
0.381 rom (0.015 in). Thus the eddy 
currents are the major difference in 
the larger l osses at lower gap 
thickness (or lower tip clearance 
ratio). The windage coefficients 
are near l y the same for the t wo 

B - .ST Bz .6T 
Bearing N I Bearing #2 Bearing _I Bearing _2 

(Gap ~ .76mm) (Gap - .3Smm) (Gap - .76mm) (Gap = .38mm) 

bI- b/- bI - b/-
-22.1 -22.2 -26.8 -2S.2 
b2~ br b2= br 

-6.2x I 0-3 -1.6xlo-2 -7.9xI0-3 -1.9x I 0-2 

b3- bJ= b3- br 
-7.8xlo-7 -S.2xlo-7 -7. lx lo-7 -4.Ox I0-7 

bearings when the bias flux density 
is the same. There is a difference 
at the bias flux density of 0.6 
Tesla for the small gap 
configuration which may indicate 
that skin effects are becoming 
important. 

HOMOPOLAR BEARING 

A 2-plane, 8 pole homopolar bearing 
was tested. Figure 7 shows the 
geometry of the bearing. The 
stator, S2, was constructed of 0.356 
rom (0.014 in) 3\ silicon iron 
laminations. The rotor, R3, has 3\ 
silicon iron laminations thickness 
of 0.356 rom (0.014 in), The air gap 
thickness was 0.381 rom (0.015 in) 
for the homopolar bearing. 

Rundown data was taken for the 



homopolar bearing operating in the 
same speed range as the heteropolar 
bearing. Figure 8 shows a plot of 
t he rundown data for both the 
heteropolar bearing No. 2 and the 

Figure 7. Homopolar Bearing Geometry 

homopolar bearing No. 3 at a bias 
flux density of 0.3 Tes l a. The 
speed range is up to 30 ,000 r pm. 
The air gap thickness and f l ux 
density is the same for both 
bearings so the curves clearly 
indicates the lower loss performance 
of the homopolar design. 
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Figure 8 . Rundown Speed vs. Time For 
Heteropolar and Homopolar Bearings 
at 0.3 Tesla Bias Flux 

This data was converted to power 
loss data and the results plotted in 
Fig. 9. The power loss values were 

______ .. ... '1 ... _ --.......... ~ .. ~ . 
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Figure 9. Measured Power Loss vs . 
Speed Fo r Heteropolar and Homopolar 
Bearing s at 0.3 Tesla Bias Flux 
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converted into loss coefficients as 
given in Table 3 from (5) and (6). 
The hysteresis coefficient, b ll is 
lower for the homopolar bearing . 
This is to be expected a s rotating 
hysteresis losses should be lower in 
the homopolar bearing. The eddy 
current c oefficient, b ZI is also 
significantly lower. The windage 
coeff icient is approximately the 

Table 3. Power Loss Coefficients For 
Magnetic Bearing Data Presented in 
Fig. 9 For Heteropolar and Homopolar 
Bearinq 

B-JT 
~Coctf"K&car 

_10> CodI'.aciiU - hi .. - 10.4 ·l .. ~ · J 
.1 opa>-r 1 ) 

l4d, >:>- ·' h l l)"' oJ" . 1.9:t 10" 
c_ 

r--- 1f"1) 

I':~ bJ ' .1.1.".,. '3 --11,1" 

same indicating that the longer 
length rotor does not apparently 
develop much higher windage loss . 

MAGNETIC FLUX DENSITY MEASUREMENTS 

The magnetic flux density was 
measured in the air gaps for all 
ca s es. Example measured values are 
given in Table 4 f or a bias flux 
density of 0.6 Tesla in the two 8 
pole heteropolar bearings. The bias 
current in the bearing coils 
corresponding to the data in Table 4 
was 1.94 amps. The difference in 
the air gaps is due to the load on 
the bearing and experimental 
variability on using the flux probe . 
The average value f or both bearings 
is approximately 0.62 Tesla. 

CONCLUSIONS 

Magnetic bearing rotor power loss 
variation with speed, bias flux 
density, air gap thickness, and flux 
path design were studied. The 
variation of rotor power loss va. 
speed was evaluated f or three 
different bearings . In each case, 
the total power loss varied 
approx imately with w2 over the 
entire operating range tested . 

As a general rule, the influence of 
the bias flux density seems to 
approximately proportional a2, at 
least for much of the data presented 
in this paper. This seems to be due 
to the strong role of e dd y current 
effects at high rotational s pe edS. 
The B2 l aw, a s one might expect from 
transformer loss t he o ry, is seen to 
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be valid for much of this data. 
Skin effects will be quantified in 
future work. 

The air gap effect is significant . 
A r educt ion in a ir gap by a factor 
of 2 yields an approximate increase 
-in p ower loss by a factor of 2. Thus 
t he p o wer loss is approximately 
i nversely proportional to the air 
gap thickness. This will be made 
more quantitative in future work . 

Table 4. Measured Air Gap Flux 
Leve ls in Bearings No. 1 and No. 2 

Pole Stator No.1 stator No. 
No. Flux Density 2 Flux 

(T) Density (T ) 

1 0.71 0.68 

2 0.60 0.62 

3 0.66 0.66 

4 0.59 0.57 

5 0.62 0.63 

6 0.56 0.52 

7 0.67 0.70 

8 0.56 0.59 

The homopolar bearing has 
significantly lower power losses 
t han a comparable heteropolar 
bearing. For the bearings tested 
here, the heteropolar power loss was 
approximately 800 watt s a t 30,000 
rpm as compared to approximately 600 
watts for the homopolar bearing at 
the same speed. This i s a bout a 2 5% 
reduction for the homopolar bearing. 
The reduction i s due to both lower 
eddy c u rrents and lower hysteresis 
losses. The windage losses are 
about the s ame. 
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