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ABSTRACT

This paper presents an analytical model to calculate
eddy current losses, forces and stiffness of a radial
magnetic bearing. A simplified bearing model is
presented first. Then the analytical solutions of the
magpetic field in the stator, air gap and rotor are
obtained. Finally, the power loss could be achieved from
the drag force acted on the rotor and the stiffness
including eddy current effects from the radial force. It is
found that the Reynolds number R,, is a very important
parameter to represent the rotation effects on the
magnetic fields. The loss and the force could be
transformed into nondimensional form with it. The
results are verified with FEM analysis at last.

INTRODUCTION

Eddy current is inevitable in the applications of active
magnetic bearings (AMBs). The eddy current produced
in the stator is induced by the varying control currents.
But that produced in the rotor is caused both by the
control currents and alternative changing of the static
bias magnetic fields undet the poles when rotating, and
the later will be the main reason of the eddy current as
the speed is high, especially when the heteropolar AMBs
are used. Usually both the rotor and bearings are
laminated to reduce the eddy cutrent, but sometimes the
solid rotor is still needed and the eddy current will be
significant at high speed.

The first and most important effect of the eddy
current is power loss. The eddy current loss in the
rotating rotor will be dominant compared to the windage
loss and hysteresis loss when the speed is high
Although it is always thought that magnetic bearing
losses are lower than those of rolling element bearings
and oil bearings, to predict it at the design stage is still
important in the low loss high-speed applications such
as energy storage system or spacecraft and satellite

applications.

In the past decade, some studies on this subject have
already been published in the open literature. Most of
them aimed at either accurate measurement of the
rotation losses or development of analytical or
computational models for them. Kasarda etc. {1-3] had
presented an analytical/empirical model that came from
the power losses calculation of the transformer and
electric machine. But it is difficult to calculate the
effective frequencies and rotor volumes in this model
accurately. Ahrens etc. [4] first introduced an analytical
model based on magnetic field calculation to the eddy
current loss in magnetic bearings with solid rotor. In this
meodel, the magnetic field in the bearing was omitted and
a steady magnetic flux distribution along. the inner
surface of the stator was assumed. But two dimensional
(2D) FEM analysis [5-8] showed that the flux
distribution under the poles changed by the eddy current
as the speed is high. In fact, an analytical model
including theef fect of eddy current on the main flux
distribution under the poles could be achieved through
magnetic field analysis if some simplifications on the
bearings are performed.

In this paper, a simplified bearing model that derived
from the model of Yoshimoto’s FEM analysis [5,6] is
presented first. Then the analytical solutions of the
magnetic field in the stator, air gap and rotor are
obtained similar to the approach in [4]. The power loss
achieved from the drag force acted on the rotor and the
stiffness including eddy current effects achieved from
the radial force can be derived finally. At last, we have a
FEM analysis to verify the analytical results achieved.

MODEL SIMPLIFICATION

When a rotor rotates in a heteropolar radial magnetic
bearing the direction of magnetic flux density in the air
gap changes alternatively lookedft om the rotor side.
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Then the varying magnetic fields inside the rotor will
induce eddy currents. Usually, the rotor is laminated to
reduce the eddy currents, but it is difficult to develop an
analytical model to get the actual three dimensional field
distributions in the sheet in this case. Some kind of
assumptions and simplifications should be done to get
an approximate result {9,10]. The model in this paper is
2D, therefore it can only be used for solid rotor.

FIGURE 1: 8-pole radial magnetic bearing and rotor

The configuration of a solid rotor suspended by
8-pole magnetic bearing is shown in Figure 1. R is the
radius of the rotor, 4 is the air gap, d is the thickness of
the back iron of the stator, and L is the length of the
bearing. All poles are assumed to be identical.

It is difficult, maybe impossible, to analytically solve
Maxwell’s equations in regions shown in Figure 1
because they are complicated too much. Therefore, the
region of the stator must be simplified somewhat. In the
analytical analysis of the magnetic fields of motors, it is
always omitted the actual shape of the stator and use an
equivalent surface current distribution as the boundary
condition to represent the control currents. Yoshimoto
also used this simplification in [5,6]. The stator was
simplified to a ring and control currents in the coils were
represented with an equivalent surface current
distribution at the inner surface of the ring as shown in
Figure 2 (a).

Since the magnetic field and the induced currents
tend to concentrate at the surface of the rotor because of
skin effect, the penetration depth of the magnetic field is
far small than the radius of the rotor when the speed is
high. Thus, the error of using Cartesian coordinates
instead of cylindrical coordinates is small, and the rotor
can then be approximated by a semi-infinite conducting
plate as shown in Figure 2 (b).

In the following analysis, it is also assumed that the
materials of the stator and rotor are linear and isotropy.
Conductivity and permeability are assumed to be
constant. Saturation and hysteresis effects are neglected.

The equivalent surface current distribution of an
8-pole heteropolar magnetic bearing is illustrated in
Figure 3. The poles are arranged in NSNS configuration.
U, =2z(R+h}is the perimeter of the stator’s inner
surface. The surface current density can be
approximated by a Fourier series:

Jo(x) = i(c,,e""»" +C e %y (15
n=I

where fn =2m /U,

Regionl (Air gop)

(2) (b)
(a) Regions for calculation
() Unrolled into Cartesian coordinates
FIGURE 2: Simplified model

FIGURE 3: Equivalent surface current distribution

MAGNETIC FIELDS
Maxwell’s equation for the magnetic flux density inside
the moving conducting material in steady state is:

L vpivxrxm=o @

HO
where ¥V =@-R is the speed of the rotor. The rotor is
moving in x direction, thus ¥ =V, . The flux density
has only components in x and y direction, that is
B=B,i+B,j, and the eddy currents are flowing in z
direction.

Since our analysis is linear, the field solution
associated with each Fourier component of the current
can be calculated separately and then summarized to get
the whole solution. For simplicity, the following
calculations in this section are only for one

term C ,¢*+* , and all the subscript » of the flux density
B are omitted. Using the similar method in [4], solutions
of equation (2) in the region of air gap, rotor and stator
can be derived.

In the air gap, 0= 0, V. = 0, g, = k,, the solutions
are:

B, =ie**(a " ~be™) 3)

By, =" (a)e"” + he™*) @

In the rotor, ¢ = k2 + ik, o511,V , the flux density
are:
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By = by et (s)
ik,

B, =bye*re (6)

In the stator, ¥, =0, g, = ky,

B,y =ie™* (ase" — by} Q)

By = * (aze™ + be ™) (8

With the follow ing boundary conditions at y=0 and y=h,
1

1 fk x
713:1 y=0 _‘U_}B‘ﬁ y=0= Cne - !By3|y=—d =0
B0 = B3|y )
1 . 1
B | s = B, s o Balr = -Bala (10
1

the five constants @;, b;, b,, a; and b; which appear in

equations can be obtained:
q ot q ot
=C,|1-—% b =C | 1+ 22— |——
Frzkn 272,1: n“r!kn 272,n

eq,,h C Y\n C Yin
b =C @y =— I oA
2 Yon } ]_e_n"d Yan b3 1- eZk"d Y2,n
(1)
where
g2 =k +ik azsz (12)
71 = cosh(k,h) + —"—sinh(k,A) (13)
2
i 71n .
yZn = [ +(smh(k,,h)
. tanh{k, d
ﬂu Aur3 n ( ] ) (14)

+—22_cosh(k, k)]

r2™n

FORCES, LOSSE AND STIFFNESS
Using Maxwell’s stress tensor, the magnetic forces
acting on unit length of the rotor are:

F,= —HLO [[BaBds

F, =-2170 ([t -8 as

(15)

(16)

s is any closed surface surrounding the conduct. For
simplicity, the surface of the rotor is choused. Because
of the orthogonality, each of the spatial harmonics
integrates to zero when multiplied by each other, except
where the two indices are the same. Hence, the forces
from each harmonic can be considered separately and
the results summed to get the total forces. The magnetic
forces of a magnetic bearing with length L are:
W oz M T) 1
Moty yai kn Y 2,ny 2.n

F,= an

F, = (18)

LU ic C an" .ur22k: . 1
Hokily ot k} Y2,1¥2,n
Define the air gap ratio £ and magnetic Reynolds
number R,, as follows:

h
gu—R+h

R, ={(R/8) = RPapi0,/2

(19)
(20)

where 8=42/@wuc is the skin depth. Then g,
becomes
qn=kn1/1+i2Rm/n 1)
Let
G, =C,C,/J} (22)
2 k2 ~q,d, ‘ 4R’

H, _,&2__’?_‘1&:%2_ 1+ nzf" (23)
w, (Ryy) =_t(q,.kF gx)

n (24)

= i1 +12R,, /n ~ 1= i2R,, /n)
EnlS Rons y2) = M 127 2072 (25)
Substituting (21) into (13) and (14) leads to
#1, = cosh(k, k) + ——]—sinh(k"h) 1+i2R,/n (26)
AurZ
; k
7y, = ——[sinh(k,A) +M+ 1
’ Ho H,ytanh(k,d} 4,
(cosh(k, k) + s‘“h(k _sinh(&,h)_y G00R,, in))
anh(k, d)
@7

u,; is very large, in the range of 10°~10°, because the
bearing is wusually made of ferro materials, so
sinh(k, A) >> cosh(k k) /(u,, tanh(k,d))

cosh(k, k) >> sinh(k, 7)) (1, tanh(k,d)) . Therefore,

n(& Ry thyy) “; [cosh(2n¢)~1]

and

+—%sinh(2n4’)-(‘/l +i2R, I +{l-i2R,, /n)(28)

1+ £osh2ne)+1 4R 1n?

2[1,.2
Now the forces can be written as:
< w,(R,)
Fy=-J§LUK Y G, -——"—"— (29)
E gn(;sRmsyrZ)
F,=J3LU e G.H, (30)

Hy2 n=1 En ¢, Rm ’:urZ)
The minus in F, denote that it is a drag force and will
prevent rotation of the rotor.

Tangential force
Let
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e w,(R,)
W({,Rmn’ir )= Gn'_"'n—m‘ (31)
: 2: g, R, . 1,)
Then the tangential force F, becomes
Fo = =2m) LRuqw (C R oy t2,5) (32)

R, i

FIGURE 4:

m’u
W,/ gy

¥; is the nondimensional drag force acting on unit
area of the rotor by unit static surface current density. G,
denotes the effect of different harmonic of the bias
current, where w, /g, represents effects of the speed,
air gap ratio and material of the rotor.

The relation between w, /g, and # and R, is shown

in Figure 4. For the nth harmonic, the tangential force
rises sharply, peaks, and then decreases gradually. The
drag force is the Lorentz force in fact. Its density is the
vector JxB . When R, is small the eddy current
density is approximately proportional to R,. So the
tangential force increases rapidly. The skin effect
becomes greater for large R,. Though the eddy current
density still increase, its distribution area minish rapidly.
Therefore, the total force decreases when integrated in
the area. '

On the other hand, when R, is held constant, for
small R,, w,/g, is decreasing rapidly as n increases,
and peak will appear for large R,,. It means that effect of
the low frequency components, especially the first two
or three harmonics, is dominant when R,, is small, and
more and more harmonics will have effect as R,
increases.

Eddy current loss
The power loss can be calculated with

P=FVx 33)
and written as
J3

. P=—L;}_—".P(§’Rm’#r2) (34)

2

¥ =4x(R, / p (G Ry tty) IS the
nondimensional loss of unit length and unit bias current
density. When R,—0, g, = u,,(cosh(2nd)-1)/2 and

where

w, = 2R, /n, therefore,

Gn 2

P=—4niLR o yfe, xa® (35)

a1 n(cosh(2nd) -1)
When R, is (1~10%), g, = g, (cosh(2nl) —1)/2
and w, = 24/R_/n ,then
_ 1,03 3/2, 372 | T3 G,
P el \/EZ{ Jr(oosh(2ng) 1)
(36)
When R,—w, g, =(cosh(2n{)+1)R,, H(ny,,) and

o w!n’l

w, = 24/R, /n , the loss will be

P= —4J§z]§LRm”2Jﬂ—_Zi__G”J; x '’
o, ot (cosh(2nrd) +1)
37
So the eddy current loss is proportional to the
rotation speed squared (@) when R,, approaches to zero,
to &s"* when R,, is small and to &'’ when R,, approaches
1o infinity.

16000 T '

14000 4~ —d—Ahrens (N¥SS) T
—B—this model (NNSS) //‘
~ 12000 4 )
) == Ahrens (NSNS) /
2 o000 4- )
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<
2= 8000 L
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2 o
3 4000 / -
I
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Speed (rpm)

FIGURE 5: Loss compared with Ahrens’ model

TABLE 1: Parameters of the rotor and bearing

Outer radius of the stator 98.lmm

Axial length 43.6mm

Pole width 21.1lmm

Pole face area ratio 58%

Ampere turns 353A(B=0.54T)
Radius of the rotor 44 5mm

Air gap thickness 0.762mm
Conductivity 1.03x107(C2m)™
Permeability 2700

Ahrens [4] has assumed constant magnetic flux
density at the boundary between the stator and the air
gap and then got an analytical solution. But 2D FEM
analysis [5-8] showed that the flux distribution under the
poles changed by the eddy current as the speed is high.
We have calculated the loss using Ahrens’ model and
ours with the parameters of the rotor and bearing in
Table 1. The results are plotted in Figure 5. It can be
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seen that Ahrens’ model gives much higher eddy current
loss than ours at high speed.

1.2 )
i
0.8 4
3dbp----f----t-
§_ 0.6
0.44— ~——d—N5 0, 0168
~—8——NN 0, 0168
NS 0, 085
0.2 94~ =——il——=iN 0.0085
------ 3db
o I l |
LEH0 LE+0l 1E+02 LE#3 1E04 1E05 L E+06
Rm
FIGURE 6: ; of an 8-pole bearing

TABLE 2: The parameters used io calculate y;

e Air gap ratio 0.0168, 0.0085
i Pole face area ratio 0.58
R Radius of the rotor 44.5mm

Uy Relative permeability 2700

LIREE

x 45 0| aas 90 135 180 225 270 315 360 P17

FIGURE 7: Radial force decomposition

Radial force
The radial force could be written as

Fr=Fy=Fr0Wi (38)
p; =¥, /¥y (39)
where ¥, = — Gally is a nondimentional

Hyz n=18y (;’Rm: Aurl)
quantity. W, = ¥;(R,, =0)and F,q = JGLUp¥; is the
static radial force. y; is the normalized nondimensional
radial force.

The force for an 8-pole bearing at different pole
configurations (NNSS and NSNS) is plotted in Figure 6.
The parameters used to calculate y; is in Table 2. Only
the first 200 harmonics are used in calculation. It is
indicated in figure that R, has little effect on y; when it
is less than 100, but the radial force will decrease rapidly
when R,, is in the range of 10>~2X10°. So the radial
force will decrease dramatically at high speed.

Stiffness

The force derived in (38) is the total radial force of
the bearing in Cartesian coordinate. Since all the poles
are identical, the radial force of each pole is equal as
shown in Figure 7. That is f,=f,=---=f,=F/8.
Therefore, the force acting on the rotor in x direction
will be:

f x = f a” f; @
where @ is half the angle between two poles.

If the bias cutrent of each pole is Jp and each coil has
N tums, then the equivalent surface current density Jo
will be:

Jo = NI /1=Kl {41)
where [ is half the length between two poles in
circumference. If the poles are configured in differential
mannet, that is I,= I =I,+i and 7,= I, =Ii, then

(40)

f. = LyicosaK *LUpy ¥, (42)
So the current stiffness is
k; =§g-£'ii:° =Iycos aK LU ¥; = ko, (43)
(]

where k,, = I, cos aK *LUp, ¥,y is the static stiffness

and y; is the normalized nondimensional stiffness.
Therefore, y; is both the normalized current stiffness and
the normalized nondimensional radial force.

When the rotor moves from the center of the bearing,
the air gap under each pole is unequal and not uniform
anymore, then the radial force will change also. Assume
that the displacement in x direction is small and only the
air gap under poles A, B, E and F changes, and the
ununiform of the air gap can be neglected.

When the rotor has displacement x in x direction, the
air gap under poles A and B will be A-x, and h+x under
poles E and F. Then the displacement stiffness will be

%, o _ 9.
k’f :—a;"|x=o =2(E £)cos a|x_0 (44)
where _
%__a_fg_____l_‘]gLU‘qu Ganrn(gs Rzm) (45)
ox dx 8 n=1 gn(:’ Rm)
and
r(C,R,) =~ k';_ [sinh(2n¢)- (1 + 12 wh +4R2 /n*)
Ho Herz (46)
L LoshnE) iy 2R, in 4 1= 2R, )]
Hea
The displacement stiffness can be written as
kx = kxOWx
v, =¥, ¥, (48)
where ¥, = —]—ZM is a nondimentional

25 g,(4.8)
quantity, ¥ = ¥, (R,, =0) and k. = J§ LUyW o cosax

is the static displacement stiffness. y; is the normalized
nondimensional displacement stiffhess.
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v for an 8-pole bearing at different pole
configurations is plotted in Figure 8. The parameters
used to calculate y; is in Table 1 and only the first 200
harmonics are used in calculation. w, has the same
property as ; , but the range of R, in which w, decrease
rapidly is 10°~ 10°, smaller than that of y,. The
displacement stiffness will decrease at higher speed
compared to y;, but decrease more quickly.

L2

1 l
~—k——NS 0. 0168
1 ——-~NN 0. 0168

——d—=NS 00085
e N 0, 0885
0.8 \ """" 3db
=4
0.4
0.2
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1. E+00 1. E+Q1 1. E+02 1.E+03 1.E+04 1. E+05 1, E+08
Rm
FIGURE 8: g, of an 8-pole bearing
L8 r
16
L4
12
et
=08
0.6
0.4
0.2
0.0 4 A
0 2000 1000 6000 8000
H (A/m)
FIGURE 9: B-H curve
4000 r r
ss00 | —Ar—FEMONSS)
= Analytical (NNSS) r
o, 3006 T e FEN (NSNS) —
fg 2500 =—— =M= Analytical (NSNS)
-~
g 2000
o 1500 1 /’/
2 V.
Q 1000
[}
500 4
0
0 5000 10000 15000 20000 25000 30000
Speed (rpm)
FIGURE 190: Eddy current losses
FEM ANALYSIS

To verify the validity of those simplification and
assumptions used in the analysis above, a numerical
analysis is done on the actual bearing and rotor
configuration pictured in Figure 1 using the FEM
analysis software ANSYS5.6. The parameters of the
rotor and bearing are in Table2. The B-H curve used in

the nonlinear analysis is shown in Figure 9.

The losses derived from analytical model and the
FEM analysis are plotted in Figure 10 and the radial
forces in Figure 11. The stiffness is shown in Figure 12
and Figure 13. The analytical results agree well with the
FEM results, so our model simplification and
assumptions used in the analysis is reasonable. We also
have a nonlinecar FEM analysis considering the
saturation of the magnetic field. The result shown that
the saturation effect will make the radial force decrease
at lower speed, hence enforces the eddy current effect.

120
10«1 e
=
b I —
=1
b
I
o 1 ~~—d——Fy (Analytical)
3 ————Fy (FEN_N)
204 Td—Fy (FEM_L)
------ 3db
0 | i
1 10 100 1000 10000 100000
Speed (rpm)
FIGURE 11: Radial forces
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FIGURE 12: Current stiffness
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FIGURE 13: Displacement stiffness
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CONCLUSIONS

In this paper, the eddy current effects on rotor-active
magnetic bearing system caused by rotation of the rotor
are studied. A simplified bearing model and an
equivalent current density distribution around the inner
surface of the stator are presented first. Then the
analytical solutions of the magnetic field in the stator, air
gap and rotor are obtained. The magnetic forces acted on
the rotor could be calculated Using Maxwell’s stress
tensor. Finally, the power loss achieved from the drag

force acted on the rotor and the stiffness including eddy

current effects achieved from the radial force can be
derived.

It is found that the Reynolds mumber R,, which
denotes the effects of rotation speed, the conductance
and permeability of the rotor, is a very important
parameter to represent the effects of rotation on the
magnetic fields. The loss and the force could then be
transformed into nondimensional form with it.

The eddy current loss is proportional to the rotation
speed squared (&’) when R,, approaches to zero, to a?
when R,, is small and to " when R, approaches to
infinity.

On the other hand, the eddy current will reduce
forces acted on the rotor and cause the decrease of the
stiffness of the bearing. An analytical model of the
current/displacement stiffness of the bearing including
eddy current effects is derived. It shows that the stiffness
will decrease rapidly as R,, increases.

The results achieved from the analytical model show
good agreement with the FEM results based on the
unsimplified bearing con figuration.
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