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A Four Pole, Double Plane, Permanent Magnet Biased Homopolar
Magnetic Bearing with Fault-Tolerant Capability

Uhn-Joo Na"

(Abstract)

This paper develops the theory for a novel fault-tolerant, permanent magnet biased,
4-active-pole, double plane, homopolar magnetic bearing. The Lagrange Multiplier
optimization with equality constraints is utilized to calculate the optimal distribution
matrices for the failed bearing. If any of the 4 coils fail, the remaining three coil
currents change via a novel distribution matrix such that the same opposing pole,
C-core type, control fluxes as those of the un-failed bearing are produced. Magnetic
flux coupling in the magnetic bearing core and the optimal current distribution helps
to produce the same c-core fluxes as those of unfailed bearing even if one coil
suddenly fails. Thus the magnetic forces and the load capacity of the bearing remain
invariant throughout the failure event. It is shown that the control fluxes to each
active pole planes are successfully isolated. A numerical example is provided to
illustrate the new theory.
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1. Introduce

A magnetic bearing system is a mechatronics
device consisting of a magnetic force actuator
(an active magnetic bearing, or AMB), motion
sensors, power amplifiers, and a feedback
controller (DSP), that suspends the spinning
rotor magnetically without physical contact,
and suppresses vibrations. Magnetic bearings
find greater use in high speed, high
performance, applications such as gas turbines,
energy storage flywheels, and turbo-molecular
pumps since they have many advantages over
conventional fluid film or rolling element
lower friction losses,

bearings, such as

lubrication free, temperature extremes, no
wear, quiet, high speed operations, actively
adjustable stiffness and damping, and dynamic
force isolation.

Magnetic bearings have been investigated
the Unlike

heteropolar bearings[1-4], homopolar magnetic

extensively for last decades.
bearings have a unique biasing scheme that
directs the bias flux flow into the active pole
plane where it energizes the working air gaps,
and then returns through the dead pole plane
and the shaft sleeve. Use of rare earth permanent
magnets such as Samarium-Cobalt (Sm-Co) and
Neodymium-Iron-Boron (Nd-Fe-B) yields a very
high efficiency when the permanent magnets are
used as the source of bias flux to energize the
air gaps and electromagnets are used to supply
control fluxes in the active plane.

Some of the results on modeling, design, and
control of homopolar magnetic bearings are

Meeks utilized a

permanent magnet biased homopolar magnetic

shown in literature.

bearing to provide smaller, lighter, and
power-efficient operation. Sortore et al.[5] and
Allaire et al.[6] also presented design methods
and experimental verifications for permanent
magnet biased magnetic bearings. Similarly
al.[7]

results on

Maslen et showed analytical and

experimental the design and
construction of permanent magnet biased
magnetic bearings. Lee et al.[89] provides
extensive discussion of design, testing and
performance limits of the permanent magnet
biased magnetic bearings. Fan et al.[10] also
suggested systematic design procedures for
permanent magnet biased magnetic bearings.
Fukada and Yutani[1l] work studied the
frequency response of permanent magnet
biased magnetic bearings.

Fault-tolerance of the magnetic bearing
system is of great concern for highly critical
applications of turbomachinery since a failure
of any one control components may lead to
the complete system failure. Much research has
been devoted to fault-tolerant heteropolar
Maslen and Meeker[12]
introduced a fault-tolerant 8-pole magnetic

magnetic bearings.

bearing actuator with independently controlled
currents and experimentally verified it inl[13].
Flux coupling in a heteropolar magnetic
bearing allows the remaining coils to produce
to the unfailed
bearing, if the remaining coil currents are
properly redistributed. Na

[14-15] also

force resultants identical

and Palazzolo

investigated the optimized
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realization of fault-tolerant magnetic bearing
actuators, so that fault-tolerant control can be
realized for an 8-pole bearing for up to 5 coils
failed. Na and Palazzolo[16]
fault-tolerant

suggested the
control scheme utilizing the
grouping of currents to reduce the required
number of controller outputs and to remove
decoupling chokes.

Stricter constraints are required for the
permanent magnet biased homopolar magnetic
bearings to generate the equivalent fault-tolerance.
The goal of the present work is to develop a
double

permanent magnet biased magnetic bearing

fault-tolerant ~ 4-active-pole, plane,
such that the bearing can preserve the same
decoupled magnetic forces identical to the
unfailed bearing even after any one coil out of

4 coils fails.

2. The Fault Tolerant Bearing Model

The schematic drawing of a 4-active pole,
double biased
homopolar magnetic bearing is shown in Fig. 1.

plane, permanent magnet
Assuming that eddy current effects and material
path reluctances are neglected, Maxwell’s
equations are reduced to the equivalent magnetic
circuit for the homopolar magnetic bearing as
shown in Fig. 2

The reluctance in air gap j of the active
pole plane is;
R= oy

T pyay

g; = go — xcost; —ysind, @)

== bias flux path
O

gl Eﬂ;ﬂﬂiq)
RI% RZ% ;g% R, ﬁ

Rs% R-(,% Ry
o
Fig. 2. Equivalent Magnetic Circuit for Double
Plane Homopolar Magnetic Bearing

ot oo
1

The parameters y,, a,, z, y, and g, represent
the permeability of air, the pole face area of
the active pole, the rotor positions, and
nominal air gap, respectively. The permanent
magnets are modeled as a source, #Z,,, and
the Applying

Ampere’s loop law to the magnetic circuit

return path reluctance R,.

results in 4 independent equations.

B = Ry 10 =1
Rj¢j+RB¢b =HIL

pm

i—ni =123 (3)
i, j=4 4)

The parameters ¢;, ¢, and i, represent the
control flux through j-th pole, the return path
flux, and currents through the j-th pole,
respectively. Applying flux conservation law to
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the magnetic circuit results in one more equation.

Ot oyttt =09, (5)

Rearranging Eqs.(3)-(5) leads to a matrix

equation.

_ ‘ 0 )
R, —R, 0 0 91 0 n—mn 0 0 Ut

0 Ry, —Ry 0 21 0 |u 0On-n 0 iy (6)
0o 0 R —R [N HI, 00 n —n iy

1 1 1 L+R/Ry|¢, 7, 00 0 1+n/Ryl;,

or

Rb=H+ NI @)

The magnetic circuit equation (7) for a
homopolar magnetic bearing has a permanent
magnet bias forcing term # that energize the
working air gaps. The coil current vector 7
then provides only AC control currents. The
fault tolerant, 4-active pole, double plane,
homopolar magnetic bearing utilizes 4
independent coils each driven by its power
amplifiers. The coil wound clockwise in pole 1
of one plane is wound counterclockwise in
pole 1 of another plane. Control fluxes
through poles are then fully coupled with
independent currents. The currents distributed
to the 4-active-pole bearing are generally
expressed as a 4x2 distribution matrix 7 and

control voltage vector v,. The current vector is;

I= Ty, ®

The parameters v, and v, represent the x
and y control voltages. A typical current
distribution scheme (coil winding scheme) for
a homopolar magnetic bearing is;

10
3]

The feedback control voltages v, and v,
,determined with any type of control law and
measured rotor motions, are distributed to
each pole via 7 in normal operation, and
create effective stiffness and damping of the
bearing to suspend the rotor around the
bearing center position. If one of the 4 coils
fails, the full (4x1) current vector is related to
the reduced current vector by introducing a
failure map matrix Ww.

I=wi (10)

For example the matrix for the 4"coil failed
bearing is described as;

100
._ o010
"=1001

000

The reduced distribution matrix is defined as;

I=Tv, 1D

7, 1] 12)

i: [tl ty ta]T7 TAL: [t4 i to‘]T

N>

The reduced distribution matrix is to be
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determined such that the magnetic forces
should remain very much invariant before and
after failure. The flux density vector can be
determined from the magnetic circuit equation
in Eq. (7). Leakage and fringing effects can be
empirically determined and are simply derated
The flux density
vector in the air gaps is described as;

by the fringing factor ¢ .

B=CA 'R WH+ND (13)

the
A=diag([ay,ay,a0,0,]) . The flux density vector is

where pole face area matrix is

then reformulated as;
B=Gv

(14)

G:[G;,HQf G’Cf;].v:[lv v ]T (15)

cr Zey

G =CAT'R,G=CAT'RT'NW

Magnetic forces developed in the active pole
plane are then described as;

fo ="M (16)
f,=v"Muv a7
M (D) =— Py —aPa (18)
or v 8y
and where the air gap energy matrix is;
D= dy'xz,g([gja()/ (2/% ) (19)

Employing an optimal current distribution
matrix 7 may decouple the linearized forces of
the failed bearing, and even maintain the same
decoupled magnetic forces as those of an
unfailed magnetic bearing. Maslen and Meeker

[12] introduced a linearization method which
effectively decouple the control forces for a
failed bearing by choosing a proper
distribution matrix. The necessary conditions

to yield the same decoupled magnetic control

forces are;
1 1
050 005
M=k|1 o ol-M=k|000 (20)
2 Loo
000 2

If the distribution matrix 7' is determined
such that Eq. (18) satisfies Eq. (20), the
nonlinear magnetic forces in Eqgs. (16) and (17)
become linearized at bearing center positions.

Jo =RV fy = R0, 2D

Equations (18) and (20) can be written in 18
scalar forms, and then boils down to 10
algebraic equations if redundant terms are
eliminated. The equality constraints to yield
the same control forces before and after failure
are;

h](%):Ta‘cTQIU IZO
hQ(%): yj Qx[lf;:o

W(T) =17 Q, T,

h(T)=H" Qo T, = k,/2 (22)
h(T)=T7 Q, T, =0

h7(AT):T7Q;wfu =0

h(T)=H"Q T, =0

hg(%):fTQyof;/ =0
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hlo(%):HTQby(J]A;; =k,/2

G—G\

G‘ *O’QO ra¢ cl i

b 3¢

The criterion for choosing the best candidate
is the one that will yield the maximum load
capacity prior to any saturation. To accomplish
this a distribution matrix 7 can be determined
by using the Lagrange Multiplier method to
minimize the Euclidean norm of the flux density
vector B. The cost function is defined as;

J=B(T)" PB(T) (23)

where the diagonal weighting matrix 2~ is
also selected to maximize the load capacity.
The Lagrange Multiplier method is then used
to solve for 7 that satisfies Eq. (23). Define:

10

UT)=B(T)"PB(T)+ E Nh (T (24)

(24 with
respect to t, and A, leads to 16 nonlinear

Partial differentiation of Eq.

algebraic equations to solve for ¢, and A,.

7, (t,\)
@, (t,))
U= ~ =0 (25)
Wls(.t,k)
wlh‘( A)
oL .
V== 0126 (26)
U =h(7)=0,j=12....10 27)

Various initial guesses of and are tested to

find the solution of Eq.(25) for the 4th coil
failed bearing. The distribution matrix solutions
for the 4 cases of failed bearing are

determined as;

3. Numerical Analysis

The normal unfailed operation with the
current distribution matrix 7 and the fault
tolerant operation with an optimal distribution
matrix 7, are simulated with the 3-D finite
element model. The designed magnetic bearing
has parameters, a, (0.00024 m?), g, (0.0005 m),
and = (100 turns), respectively. The permanent
magnet (SmCo) are also designed to maintain
the air gap bias flux density of the active poles
at nominal gaps to be 0.6 tesla. A commercial
magnetic field software (MAXWELL3D) is used
for the 3-D field and force calculation. The 3D
finite element model of the magnetic bearing is
shown in Fig. 3. The designed magnetic
bearing has two active core plane separated
with permanent magnets.

It is assumed that the final feedback
voltages, v

. and v determined with the

o
control law and the measured rotor motions
are simply two sinusoidal functions with 90°
in phase for the steady state whirling. Two
sinusoidal voltage signals are redistributed with
7 and 7;, for the unfailed

bearing and the 4th coil failed bearing,

the matrices,



Ksac

A Four Pole, Double Plane, Permanent Magnet Biased Homopolar -

Fig. 3. The 4 Pole, Double plane,
Homopolar magnetic bearing

Fig. 4. Flux distribution Calculated with
3D Finite Element Model by
Current Set 7l,_._ ;0

respectively. Two cases of currents, £ = 7v,
and L = Tjv, ,withv,, =2.0cos(£2t),v, =2.0sin(£2t),

and t€0,2r/02] are applied on the 3D
magnetic model.

Firstly, the currents 7, and 4, at t=5x/(802)
are applied on the finite element model. Flux
distribution in the active pole plane driven with
the current set Ll,_. s i shown in Fig. 4.

It is also verified that the flux distribution
driven with Zl,_..,se is nearly identical to

that with 4l,_ ./, Secondly, 16 current sets

Fx (N)
B

* 4th co failed
F |——nomal

degree (rad)

Fy (N)

*  ath co failed
normal
L

. . . " \
0 1 2 3 4 5 6
degree (rad)

Fig. 5. Magnetic Forces calculated with the 3D
finite element model by 7 (solid lines),
and 7, (asterisks) )

of 5, and 4 at t=[n/(812),2n/(802),...,12r/(82)]
are applied on the finite element model such
that the corresponding magnetic forces should
The
magnetic forces with and calculated by using

be calculated at each current sets.
3-D finite element model are shown in Fig. 5.

Fig. 5 shows that the magnetic forces with
4-th coil failed bearing are almost identical to
the normal unfailed bearing. The 3D magnetic
forces distributed with the optimal current
distribution 7; for the 4th coil failed operation
are perfectly sinusoidal same as those with the
normal current distribution 7 for the normal
unfailed operation.

4. Conclusion

A fault-tolerant control scheme is developed
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for the permanent magnet biased, 4-active-

pole, double plane, homopolar magnetic
bearings. The remaining three coil currents can
be redistributed in a way such that the same
C-core type, control fluxes as those of an
the

active-pole plane even if any one coil out of

un-failed bearing are preserved in

four coils suddenly fail. The bias voltage
linearization can be realized for the failed
bearing in a manner such that the magnetic
forces are decoupled by using a modified
current distribution matrix after a coil failure.
The Iagrange Multiplier optimization with
equality constraints is utilized to calculate the
optimal distribution matrices for the failed
bearing.

Three dimensional finite element magnetic
bearing model is constructed to determine the
fault tolerance of the magnetic bearing with
failed coil. The magnetic forces with 4-th coil
failed bearing are almost identical to the
normal unfailed bearing.

The fault tolerance of homopolar magnetic
bearings is achieved at the expense of
such as
fault

detection system, additional DSP controller

additional hardware requirements

independent coils (power amplifiers),
channels. The fault-tolerant control scheme
presented in this paper allows any one coil out
of four coils to fail freely without sacrificing
the load capacity, position stiffness or current
stiffness. The energy efficient

fault

capability without sacrificing the bearing load

homopolar

magnetic  bearings  having tolerant

capacity may find great use in some

applications of the high

performance rotating machinery.

speed, high
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