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Abstract

Magnetic bearings may have the steady state bias flux supplied either from electromagnet coil currents or from
permanent magnets. In the second case, the active control flux is provided by electromagnetic coils. The permanent
magnet bias design provides advantages of minimum power consumption, smaller size and weight compared to the all
electromagnetic design. This paper outlines the theoretical analysis of permanent magnet biased magnetic bearings.
Further, it describes the construction and testing of a set of these bearings in a high speed rotor test rig. The bearings
were tested in a rotor in several ways, including white noise excitation (non—rotating) and unbalance response (rotating)
up to 23,000 rpm. Theoretical and measured results are compared. The power consumption of the original liquid
lubricated bearings was 3,000 watts while the all electromagnetic design was approximately 500 watts. The permanent
magnet biased design was measured at 207 watts (total power).

Nomenclature

a area F  Laplace trans. force
f  force vector H  mag. field strength
g  air gap length I current

keq equiv. stiffness J current density

ki  actuator gain N no. of wire turns
ky  bearing stiffness W energy

1 mag. path length V  gradient operator
8 Laplace variable Lo  mag. permeability
s position of free space

v volume ur  rel. permeability
B mag. induction \ gradient operator

1. Introduction

Magnetic bearings have advanced to the point of
being able to offer several different varieties of advan—
tages to rotating machinery manufacturers and users.
The use of permanent magnets, in conjunction with elec—
tromagnets, provides one appealing option which strongly
reduces the power required to operate magnetic bearings.
Power consumption reduction of at least an order of
magnitude is expected over conventional bearings.

Studer [1] discussed the use of magnetic bearings
for space use in an energy storage flywheel. Many other
researchers, such as Murakami, et. al [2], Heimbold [3],
and Eisenhaure [4], to cite only a few, have explored the
use of magnetic bearings in space. Work on flexible shaft
rotating machines has been reported by Allaire et. al
[5, 6]. Keith et. al [7] and Yates et. al [8] developed a
digital control systems for magnetic bearings in high
speed rotating machines.

Permanent magnets have been successfully
employed in passive magnetic bearings by Yonnet [9] and
Okuda et. al [10]. These bearings have the advantage of
eliminating the weight and complexity of the electro—
magnetic components of the combination bearings.
However, these bearings have low damping characteris—
tics and the dynamic stability is less than required in
some situations as reported by Arai [11].

Two early patents were obtained by Studer [12,13]
on the use of permanent magnets in magnetic bearings.
These patents have useful concepts similar to those
employed in the bearings discussed in this paper. Wilson
and Studer {14} have applied the permanent magnet bias
concept to linear motion bearings. Ohkami et. al [151
have performed some interesting comparative studies o
magnetic bearings which use permanent magnet biasing.
Tsuchiya et. al [16] studies the stability of a high speed
rotor suspended in magnetic bearings. Meeks [17] has
performed a comparison of various magnetic bearing
design approaches and concludes that combining actively
controlled - electromagnets with permanent magnets
results in a superior magnetic bearing in terms of size,
weight and power consumption.

This work describes the design, construction and
testing of a set of magnetic bearings using this concept
(18]. Both permanent magnets and electromagnets are
used in a configuration which effectively provides the
necessary flux in the appropriate air gaps, while
simultaneously keeping the undesirable power losses to a
minimum. The design includes two radial bearings and a
thrust bearing.

2. Magnetic Bearings

The first bearing discussed is the radial bearing.
It operates at one end of the high speed rotor (described
later) and controls radial forces only. Two views of this
bearing are shown in Figure 1. Appendix A presents an
analysis of a simplified magnetic circuit with a
permanent magnet providing the bias flux. Four axially
magnetized arc segments are positioned circumferentially
adjacent to the rotor. The bias flux generated by the
permanent magnets passes down the laminated stator
pole leg, through the working air gap, axially along the
shaft, then returns to the permanent magnet via a radial
bias pole piece. The active control generated by the coils
also passes down the stator pole leg and through the
working air gap.
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The return path for the active (control) flux is
different. It flows circumferentially around the stator, as
shown in Figure 1. This design thus requires only four
poles and four coils, in contrast to the all electromagnetic
designs. Appendix A gives a discussion of the theory
associated with the bearing design. Additionally, the
coils for each bearing axis are connected in series. This
means that the bearing control system requires only five
current amplifier channels rather than the ten required of
the all electromagnetic design.
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Fig. 1 Radial Magnetic Bearing Flux Paths

The combination radial/thrust bearing is illus—
trated in Fig. 2. The radial portion of the bearing is very
similar to the radial bearing at the other end. However,
the thrust bearing has a unique magnetic flux path
design. The permanent magnet bias flux passing along
the shaft splits equally between the two thrust poles
before returning to the permanent magnet. A single
active gcontrol) coil produces a magnetic flux, in the
shape of a toroid, which adds or subtracts to the bias flux
in the working air gaps between the thrust disk and the
thrust poles. .

The bearings designed for this project are different
from all electromagnetic bearing designs in that they
employ both permanent magnets and electromagnets.
Permanent magnets generate the bias flux in the working
Eir gaps and electromagnets are used to modulate this
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Fig. 2 Combination Radial/Thrust Magnetic Bearing
Flux Paths

The purpose of establishing a bias flux in the
working air gaps is to linearize the governing force
equation of the magnetic actuator. The bias flux is a
nominal flux density about which the control flux is
varied. If a bias flux of zero is used (only one opposing
actuator is operated at a time), then the force generated
by the actuator on the rotor follows a quadratic force
law, i.e., the force will be proportional to the square of
the flux density in the air gaps. Consequently, the force
slew rate will be zero when the rotor is in the nominal
balanced position and the transient response will be
adversely effected. If, however, the bearing fluxes are
modulated about a non—zero bias flux, (with opposing
actuators symmetrically perturbed) it is easily shown
that the force becomes linearly related to the control
flux. The following section demonstrates this important
relation.

3. Bearing Forces

The force generated by a magnetic bearing on an
object suspended in its field is a function of the geometry
of the magnetic circuit and the magnetic induction in its
air gaps. For simple magnetic circuits, this function is
also quite simple. In the classic bearing geometry where
an object is suspended between two opposing horseshoes,
the force acting on the suspended body is given by th
simple relation :

=258} - B)) 1)

If these two flux densities are perturbed symmetrically
about some fixed point, then the resulting force is linear
in the perturbation flux. That is if

B; = Bpias + Bpert (2)

B2 = Bpias — Bpert (3)

and

then the net force is given by
f=4 %ﬁ Bbias Bpert (4)

Equation (4) illustrates the linearizing effect of a
bias flux. An important fact concerning this bias flux is
that it is to be held constant: modulation of the bearing
force is accomplished by modulating a superimposed
perturbation or control flux.

The purpose of introducing permanent magnets
into a magnetic bearing circuit is to establish this bias
flux without using any energy. The trick is to do this
without requiring the control flux to pass through the
permanent magnets, which have a low permeability.

The various magnetic circuits which have been
devised to accomplish this combination of permanent
magnet biasing and electromagnet perturbation tend to
be more complicated than the simple opposing horseshoe
scheme described above, with the result that the
equations governing their generated forces are more
complicated than (I). One method for determining the
operating equations is based on studying the variation of
the magnetic energy in the circuit as the supported object
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is moved. Appendix A outlines such a method. The
main result of the energy analysis is that the force in any
given direction is approximated by

a 1 aps
eof | 3, g

i=1

Although the actual operating equations are more
complicated than (1), they retain the main result that
the operation of the bearing is linearized by prebiasing
the air gaps to a fixed level and then perturbing them
symmetrically.

4. Open Loop Stiffness and Actuator Gain

The force generated by a magnetic bearing is gen-
erally described by an equation which is linear in the
control current but is most likely nonlinear in the
displacement of the supported object. For the purpose of
studying the stability and dynamic performance of the
closed loop system, a linearized actuator mathematical
model of the magnetic bearing is required. The bearing
force acting in the x direction is expanded in a truncated
Taylor series as

fx(x,ic) = f"lx:O + %" x=0 X
ic‘:Io ic:Io
6)
ot . (
+ 51': x=0 (iclo)

where I, is the nominal control current required to hold
the object suspended at x=0. In the absence of body
forces and with a perfectly balanced circuit, this current
will usually be zero. Since Io is the current required to
suspend the object at x=90, the net force acting on the
object is

fy 9fx

net™

o x+ & (i) (1)
x=0 Fc|x=0
iC:IO iC:IO

The linearized actuator properties are identified from (7)
as

Ka== G emp and Ki= o )
iC:IO i :Io

The minus sign in the definition of Kx is introduced so
that this term can be described as a stiffness. In the
absence of a feedback loop, the stiffness of the support is
entirely governed by Ky, so this term is referred to as the
open loop stiffness. Ky is negative, indicating the open
loop instability of magnetic suspensions. Kj relates the
actuator force to the control current, so it is called the
actuator gain.

Similar expressions can be obtained for each of the
other two orthogonal directions. For a radial bearing,
the axial properties are usually very weak and are

ignored, and, likewise for a thrust bearing, the radial
Components are typically ignored. ‘

5. Control System

The control circuitry is the key to any stable
magnetic bearing system. = Thig segment detects the
motion of the shaft, determines the necessary control
force and then supplies a current to the appropriate
electromagnet to generate this force, Four distinct
components make up the magnetic bearing system:
1) the magnetic actuators, 2) the position probes and
associated  conditioning circuitry,  3) analog
proportional—integral—derivative (PID) controllers and
4) transconductance power amplifiers.

The actuator of the magnetic bearing is comprised
of coils, iron stator pole pieces, permanent magnets and
the rotor. The position probes are eddy current induc—
tion sensors and their output signals pass through coor—
dinate transformation circuits to the analog controller,
which contains the PID compensation network. The
output of this compensator drives the transconductance
power amplifier. This amplifier supplies the necessary
current to the various coils, which produce the required
magnetic fluxes and forces for stable operation of the
bearing.

The operational behavior of the control electronics.

may then be combined with the dynamics of the bearing—
rotor system to form the overall closed—loop control
system.  Figure 3 shows a block diagram of such a
System. The characteristics of the position sensor, PID

analog controller and the power amplifier are all

combined in the complex transfer function, Ge(s), of the
feedback controller. This transfer function, G(s), relates
the rotor position to the actuator current. From the
block diagram, the approximate closed—loop transfer
function is determined to be

X(s) _ 1
F{)~ 2
bq ms +Kx+KiGC(S)

where m is the effective mass of the rotor.

Fe(s)’ 1 x(s)
>

+ ms2+Kx

ic(s) ._l
K; G.(s)

Fig. 3 Closed Loop Magnetic Bearing Control System

6. Prototype Bearing Construction

The four—pole radial bearing stator, shown in
Figures 1 and 2, is designed to be identical for both
bearings. The stators and rotors are constructed of a
silicon—iron lamination material of 0.18 mm (0.007
inches) thickness. Each rotor and stator consists of
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approximately 100 laminations, which were glued
together using a two part activator/resin adhesive. The
final shapes were machined by wire EDM (electric
discharge machining). The bearing stators have an
outside diameter of approximately 10.6 cm (3.0 inches)
with an axial length of 1.8 cm (0.7 inches). The outside
diameter of the laminated rotor is 3.8 cm (1.5 inches).
Thrust bearing compenents were machined from soft
magnet iron. The high energy permanent magnets, made
from a Neodymium—Iron—Boron alloy, have a maximum
energy product of 2.4 x 105 T—Amps/m (30 MG—Oe).
The bearings support a shaft weighing approximately
1.68 kG (3.7 Ibm).

7. Load Capacity

Results of measurements of the maximum load
applied to the shaft, before it falls out of support, are
plotted as a function of the controller proportional gain,
Kp, in Figure 4. For these measurements the force was
applied to the shaft by hanging weights and a pulley
system constructed such that the force was acting in the
appropriate direction, i.e. along the bearing axes.

The variation of the maximum load at lower
proportional gains is actually a measure of the stability
threshold of the system. As noted earlier, the open loop
stiffness, Kx, is defined at a nominal operating point, i.e.
rotor position deviation and control current are equal to
zero. However, as the bearing is loaded with a static
force, the steady state current begins to increase and it
can be shown that Ky is a function of the operating point
of the control current. In other words, as the control
current increases, Ky also increases and thus increasing
the proportional gain has the effect of compensating for
this increase in Kx and consequently improving the
stability of the system. '

Therefore, measurements made at the higher
proportional gains represent a more accurate indication of
the actual load capacity of the bearing, whereby
sufficient stability is provided so that magnetic
saturation of the pole structures is achieved. The
maximum predicted loads shown in Figure 4 are
calculated using a saturation flux density value.

8. Equivalent Bearing Stiffness and Damping

Results of measurements of the equivalent
stiffness of the radial and thrust bearings are shown in

50 Radial Bearing ] Thrust Bearing
40 —fpredicted —)
static .30 -
load pmdictcdj measured
@bf) 20" mmmmbemmmmmmmg -
10 /%;s‘md i
0—— T T T T T
3 5 7 3 5 7

proportional gain, K, proportional gain, K,

Fig. 4 Load Capacity versus Proportional Gain Setting

~and essentially indistinguishable.

Figure 5. A constant force, AF, was applied and the
displacement, Ax, of the shaft was noted while the
controller integrators were switched off. The stiffnesses
may then be easily found from Keq = AF/AK. A linear
regression, performed on the measured data, indicated a
very good correlation to predicted values. It should be
noted that the proportional gain, Kp, has a direct effect
on the stiffness of the bearings, as previously
demonstrated by Humphris, et al. [19].

Relative damping in the bearings was investigated
by analyzing the frequency response of the rotor to
injected white noise. Noise composed of all frequencies of
interest was injected into the power amplifier of the
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Fig. 5 Equivalent Bearing Stiffness versus
Proportional Gain Settings

appropriate axis under study and a Fast Fourier
Transform (FFT) was performed on the sensor output of
that axis. A typical frequency response, composed of 100
averages, is shown in Figure 6 for the turbine—end radial
bearing as the controller derivative gain, Ky, is varied.
As expected [19], this derivative gain variation had a
direct effect on the damping in the bearing. The first
large peak represents the first two modes of shaft
vibration, as they are very close together in frequency
The frequency of the
observed second peak is actually the third mode of shaft
vibration and the third small peak near 60,000 rpm is the
fourth mode. Note that the derivative gain variation
strongly affects the first two modes, has a smaller effect
on the third mode and virtually no influence on the
amplitude of vibration of the fourth mode.

0.02

0.015
relative
magnitude ()

0.005 4,
W /

0

1 ) 1 T
0 10000 30000 50000 70000

excitation frequency (cpm)

Fig. 6 Frequency Response to White Noise
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9. Critical Speeds and Rotor Response

The frequency response due to white noise
indicates the approximate damped critical speeds of the
flexible shaft supported in magnetic bearings. However,
these values represent the zero speed natural frequencies.
The effects of gyroscopic stiffening due to attached disks
would not be included. With the shaft rotating, the
observed critical speeds would be higher, as expected,

since the natural frequency is given by w, = {k/m, where
k is the system stiffness and m is the modal mass of the
rotor.  Actual run—up vibration magnitude and phase

higher speeds. As noted in Figure 7, the first vibration
mode is observed ag approximately 10,000 rpm and the
second at approximately 13,000 Ipm.

10. Power Consumption

Finally, several POWer measurements on the
overall magnetic bearing system were made with a
wattmeter. The total power consumption for this bearing
with its Supporting electronics was 207 watts. This
measurement represents g significant improvement over
the approximately 500 watts of total power consumed by
a comparable magnetic bearing using no permanent
magnets.
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Fig. 7 Rotor Runup Response

11. Conclusions

The brief theory which was presented in this paper
established the basic electromagnetic and mechanical
relationships hecessary to develop a set of permanent
magnet biased magnetic bearings. The design involved
both radial and thrust bearings. The availability of
fnewer rare—earth high energy permanent magnets made
it possible to effectively provide the necessary bias fluxes
in the bearing.

The bearings and rotor were  successfully
constructed and operated. A number of tests ang
experiments were performed on the bearing—rotor system.
The tests consisted of load capacity, stiffness and
damping measurements. The results proved to be very
positive in that the theoretical predictions and the
observed performance matched reasonably well, giving
credibility to the models which were used to perform the
analysis.  Of particular interest for this study was the
measured power consumption of the bearings. "It clearly
demonstrates that the use of permanent magnets can
improve the operating efficiency of an active magnetic
bearing, in this cage by a factor of 2.5.

It was successfully observed and demonstrated
that these bearings have strong potential for future use ag
efficient, reliable bearings. However, further research
and developed is required in the areas of controls,
magnetic materials and actuator design before it is
possible to install them into a useful industrial
application.
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Appendix A. Energy Derivation of Bearing Forces

The force generated by magnetic actuators is
determined by the sensitivity of the flux density in the
circuit to variations in position of the supported struc-
ture. This description of the magnetic effect is useful in
analyzing the behavior of complex magnetic circuits such
as permanent magnet biased actuators. A variety of
researchers have employed such an analysis, producing

results identical to those based on simpler approaches for
simple magnetic circuits [7,18,20]. The analysis is based
on a conventional energy variation argument: the magne-
tic circuit will tend toward a configuration which mini-
mizes its potential energy. The mechanism which pro-
duces this tendency is called a "force". Thus, if the
magnetic circuit is lossless so that the magnetic energy
represents a potential function, the force is described by

= VW (A.1)

where Wy, is the total energy contained in the magnetic
field generated by the magnetic circuit and the gradient
operator is with respect to configuration space. If the
position of the supported structure relative to the
magnetic circuit is :

s=xi+yj+zk (A2)

then the force acting on the structure is
gs_{agwmi_+3gwm1+3§wmg} (A3)

For the general, nonlinear magnetic circuit, the total
energy required to take the field distribution from some
nominal state, B, and H,, to some other state, B and H
is

B

W,,.:—” H-dB dv (A4)
B,
[¢ ]

The volume integral is computed over all of space.
Assume that the induction, B, is an explicit function of
the variable x which partially describes the position of
the supported object and the change from the initial state
to some other state is caused entirely by varying x. Then

a B
=R, BB, 3¢ | HaB &Y
o
[0 0]
X (A.5)
=-.£JJ H- -.dggdxdv
00 Xo
or,
_ 9
b= fﬂf"aﬁ! H=H,,B=B, 1"
[0 9]

+ 2 [ BoBodv (A6)

Similar expressions describe the forces in the y and z
directions. Equation (A.6) forms the basis for computing
the forces in the fairly complicated magnetic circuits
which comprise permanent magnet biased magnetic bear-
ings.

For design purposes, it will be convenient to com-
pute the forces using a crude finite element method,

where it is assumed that the magnetic flux is confined to
the physical structure of the magnetic circuit and simply
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described air ap volumes. In making this assumption,
leakage and fringing effects are neglected. These effects
can be included in a imore detailed analysis where some
estimate of the shape of finite fringing and leakage vol-

mance prediction, but complicate the analysis and tend
to obscure the design dependent effectg which are to be

illustrated. With these limitations in mind, the integral

over all space of (A.6) can be written as a sum over the
various components of the circuit.

In the air gaps, the relationship between Hand B
i8 linear: g
Bgap = ﬂoﬂgapJ (A'7)

~

Similarly, if the magnetic induction in the iron stays well

below the saturation level, the relationship In the iron is
similar; scaled by a Targe (~5000) relative permeability,

Hr:
Biron = boptrHiron ‘ (A'8)
]
The relationship between B and H in the permanent mag-
nets is quite nonlinear, but 1t does have the property that
Band I parallel with opposite sense.

If it is further assumed that each of the compo-
nents can be broken into a set of sections throughout
whose volumes the induction is fairly constant, then
(A.6) becomes

150021, 18 5 2
&=miﬁ@m+m2ﬁ%&%
i=1 i=1 !

" (A9)

magnets P
+ 2 Hyv2B,
i=1

where the volumes of the iron and permanent magnets
have been assumed to be fixed. The scalars B; and H;
have replaced the corresponding vector quantities be-
cause, if the field varies slowly in time, then the two
vectors are always parallel: in the iron and ajr gaps, the
vectors point in the same direction whereas in the perma-
nent magnet, they point in opposite directions.

For a well designed magnetic circuit, the flux den-
sity in the permanent magnets will be fairly independent
of the position of the supported object. Further, the
length of the iron paths will be substantially less than gy,
times the length of the air gaps, $0 (A.9) is dominated by
the first term. Neglecting the less significant terms and
interchanging the order o Summation and differentiation
produces

9 1% n2
i=1

The magnetic induction, B, in the ajr gaps is
found from Ampere's circuital law:

fu-a=[1d

which states that the line integral of the magnetic field
strength around any closed path is equal to the integral
over the enclosed area of the current density in that area,

(A.11)

becomes a measure of the total current linked by the
path of the line integral. Thus, -

@.d; = NI (A.12)

where N is the number of wire turns enclosed by the path
and T is the current in the wire,

Equation (A.12) can be discretized for the crude
finite element approach of this discussion if it is assumed
that each element of the magnetic circuit has a character-
istic length in the direction of H and a characteristic area
normal to H. In thig manner, each closed path in the

magnetic circuit is governed by

n
ZHili = NI
i=1

where n is the number of elements in the path. If each
path contains p iron legs, a air gaps, and m permanent
mmagnets, then (A.13) can be broken into

P a m
1 1 B
ol B + e Bl ~YHL =N (A1)
i=1 i=1 i=1

(A.13)

Note that the sense of the integral path and the H vector
are opposite in the permanent magnets, hence the minug
sign preceding the permanent magnet term in (A.14).
Further simplification is possible if, consistent with
(A.10), the loss in the iron due to finite p; is neglected.
This produces

One further relation is generally required to
compute the induction in the gaps. This is Maxwell's
divergence theorem which states that

V-B=0 (A.16)

This means that there are no sources or sinks of induc-
tion. Practically, it implies that the total flux, ®, at any
node of the magnetic circuit is zero. The flux, ®, is
simply the integral of B-da over any surface. In the
analysis presented here, it is assumed that B is uniform
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across any given crossection of the circuit taken normal
to B. Thus, for a fixed element of the circuit,

.= BA; (A.17)

For a node of the circuit connected to e elements, (A.16)
implies

(A.18)

where the sense of ®; is taken relative to the node: flux
into the node is taken as positive while flux out of the
node is taken as negative.

Equations (A.15) and (A.18) together with the
nonlinear B—H relationship for any. permanent magnets
in the circuit, define a complete set of governing equa-
tions for the inductions in each of the circuit elements.
The nonlinear nature of the permanent magnets requires
an iterative solution for the resulting network equation,
but the solution is generally fairly easy to obtain. Once
the inductions have been computed, equation (A.10) can
be evaluated for each direction to determine the bearing
forces.

As an example, consider the magnetic circuit of
Figure A.1.

4—3,?—»
‘ + B3] NI

« L= 83 ‘

1 T
g1 M g2 at
X
- -
g4
NI B4l -

Figure A.1: simple magnetic circuit

The position of the suspended object is_given by
(x,y). The air gaps have lengths g1, g2, 83, and g4 given
by

g = gat X; g2 =ga—X;83=8b—Y; 8 =8BbtY

Permanent magnets are indicated by the shaded regions %
and wire coils are indicated by j. The coils have N turns
and the current direction is such that a positive I in
either of the coils will tend to produce positive B3 and
Ba.

Three independent loop paths can be found to
produce via (A.15) the equations

Baga/ o + Baga/po = 2NI (A.19)

Bigi + Boge = LH; — LHy (A.20)

Bigi/to + Baga/po = LH; + NI (A.21)

Equation (A.18) gives, for the fluxes entering the sup-
ported object,

Bjas + Baag — Boag —B3ag =0 (A.22)
These equations may be summarized by
ai —aj —ag az) [B1 0
B8 o 1%: = R (A2)
0 0 g3 g4 B4 2uoN1
subject to By = f(Hy) (A.24)
Bo = f(H2) (A.25)

where these latter two functions describe the magne-
tization curve for the permanent magnet material.

These last three equations must be solved itera-
tively because of the nonlinearity of (A.24) and (A.25):
these functions will typically be specified by an empirical
magnetization curve. A symbolic solution to (A.23) was
generated using MACSYMA. The resulting expressions
were substituted into (A.10) and the forces in the x and y
directions were computed to be

_ 313.2% H%——H%\;LZ
fx‘x:(),y=0 - II'O an ga+gb (A26)

a1az(H1+H2)LNI

f gh(a18btazga)

v
p

(A.27)

x=0,y=0" M

The force in the x direction is independent of the coil
current. If Hy = Ho, fx is zero when the object is cen-
tered. The force in the direction is linear in the
current, 1. Equation (A.27) illustrates that the magne-
tization force of the permanent magnets determines the
effectiveness of variations in L.
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