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Abstract

This paper presents a study on the design parameters of a permanent magnet (PM) biased magnetic actuator (MA)
for improving stiffness and linearity of the system by using a dimensional analysis. To reduce the number of parameters
and to generalize the results for similar systems, the design parameters were non-dimensionalized by significant
variables characterizing the system. For the study, a 1-DOF PM-biased MA was built and the magnpetic circuit model
including leakage paths and core material reluctances was set up. The dimensional analysis shows that the
dimensionless permanent magnet thickness is the key parameters for the linearity of the magnetic force and constancy
of coil inductance and PM magnetic flux and that the non-dimensional leakage resistance is a main factor for the bound

of the efficiency and the linearity.
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1. Introduction

The PM-biased MA that uses the flux of PM
instead of the flux of the bias current has strong
advantages with respect to energy saving, core iron
loss and actuator size. The PM-biased MA is mainly
applied to a radial bearing for high speed rotors
(Murphy et al., 2004; Meeks et al., 1994), and is oc-
casionally combined with an axial bearing (Mc-
Mullen et al., 2000). 1t is often used as an actuator for
precision positioning {Molenaar et al., 1997; Lee et al.,
2002; Kim and Gweon, 2005), and as a vibration
isolator (Lee and Lee, 2006) or electro-magnetic
exciter (Lequesne, 1990; Oberbeck and Ulbrich,
2002).

According to research works, PM-biased MAs can
show better linear characteristics throughout the

"Corresponding author, Tel.: +82 2 880 7139, Fax.: +82 2 883 1513
E-mail address: dchan@snu.ac kr

operation range than the conventional electromag-
netic actuator. Figure 1 shows the 1-DOF PM-biased
MA (Lee et al, 2002; Kim and Gweon, 2005)
consists of a center core wound by serially connected
upper and lower coils and two side core connected to
centers core by PMs. In the concept of the PM-biased
MA, the electromagnet flux does not pass through the
PM, and the total air gap in the EM flux path is
constant. Therefore, demagnetization is prevented and
coil inductance perturbation by actuator position
variation is small. Resulting magnetic force of the
actuator becomes also more linear with displacement
and current. This feature enables a micro positioning
without control performance degradation in a wide
operation range and enables zero power contro! to
tolerate a large static force (Mizuno et al., 1998).
Some applications such as a vibration isolator,
electro-magnetic exciter, position compensator in
maglev stage and unbalance controller for high-speed
rotors require a wide operation range. To date, the full
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Fig. 1. The MA concept (left side) and divisions of simplified
magnetic flux resistances considering leakage. (right side)

range performance of the PM-biased MA has not
been fully investigated, and thus the control
performance bound due to the linearity error cannot
be evaluated accurately. Previous studies (Sortore et
al,, 1990; Pichot et al., 2004) have focused on the
characteristics of the PM-biased MAs at nominal
displacement and current, and frequently npeglected
the magnetic flux leakage that may significantly
affect the linear characteristics of the magnetic force.
Finite element analysis is a common method used for
calculating the properties of an actuator and can easily
consider the leakage flux, magnetic flux saturation,
hysteresis, nonlinear B-H relation and eddy current
effect. But FE analysis requires much calculation time
and lacks in generality for designs of various di-
mensions. Therefore it is difficult and time-con-
suming process to determine parameters guaranteeing
the high stiffness, linearity of magnetic force ac-
cording to displacement and current, and also cons-
tancy of coil inductance and PM magnetic flux.

In this paper, a dimensional analysis is suggested to
find main design parameters for improving the
stiffness and linearity. We will define the scaling
parameters of the l-degree-of-freedom (DOF) PM-
biased MA, non-dimensionalize the simplified PM-
biased MA model, and clarify the dimensionless
design parameters that affect the linearity cha-
racteristics as well as displacement stiffness and
current gain. These dimensionless design parameters
can grant generality to the similar PM-biased MA
system design.

2. Magnetic circuit model

Figure I shows a 1-DOF PM-biased MA (Lee et al.,
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Fig. 2. Equivalent magnetic circuit of half model. (right side
of Fig. 1)

2002; Kim and Gweon, 2005) used for the dimen-
sional analysis. It is composed of an assembled
moving part of cores, two PMs and serially-connected
coils between the upper and lower fixed guides. The
PMs are positioned such that the same magnet poles
face each other. Coils are wound around the center
core. The PM magnetic flux and electromagnet
magnetic flux are formed symmetrically along the
black and grey arrows respectively in the left side of
Fig. 1. The magnetic force of the actuator results from
the difference of two magnetic field densities between
the guides and the moving part.

Since the actuator in Fig. 1 is symmetric, we
modeied only haif of the actuator. Because the actual
magnetic flux paths are very complicated, a sim-
plified magnetic circuit model shown in Fig. 2 was
introduced to study design parameters. Magnetic
resistance Ry, of PM and magnetic resistance R;, R; of
the narrow air gaps between the [-shaped cores and
guides are dominant resistances. Two leakage paths
that pass through each coil are introduced. PM is
simply described as magnetomotive force V), and
resistance R, since the B-H relation of PM is linear
around the operating point, and most designs show a
small flux variation of PM.

For simplicity, we ignored nonlinear effects such as
magnetic flux saturation, hysteresis, nonlinear B-H
relation and eddy current effect. Then, the magnetic
circuits of the flux loops in Fig. 2 were composed
from Ampere’s loop law. (Roters, 1941)
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In Eq. (1), Mis coil turn and i is coil current. Except
iron resistance Ry, Ry, and Ry, subscript 1 and 2 mean
upper part and lower part, respectively. Subscript L,
M, o and i mean leakage, PM, outer leakage path and
inner leakage path, respectively.
The resistances R; and R; of dominant air gaps are
the functions of actuator displacement x, as shown in

Eq. (2).

Rlzgo‘x, R2=g0+x (2)
Hod, Hodg

If we define the relative permeability p ,, of PM
around the operating point, PM resistance R, can be
defined as Eq. (3).

Ry =—"— (3)

We assume constant magnetic resistances, ex-
cluding the significant air gap resistances R; and R,.
Then the magnetic force of the half actuator can be
defined as Eq. (4). The magnetic force is the function
of magnetic fluxes through dominant air gaps.

Py (-2 R )L (- 43) @

For effective control of coil current, coil inductance
should be less sensitive to displacement. So the

constancy of inductance is one of the important
design objects. Inductance of the half actuator can be
defined as Eq. (5).

d d
L=N={#+80)~N-—($2+5,) ®

A variation of magnetic flux through PM induces
the demagnetization of PM, which results to
performance decrease of the PM actuator. A magnetic
flax of PM is shown in Eq. (6), in which PM flux ¢,
includes the leakage magnetic flux.

P =Rt Pt ot bt ity ©)

3. Scaling parameters

Scaling parameters are characteristic design para-
meters of the system like magnetic force, magnetic
flux, reference air gap and reference coil current.
They are frequently specified in order to satisfy
design objectives. Scaling parameters are defined in
an ideal condition, where leakage and iron’s reluc-
tance are ignored: R =R; =%, @ ;¢ =@ 1=
2 70, Ry=R;=R;5=0. These scaling para-meters are
not affected by the complexity and structure of the
analysis model. The ideal magnetic circuit equations
can be summarized as Eq. (7).

N2+ Ry (4 +) o
¢y ~Ni=2Rypy + Rys - (h + &)~V

Using these equations, scaling parameters were
calculated and defined in Table 1.

Table 1. Scaling parameters and their meaning.

Dimension pasr:rlll:tirs Definition and interpretation
Displacement -0 Significant air gap
Magnetic % Magpetic resistance ( Ry, R, ) of
argn Ry = A significant air gap at nominal
resistance Hodg .
displacement ( x=0)
Vm Magnetic flux { g, ) of PM at nominal
Magnetic flux 0= - m
en Ry +Ryy state (x=i=0)
Current to make #=0 o ¢, =0
RO‘D 0 at x=0
Current h=—% Currenttomake ¢ =g, and F=0
at x=tgqy
) Dimensionless displacement stiffness
Magpetic force Fy= P k=1 and dimensionless current gain
A .
Hodg ky =1 atnominal state (x=i=0)
Inductan L N2 Coil inductance at nominal state
nductance =—
Ry (x=i=0)
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4. Dimensionless form of the magnetic circuit
model

To non-dimensionalize Eg. (1), we divide Eq. (1)
by NI, (=R,® ;). Dimensionless variables are defined
in Egs. (8~(13).

—:f, —=7n (8)
g Iy

by B, o b
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—_—t - i —_— : 9
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R
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RO Hm &0 Am

Ty Bt oyg (13)
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The magnetic resistances R; and R; of the air gap
between core and guides are defined as a function of
the dimensionless displacement & . PM magnetic
resistance R, is converted into dimensionless magnet
thickness 7, which consists of the PM relative
permeability i ,,, PM thickness /,, PM pole area 4,
air gap g, and dominant pole area A, PM
magnetomotive force ¥y, is a function of the variable
T as described in Eq. (13). In dimensionless form,
the only characteristic variable of PMis 7 .

Then, a dimensionless magnetic circuit equation is
constructed, and all magnetic fluxes can be calculated
as follows.

W n=21-E) Y +T (Y +U8 Yo U5, T )
—~{1+17) el +rﬁ(y4 +,) +rf3(1,ug Y, ;)
¥o 1 1=2(1+ YU+ (Y HYB + i, +Y U 5
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~(1+ 7)1 (W + ) s (WA A+ )
Voo 1= 1005+ T (Y T U8+ Y, + 08, T U )
(17 +rea(Ya+8,) Hrs(¥s +iso 1)

Wit 0=rpy + T (W + W2 + ¥ + W20 W +V21)
—(l+ ) +rp(y+ v, + )
War :0=ra + T (Wi + W + W10 +Wa0 + Wi +¥Wai)
—(1+ )+ rps s + Y20 + 1)
(14)
Meanwhile, dimensionless magnetic force £, dimen-

sionless inductance / and PM magnetic flux » , can
be obtained by Egs. (15)~(17), respectively.

F L 5dr 2 2
_F_N( Ll pdr|_ 2 15
=% Z( A df] v “
L d
]="—=—- + —Yoy— 16
o= g WYY v) (16)
'//m:%1_:1//1+I/IZ+WIO+WZO+WU+WZ[ (17)
0

In order to investigate the linearity of the magnetic
force, dimensionless displacement stiffness k; and
dimensionless current gain k, are calculated as
follows.

k,;=:—f, k=L (18)

g dn

The analysis results will be calculated according to
dimensionless displacement & and dimensionless
current 77 .

5. Example dimensional analysis result of a
test rig

Before the linearity analysis, we examined the
tendencies of the coil inductance, PM magnetic flux,
and the magnetic force of the PM-biased MA
according to dimensionless displacement ¢ and
dimensionless current ; . Because the maximum
moving range is g, and current ) is enough for initial
levitation, we set the full range of displacement ¢
and current 7 from -1 to 1.

We used design coefficients of the test rig (Lee et
al,, 2002) in Eq. (19) as an example. The calculated
magnetic force using Eq. (14) was in good agreement
with the experiment result of the 1-DOF test rig.

g0 =0315mm, I,=3714,

Fy=7T13N, Ly=1.7TmH

ri, =187, r; =741, (19)
re=0.0434, 1y =0.0259,

rr3 =0.0246, 7=155
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Dimensionless inductance / is calculated by Egq.
(16). Its variation according to dimensioniess dis-
placement are shown in Fig. 3 and compared with
inductance variation of conventional electromagnetic
(EM) actuator. In the PM-biased MA, the constant
total air gap in the electromagnet flux path of Fig. 1
reduces the inductance variation. Inductance of the
test rig shows 43% variation as compared with the
value of nominal state (£=7=0). We suppose the
equivalent electromagnetic actuator with no PM. It
has separated upper -electromagnet and lower
electromagnet that have nominal air gap gy, coil turn
N, current i, equivalent leakage and iron resistance.
Then coil inductances of two electromagnets show
1528% variation from nominal value in the full range.

PM magnetic flux y , variation according to
dimensionless displacement ¢ and dimensionless
current » are calculated with 0.4 , intervals by
Eq. (17) and are shown in Fig. 4. PM magnetic flux of
the test rig shows 12% variation as compared with the
value of nominal state (£=7=0). Due to the

10" s

"Coil 2of
" EM actuator ~

Coil 1 of
M actuator ~

~PM-biased MB

Dimensionless Coil Inductance /

-1 -05 0 05 1
Dimensionless Displacement ¢

Fig. 3. Displacement-inductance graph of the test rig.
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Fig. 4. Displacement-PM magnetic flux graph of the test rig.

different flux paths of the PM and electromagnet of
Fig. 1, the variation of the PM magnetic flux is very
small. Thus performance deterioration by demag-
netization of PM is prevented.

The dimensionless magnetic force f according to
displacement and current are calculated by Eq. (15)
and are shown in Figs 5 and 6. At the nominal state
(& =1=0), the magnetic force is zero. The variation
rates of this force according to displacement and
current, which is called the displacement stiffness and
the current gain, are usually minimum values at the
nominal state, If the dimensionless PM thickness 7
would become large in the ideal condition above, the
dimensionless magnetic force would be completely
linear and both the displacement stiffness k; and the
current gain &, would be one. As the dimensionless
PM thickness 7 is constrained and inevitable leakage
flux exists, the magnetic force is somewhat nonlinear.
When both the displacement and the current are
positive or negative, the magnetic force is more
nonlinear and the displacement stiffness £; and the
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Fig. 5. Displacement-force graph of the test rig.
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Fig. 6. Current-force graph of the test rig.
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current gain k, become larger than nominal values.
However, this type of operation condition is not usual
in normal servo control and the control around /=0 is
more important. The two parameters k; and &, will
not vary greatly in actual control. Thus, Figs. 5 and 6
do not show the area that the absolute value of
dimensionless magnetic force fis more than one.

When the operating ranges of displacement § and
current 1 were reduced, the linearity was consi-
derably improved, as shown in the analysis results.
Even in the full range, its linearity was much better
than that of an electromagnetic actuator.

6. Effects of dimensionless design parameters

The representative leakage resistance r; is defined
as a parallel connection of outer leakage resistance 7y,
and inner leakage resistance r;;. Because the ratio of
1, and r;; does not affect the analysis results by much,
we set r=0.5r,,=0.5r;;. The small representative
leakage resistance r; means large leakage. The value
of r, varies from | to 8 in this paper and these values
are typical in the design of the PM-biased MA.

The value of dimensionless PM thickness 7 varies
from 1 to 200 in this paper. If 7 is less than [, large
fluctuation of PM magnetic flux may result in
demagnetization of PM. Large 7 makes the ratio of
the actuator force and size small and 7 of more than
200 is unrealistic.

The iron resistance reduced the overall k; and £,
but slightly improved the force linearity because it
enlarged the effective air gaps. The iron resistance
was not considered in the linearity analysis of other
variables.

We calculated the nominal value of k; and £k,
according to the leakage resistance r; and PM
thickness 7 , as shown in Figs. 7 and 8, respectively.
Smaller leakage, that is a larger leakage resistance,
naturally increased the k; and k, but a larger PM
thickness reduced the k; and k, instead. Small
leakage and small PM thickness are better choice for
large dimensionless displacement stiffness and di-
mensionless current gain. In other words, PM mag-
netic flux and electromagnetic flux are used more
effectively in this condition.

We define the linearity of the displacement stiffness
and the current gain as the maximum relative variation
based on the nominal value in the full range:
-1<£<1 and -1<#77<1, as shown in Figs. 9 and
10. Smaller leakage and larger PM thickness reduces
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Fig. 7. Nominal dimensionless displacement stiffness vs. PM
thickness and leakage.
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Fig. 8. Nominal dimensionless current gain vs. PM thickness
and leakage.
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Fig. 9. Maximum/nominal ratio of displacement stiffness vs.
PM thickness and leakage.

the ratios, which means better linear characteristics of
magnetic force.

We calculate the nominal value and the maximum
value of inductance according to the leakage and PM
thickness, as shown in Fig. 11. The nominal value of
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Fig. 11. Maximum and minimum values of coil inductance vs.
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Fig. 12. Maximum and minimum values of PM magnetic flux
vs. PM thickness and leakage.

inductance is the function of the leakage and is
constant according to PM thickness. The maximum
value declines as the leakage »;, and PM thickness
increase. Larger leakage resistance r, and PM

thickness 7 make smaller inductance vartation that is
the gap between the maximum and minimum values.
In the case of the PM magnetic flux of the full
operating range, as shown in Fig. 12, the maximum
value is constant according to leakage r, and the
minimum value decreases slightly over »,=4.2. PM
thickness 7 is the most important factor to adjust the
variance of PM magnetic flux ¢ ,. In the reduced
operating range, not shown in the figure, the
maximum and minimum values decrease as leakage
r; increases and the gap between those values
converges.

7. Design suggestions of the PM-biased MA

From results of previous paragraph, it can be
concluded that the dimensionless PM thickness 7
confributes to linearity but the improvement effec-
tiveness decreases by over 10' and the bound of
linearity is determined by leakage. Leakage r;, which
is the inevitable loss, severely degrades the linearity.
For both high current gain and force linearity, small
leakage and dimensionless PM thickness 7 of over
10" are recommended. Since improvement effects of
PM thickness 7 of over 10' are trivial, limited
actuator size should be considered in the design of
PM thickness. This condition is also applied to
constancy of the coil inductance and the PM magnetic
flux. And reducing the operating range in dimen-
sionless value improves the linearity performance.

Materials of PM and iron core are decided in
advance. As the ratio of air gap 4, and PM pole area
A,, is related to magnetic flux density of iron core,
PM thickness /, is a main factor to adjust the
dimensionless PM thickness 7 . Considering dimen-
sionless PM thickness 7 of over 10', Eq. (20) is
recommended as PM thickness /..

A4
lm ZlO.#mgo_m (20)

Ag

The region, in which magnetic flux leakage arise,
can be reduced to the coil-wound region. In order to
make the leakage resistance 7 is large, the leakage
region is short and flat. Thus, the profile of the
actuator will be short and flat.

8. Conclusions

We generalized the design parameters of 1-DOF
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PM-biased MA for linearity characteristics via the
non-dimensionalization. This type of magnetic
actuator has better linearity characteristics than the
conventional electromagnetic actuator. Defined scal-
ing parameters are fundamental design parameters.
Dimensionless PM thickness and leakage as well as
iron resistance are the most important variables
affecting linearity performance. For high current gain,
magnetic force linearity, constant inductance and low
demagnetization, we suggest

- Dimensionless PM thickness 7 of over 10"
- Minimum leakage; short and flat actuator profile

In an extension of this analysis, the design process
of a more complicated PM-biased MA system can be
realized by using dimensional similarity.
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