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Detent-Force Minimization of Double-Sided Interior
Permanent-Magnet Flat Linear Brushless Motor
Young-Shin Kwon and Won-jong Kim

Department of Mechanical Engineering, Texas A&M University, College Station, TX 77843-3123 USA

New detent-force minimization methodologies for a 6/4 double-sided interior permanent-magnet flat linear brushless motor
configured with alternate teeth windings are presented in this paper. Based on the superposition principle, the end-effect and
cogging forces are separately minimized using two different techniques. The end-effect force is reduced by a new 2-D optimization
using the step-shaped end frames in the slotless stators. The cogging force is minimized through a destructive interference using the
slot-phase shift between the upper and lower stators. Each technique is verified experimentally, and the optimal design parameters
are formulated using Fourier series. The total detent-force reduction of 94% is achieved as compared with the base model. The
steady-state force after applying these new detent-force-free techniques is demonstrated with actual measurements, and also compared

with the finite-element analysis result and analytic solution.

Index Terms— Cogging force, detent force, end-effect force, interior permanent-magnet flat linear brushless motor (IPM-FLBM).

I. INTRODUCTION

INCE THE advent of practical linear motors in the

1970s, they have been extensively used in biomedical
equipment, semiconductor fabrication, machine-tool sliding
tables, and factory automation. They became an indispensable
component in linear motion-control systems. Especially, the
linear brushless motor (LBM) is the most popular one due
to its numerous advantages, such as fewer space harmonics,
fewer end turns, higher energy efficiency, and simpler control.
LBMs can be classified into the slotted iron-core and air-core
types according to stator configurations. The slotted iron-core
LBM can be constructed with the surface-mounted permanent
magnet (SPM) or interior permanent magnet (IPM) [1]. This
can also be constructed by the single-sided or double-sided
structures. Especially, since the double-sided structure can
produce much larger force in a given volume, it is appropriate
in high-force density applications [1]. However, its large detent
force due to the end-effect and cogging forces is a significant
drawback in high-precision motion control at low speed. Since
the end-effect force is caused by the stator’s finite length,
it does not exist in a rotary motor. This end-effect force
can also be a major or minor detent force depending on the
configuration of the number of slots and poles with respect
to its cogging force. Furthermore, it is not easy to formulate
these detent forces with high nonlinearity with a generalized
analytic solution.

Due to the advancement of the numerical analysis based on
finite-element analysis (FEA) tools, however, various detent-
force-minimization techniques, such as skewed PM place-
ment [2], semiclosed slots [2], [3], stator having auxiliary
teeth [3], [4], overall length extension of stator [5], alternative
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fractional slot—pole structure [6], and asymmetric PM place-
ment [7], [8], were developed previously. Although these
techniques reduced the detent forces effectively, some methods
increased fabrication difficulties, such as oversized magnet,
elaborated winding process, postoptimization for additional
teeth, excessively lengthy stator, and variously sized iron-
cores [1]—[8]. Recently, a PM pole-shift method useful for
mass production was introduced for a double-sided SPM linear
motor [9], but this technique cannot be applied to an
IPM linear motor.

Thus, this paper presents new detent-force minimization
techniques for the double-sided 6/4 IPM-FLBM having two
short-length stators configured with alternate teeth windings.
The end-effect and cogging forces are separately investigated
to minimize the total detent force by two independent tech-
niques with the superposition principle. The end-effect force
is reduced by a 2-D optimization using an analytic solution
and verified by experimental measurements for the slotless
stator with an adjustable length and various stack widths. The
net cogging force is minimized by a destructive interference
technique using the slot-phase shift between the upper and
lower stators. The optimal slot-phase shift is determined by
an analytic solution using Fourier series and also verified
with 3-D-FEA and measurements. The optimal slot-phase-shift
model is merged with the optimized slotless model. Finally,
the steady-state thrust force and the minimized effective detent
force according to mover positions are measured, and com-
pared with the 3-D-FEA result and analytic solution.

II. BASE MODEL ANALYSIS
A. Double-Sided 6/4 IPM-FLBM Structure

An advantage of linear motors compared with their rotary
counterparts is that a double-sided configuration is possible.
Since this configuration can produce a much larger thrust force
than the single-sided type in a given volume, it is suitable for
the applications that require high thrust forces. In general, the
IPM types can produce a greater air-gap flux density by the
flux-focusing effect and an additional reluctance force than the
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Fig. 1. Base model of the double-sided 6/4 IPM-FLBM with alternate teeth
windings.

TABLE I
MECHANICAL DESIGN SPECIFICATIONS OF THE BASE MODEL

Parameters Symbols Values (m)
Air gap ) 0.001
Stack width of stator D; 0.020
Stack width of mover D, 0.020
Stator height H; 0.011
Stator tooth height H, 0.007
One half off PM height H, 0.004
PM width T 0.006
Pole pitch T, 0.018
Slot pitch T 0.012
Tooth width T, 0.006
Overall stator length L, 0.072
Mover core mount hole R. 0.003

* SS400 is used for soft-iron core material, and NdFeB 45 for PM.

SPM types. Fig. 1 shows the base model for the 6/4 double-
sided IPM-FLBM with alternate teeth windings on the basis of
the stator of a rotary brushless dc motor [10], [11]. Therefore,
the passive tooth between phases a and c in a rotary motor is
substituted with two exterior teeth at both ends of the stator
in order to accomplish the fully balanced flux paths for the
six-step current control [12]. As a result, three active and four
passive teeth are configured. The specifications of this base
model are listed in Table L.

B. Steady-State Thrust and Detent Forces

Since the end-effect force occurs at end frames or exterior
teeth regardless of the stator length, the end-effect force of
a linear motor with a short stator length takes a relatively
larger portion of the total thrust force than that with a long
stator [6]. It has a period of the pole pitch. On the other hand,
the cogging force acting on one slot also has the same period,
but the total cogging force of a linear motor with a fractional-
slot configuration does not have the first-harmonic force owing
to the destructive interference between the cogging forces of
each slot. In this perspective, the detent force of the base model
shown in Fig. 2 implies that since it is mainly governed by
the first-harmonic force term with respect to the pole pitch,
the end-effect force is the major detent force in the base
model. This FEA also shows that the thrust force in the low-
current mode (200 A-turns) is distorted proportionally by the
detent force, but the thrust force in the high-current mode
(1000 A-turns) is affected differently by the detent force
depending on the specific position of the mover. This is
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Fig. 2. FEA results for the thrust and detent forces of the base model

according to the mover positions.

because the magnetic flux density of the iron-core material
is saturated due to the high current. These results indicate that
the total effective thrust force cannot be estimated through
the summation of the detent force and the expected sinusoidal
thrust force and that the detent force should be minimized in
order to produce the undistorted thrust force according to the
mover positions.

II1. DETENT-FORCE MINIMIZATION

In this section, assuming that the total detent force can be
expressed as the linear superposition of the end-effect and
cogging forces, the minimization techniques for each force
are investigated separately. In the end, the combined effective
detent force is evaluated.

A. 1-D End-Effect-Force Minimization

As mentioned in Section II-B, since the end-effect force is
the major detent force in the base model, the minimization of
the end-effect force is the most effective way to reduce the
total detent force. Since the end-effect force is governed only
by the finite distance between the two end frames in the stator,
the end-effect force can be minimized by the stator’s overall
length adjustment [5], [13]. According to [13], the cogging
force of a single rectangular-prism iron-core structure can be
expressed in Fourier series with the period of the pole pitch.
The end-effect forces for the left and right ends, and the total
resultant force of a single rectangular-prism iron-core structure
can be given, respectively, by

2nn Ly
Fr = z _ 5
L = ap+ an cos( T ( > ))

n=1 P
+nZ:;bn sin (2;—: (x — %)) M
Fr = —Fi(- (x+Ls>)——ao—ZanC°S(2;,,n (”LT))

n=1

s 2z n L
+ by sin (— (x + —)) ®
; T 2
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Fig. 3. Left end-effect force measurement using the slotless rectangular-prism
iron-core stator when the mover’s position is at zero.
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Fig. 4. Measured left end-effect force according to mover positions when
the pole pitch is 0.018 m, and the magnet length is 0.006 m.
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where Fy, is the left end-effect force, Fg is the right end-effect
force, Fg is the total end-effect force, and a, and b, are the
Fourier coefficients. The total end-effect force (3) indicates
that it can be minimized if the overall length of the stator has
the following relationship:

L L
ay, sin TNt + b, cos ThZs =0
T, T,

T b
= Ly =2PT, — —Z tan™! (—”) (4)

nm ay

where P is the number of pole pairs of the mover. Hence,
if the Fourier coefficients in (1) can be determined from the
left end-effect force experimentally, the specific harmonic term
of the end-effect force can be removed through the stator’s
length adjustment. In order to verify this method, the left end-
effect force of the slotless iron-core stator shown in Fig. 3 was
measured experimentally instead of using the FEA because
there is a difference between the mechanical and magnetic
lengths [5]. The measured end-effect force in Fig. 4 describes
that the end-effect force has the maximum value at 0.006 m.
The period of 0.018 m is the same as the pole pitch (7).
Table II shows the Fourier coefficients of (1) calculated by
curve-fitting from the measurement given in Fig. 4. These
coefficients show that the first-harmonic force is dominant.
Thus, if applying (4) in order to remove the first-harmonic
force, the optimal overall stator length can be chosen as 0.0788
m with n = 1 and P = 2. The experimental results in Fig. 5
show that the end-effect forces vary according to the slotless
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TABLE 11
ESTIMATED FOURIER COEFFICIENTS OF THE LEFT END-EFFECT FORCE

Harmonic order (n) a, b,
0 7.943 0.000
1 —2.441 5.924
2 0.387 -2.311
3 0.449 0.275
4 -0.167 0.267
5 -0.059 —-0.095
6 -0.002 0.052
7 —-0.065 0.027

-—a-=- L5 =0.07200 m
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Fig. 5. Measured end-effect forces according to the slotless stator’s overall
lengths and mover positions.

stator’s overall lengths and the mover positions. The maximum
end-effect force of over 15 N is generated in the base model.
The end-effect force analysis in Fig. 6(a) and (b) describes
that the optimal overall length is 0.0788 m to minimize the
end-effect force. This result is in good agreement with the
optimal overall length estimated by (4) for the first-harmonic
force. This also shows that the conventional approach using
a half-pitch extension of the stator is not optimal although it
can reduce the end-effect force to some extent.

B. 2-D End-Effect-Force Minimization

The end-effect force was reduced by 83% through the
1-D overall length optimization as compared with the base
model. However, the result in Fig. 6(b) shows that the second-
harmonic force still remains because the proposed method can
remove only one selected harmonic force according to (4).
Thus, in order to further minimize the end-effect force, the
second-harmonic force should also be removed. In [5], the
smooth-formed edge shape is added at both ends of the stator
for the further reduction of the remaining end-effect force.
However, since this technique needs the optimal length plus
an additional two pole-pitch length in the base model, it is
not appropriate for the stator requiring a short length. In this
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Fig. 6. (a) Optimal stator length analysis according to mover positions

with respect to the peak-to-peak end-effect forces. (b) RMS end-effect force
according to the stator lengths.
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Fig. 7. Dimension definition of the slotless stator with two different lengths.

sense, the experimental results in Fig. 5 show that since the
two end-effect forces for the lengths of 0.0745 and 0.0833 m
have an opposite phase, the end-effect force can be further
reduced without the excessive length extension of the stator if
a slotless stator with two different lengths shown in Fig. 7 is
employed. Therefore, assuming no lateral force perpendicular
to the step faces formed by the two different lengths, and the
mechanical stack width (Dss) of the long-length portion is the
same as the effective stack width (Dys,), the end forces acting
on the end faces of the long-length portion and the short-length
portion can be expressed as (5) and (6) from (3), respectively

Dyye - . wnLgs wnLgg
sin bycos | ——
D, 2 |an T, )t T,

n=1
. [2mn
X sin | ——x
T
DS—Dsse) ad [ . (nnLS) (nnLS):|
_ a, sin +b,, cos
( Ds ;é; Ty Tp
. [2mn
X sin | —x
T

where Fpss and Fpg are the end-effect forces of the long-
and short-length portions, respectively. Ly is the longer stator
length, L is the shorter stator length, and Dy is the total stack
width of the stator. In (5) and (6), assuming that Dy, is a half
of Dy, the total end-effect force of the upper and lower stators

Frss =2

*)

Frs =

(6)
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with two different lengths can be given as

s . (27n
Fg = Frss+ FLs =2 A,Bysin ——x (7

n=1 p

where

E Th
Ay = ay sin E(LSS + Ls) ) + by cos E(LSS + Ls)

COoS .

The above equation indicates that the total end-effect force
can be minimized when either A, or B, is zero. From these
two conditions, the relations between the two different lengths
in a stator and the harmonic order can be given by

2T, b
Ly + Ly = 22PT)) — % tan™! (—”) (®)
nmw an
TP
Lys — Ly = —. (9)
n

The above two equations state that two selected harmonic
forces can be removed by two different lengths (Lss and Ly)
of a stator, as shown in Fig. 7. Thus, removing the dominant
components in the end-effect force is very effective. In this
case, (8) and (9) can be used to remove the first- and second-
harmonic forces, respectively. The choice of these harmonic
orders can also be switched, but the overall stator length would
be longer than that from the former choice. Equation (10)
shows the two different lengths implemented in a stator
when the harmonic orders (n) for (8) and (9) are 1 and 2,
respectively, in order to remove the first- and second-harmonic
forces

Lss] _[1 177" [2PT,) — @T,/z)tan" ' (b; /a))
Ls |~ |1-1 Tp/2 '

(10)

Since such optimal lengths can be established when assum-
ing no lateral force on the four step faces formed between
the long and short lengths, the effect for the four step faces
should be considered. In order to investigate this effect, the
two lengths of 0.0745 and 0.0835 m obtained from Table II
and (10) were employed in both the upper and lower stators.
And then, the total end-effect forces were measured according
to the stack widths of the long-length portion of the sta-
tor. As expected, the results in Fig. 8 show that the end-
effect force has been increased rather in a half stack width
(Dgs = 0.01 m) for the precondition of (7) as compared
with the 1-D optimization. This implies that the effective
stack width to satisfy (7) is not the same as the mechanical
stack width. This is the same as taking Carter’s principle into
account when calculating the air-gap permeance in the slotted
stator [14].

Therefore, from (5) and (6), and the measured end-effect
forces in Fig. 8, the effective stack-width ratio for the mechan-
ical stack-width ratio is investigated, as shown in Fig. 9. The
dashed line shows the relationship when there is no lateral
force on the step faces. The circles show the values computed
through comparisons of the measured results in Fig. 8 and the
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Fig. 8. Measured end-effect forces according to the mover positions with
respect to the stack widths of the long-length portion.
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sum of (5) and (6) for the corresponding stack width. The
dotted line describes a conversion function fitting the circled
data and given as

D 1 D
= —In|1+27=2).
D, 2 D,

1)

Thus, applying the conversion function (11) to (5) and (6),

they can be rewritten as
> . [2%n
Z Cp sin T—x
n=1 p

> . 2w n
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Chn=ay sin(
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According to the above equations, when the mechanical
stack width of the long-length portion is 0.0055 m, the
effective stack-width ratio of the long-length and short-length
portions is 0.5. Thus, (7) becomes valid, and the end-effect
force can be minimized through the two lengths obtained
from (10). The empirical conversion function (11) obtained
in this paper needs more experiments for other cases in
order to be a general formula. However, if (9) is chosen
to remove the second-harmonic force as the same manner
in (10), since the optimal-length difference between the two
lengths has a half of pole pitch in every case, (11) can
be used in various pole-pitches of the same inset-type
IPM configuration with the air gap of 0.001 m. Fig. 10 shows
that the 2-D optimization can reduce the detent force further
than that with 1-D optimization. The second-harmonic force
that remains in the 1-D optimization was removed in the
2-D optimization. As a result, the end-effect force was reduced
by 83% with the 1-D optimization and by 94% with the
2-D optimization, respectively, with respect to the base model.

C. Cogging-Force Minimization

In this section, the cogging force minimization is discussed.
Fig. 11 shows the 6-slot stator and 4-pole mover model with
an infinite length.

The left edge of each slot has an attractive force with the
right edge of the mover core, and the right edge of each slot
has an attractive force with the left edge of the mover core.
Thus, if the previous end-effect force model in (3) is employed,
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the cogging force acting on one slot can be given as

(.¢]
Feogm = D _ Fisin (2;’—]‘@ +(m — 1>Ts>) (14)
k=1 P

where m is the slot number, and Fj is the magnitude of the
kth-harmonic component. If there is no change in the ratio
of the pole and slot pitches, the above relationship is valid
although the magnitude of each harmonic component may
change depending on the slot width and magnetic saturation
condition. Thus, since the total number of slots in the 6/4 con-
figuration is 6, the total cogging force can be expressed as

6

Fee =3 Fisin (% (x4 (m— 1) n)). (15)

m=1 k=1

Since the 6/4 configuration has the relation (27, = 3T;), the
cogging forces of the mth and (m + 3)th slots are theoretically
equal. Thus, (15) can be rewritten as

>

m=1 k=1

o
2k 2k
= QZFk |:1 + 2 cos (TLp S)i| sin (Tpr)
k=1
for k # 3n
o0
= 2kz F [1 + 2 cos (%Ts)] sin (%x),

=1
for k = 3n.

o0

Fcog

. 2k
Fj sin (— x+m-=1) Ts))
Tp

(16)

The above equation implies that the total cogging force has
only triple-nth-harmonic components, whereas the other com-
ponents cancel each other regardless of the values of Fj even
if the magnitude of the triple-nth-harmonic forces becomes
twice as larger. The FEA results in Fig. 12 show that the first-
and second-harmonic forces are eliminated by the destructive
interference of the 6/4 configuration, and the third-harmonic
force is dominant regardless of the force-magnitude change
by the slot width. This also implies that (16) is valid. Although
the first- and second-harmonic cogging forces are cancelled
by the destructive interference of each slot, the remaining
third-harmonic force is still large for the precision control of
a linear motor.

Thus, adopting a semiclosed slot geometry or increasing
the least common multiple between the number of stator slots
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and the number of rotor poles can be an alternative way to
reduce the remaining harmonic forces [3], [6]. However, these
methods would complicate the winding fabrication, as well as
are inappropriate in compact-sized motors. The asymmetrical
PM placement presented in [7] and [8] is ineffective in the IPM
configuration because this technique needs variously sized
magnets and iron-cores, as well as the previously minimized
end-effect force is not applicable. The PM pole-shift technique
introduced in [9] is also unavailable in the double-sided IPM
configuration. However, if the basic principle for the stepped
rotor skew in rotary motors or the PM phase-shift in SPM
linear motors is adopted as a form of the slot-phase shift
between the upper and lower stators, as shown in Fig. 13, the
remaining triple-nth-harmonic cogging forces can be removed
without the modification for the fractional slot or winding
configuration.

Furthermore, since the lower stator is just the rotation of
the upper stator with respect to the lateral axis, only two
types of iron-core lamination plates are required. Therefore,
this new method has an advantage in manufacturability as well
and can be implemented on the double-sided SPM structure,
and its performance can be predicted by the analytic solution
developed in this section. From this conceptual design, the
total cogging force of (16) can be decomposed into the cogging
forces of the upper and lower stators as

ad 2k . (2nk
Feog = z Fi| 1+ 2cos —Tp Ts ) | sin —Tp X — Oy
k=1

Cogging Force of Upper Stator

o0
2wk 2wk
+2Fk|:1 + 2cos (TLTS):| sin (TL(x +as))

k=1 p p

Cogging Force of Lower Stator

e 2k 2rkog\ . (2mk
= Zsz 14+2cos{—Ts)|cos sinf—x]).
T, T, T,
k=1

a7

Eventually, when the design parameter a, is T,/12, and
2T, = 3Ty, the total cogging force has only the sixth-harmonic
force as (18) regardless of Fj

0, for k #£ 6n
o0
Feog = 2k§ F[1+ 2cos (#)] cos (’%k) sin (2Tkax), (18)
for k = 6n.
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Fig. 14. FEA results for the stator with the slot-phase shift of 7,/6 between
the upper and lower stators. (a) Total cogging forces and (b) RMS cogging
force according to the tooth widths.

TABLE III
FINAL DESIGN PARAMETERS OF STATOR

Parameters Symbols Values (m)
Stator’s stack width of short-length portion D, 0.0200
Stator’s stack width of long-length portion Dy, 0.0060
Tooth width T, 0.0076
Shorter length of stator L 0.0745
Longer length of stator Ly 0.0835
Slot-phase shift a 0.0015

The FEA results in Fig. 14(a) show that the cogging
forces have only the sixth-harmonic term when the slot-phase
shift of 7,/12 is employed in the upper and lower stators,
respectively. These results are in good agreement with (18).
In addition, these results in Fig. 14 show that the magnitudes
of the sixth-harmonic forces are determined by the magnitude
of F; according to slot widths. The rms cogging force in
Fig. 14(b) shows that the slot width of 0.0084 m is optimal to
minimize the cogging force.

D. Detent-Force-Free Stator

Table III shows the final design parameters implemented
on a new stator in the double-sided 6/4 IPM-FLBM. The
lengths of the long- and short-length portions in the stator
were determined as 0.0835 and 0.0745 m, respectively.
The stack width of the long-length portion was determined
as 0.0060 m in order to use the available machined pieces
although 0.0055 m is the optimal stack width of the long-
length portion according to (11). The slot-phase shifts of
40.0015 and —0.0015 m were applied in the upper and lower
stators with respect to the stator center line. As a result, the
total slot phase shift of 0.0030 m between the upper and lower
stators was introduced. In addition, according to the result
in Fig. 14(b), the minimized cogging force can be achieved
when the stator tooth width is 0.0084 m, but the tooth width
of 0.0076 m was used in order to secure a sufficient coil
volume. Fig. 15(a) and (b) shows the nonslot-phase- and slot-
phase-shift configurations with the same stators, respectively.
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(b)

Fig. 15. Comparison of two different arrangements for double-sided stators.
(a) Nonslot-phase-shift configuration. (b) Slot-phase-shift configuration.
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Fig. 16. Photograph of the experimental setup to measure the total
detent- and steady-state thrust forces.

IV. TOTAL DETENT- AND STEADY-STATE
THRUST FORCE MEASUREMENTS

The experimental setup to measure the total detent- and
steady-state thrust forces according to the mover positions is
shown in Fig. 16. The copper wire of 26 AWG is used for the
phase coils with the number of turns of 85 for each coil. The
same phase coils in the upper and lower stators are connected
in series in order to apply the phase currents.

Fig. 17 shows the comparison of the predicted thrust forces
of the infinite-length model and the measured thrust forces of
the prototype configured with the step-shaped end frames and
without slot-phase-shift, as shown in Fig. 15(a). The steady-
state thrust forces were evaluated according to the mover
positions in the case that the currents of —5 A (—425 A-turns),
10 A (850 A-turns), and —5 A (—425 A-turns) are supplied to
phases a, b, and c, respectively. The FEA results estimated a
slightly smaller force than the real measurements. This seems
to be due to the fact that the practical permeability of the
physical material was higher than the simulation value. The
total detent force was also measured under the condition that
all phase currents are set to be zero. It is apparent that the total
cogging force becomes the dominant detent force due to the
significant reduction of the end-effect force. This result also
validates the proposed techniques using the separate optimal
approaches for the cogging and end-effect forces. In addition,
although the measured detent force was reduced to be 23%
of that of the base model as compared with the results given
in Fig. 2, the thrust force is still distorted by the third-harmonic
cogging force.

The results in Fig. 18 also show the thrust-force compar-
isons of the slot-phase-shifted infinite-length model and the
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prototype shown in Fig. 15(b). The same current conditions
were applied. The thrust force was also calculated by the
analytic force equation. The analytic solution for the thrust
force is in good agreement with the measurement, but the
FEA result is estimated as a slightly smaller force than the
real measurement like the above FEA result. The measured
detent force was reduced to be 6% of that of the base
model through the proposed detent-force-free techniques. Its
value was approximately 1.5% of the maximum thrust force
(Z 63.5 N). In other words, the thrust force corresponding to
the mover positions can be generated with no significant force

IEEE TRANSACTIONS ON MAGNETICS, VOL. 52, NO. 4, APRIL 2016

distortion due to the minimization of the detent forces. This
implies that high-precision motion control of the double-sided
6/4 IPM-FLBM can be achieved with a proper controller.

V. CONCLUSION

New practical detent-force minimization methodologies for
the double-sided 6/4 IPM-FLBM were presented in this paper.
The end-effect force was remarkably reduced through the
2-D optimization using the step-shaped end frames. The
solutions to the 1-D and 2-D optimizations were formu-
lated with measuring the end-effect force of one side
of the slotless stator, and their validity was demonstrated
experimentally. In addition, the slot-phase-shift technique
based on the cogging-force model with the infinite-length
stator was newly implemented to minimize the cogging force.
The optimal slot-phase shift between the upper and lower
stators was formulated by an analytic expression for practical
applications. The validity of this optimal solution was veri-
fied with actual measurements. Eventually, a detent-force-free
double-sided IPM-FLBM with the detent force of only 1.5%
of the maximum thrust force was designed and constructed
after a 94% reduction of the detent force. The advantage
of the proposed techniques is that there are no excessive
size changes, fabrication difficulties, or additional parts as
compared with the conventional approaches.
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