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Abstract-- In this paper, design and evaluation of short
armature core double-sided transverse flux type PMLSM.
First, structure and operational principle of the proposed
model are introduced. Theoretical design for calculating
thrust is then proposed for a design of core-pole
combination, skewing, and chamfering. Finally, thrust is
numerically evaluated through field calculations using 3-D
finite element method.

be assembled by inserting two square-shaped iron cores
into a non-magnetic material box, as shown in Fig. 1(a).
A field unit consists of four magnets, a square-shape iron
core as back-iron on both sides, as shown in Fig. 1 (b).

Index Terms-- Analytical design, Field calculation,
permanent magnet linear synchronous motor, transverse
flux machinery.
(a) An armature unit (mover)

I. INTRODUCTION
Direct linear drives have been of great interest in
industries, compared with mechanical rotary-translational
conversion of motion such as ball-skrew drive.
Especially, the permanent magnet linear synchronous
motor (PMLSM) has contributed to the popularization in
industrial fields due to the advent of rare earth permanent
magnet.
Large thrust density is an important technical
performance requirement for PMLSMs. The transverse
flux type machinery (TFM) is can be a good solution [1][2]. However, conventional TFMs have a relatively
complex structure that requires relatively large
manufacturing effort [3].
The authors have proposed double-sided transverse
flux type PMLSM as a simple transverse flux solution for
easy manufacturing [4].
In this paper, design and evaluation of the proposed
model is conducted. In the design and evaluation, thrust
considering core-pole combination is both theoretically
and numerically analyzed by magnetic circuit method and
field calculation using the 3-D finite element method
(FEM), respectively. Also, simple estimation of thrust
considering skewing and chamfering of the field magnet
is conducted. Finally, an effect of skewing and
chamfering on thrust and detent force is verified. In the
field calculation, the JMAG-Designer 10.4.3h, a wellknown commercial package, has been used [5].
II. BASIC STRUCTURE AND OPERATIONAL PRINCIPLES
Fig. 1 shows the fundamental configuration of a threephase unit of the proposed short armature core doublesided transverse flux type PMLSM. An armature unit can

(b) A field unit (stator)

(c) A magnetic circuit (In (c), the red arrows denote flux flow; the nonmagnetic material box was removed for easy understanding.)

.
(d) Configuration along the moving direction
Fig. 1. Fundamental configuration of the three-phase unit.

Inserting an armature core into the non-magnetic
material box creates two armature tooth on both sides.
The armature coils are then inserted into each armature
teeth.
A magnetic circuit comprises an inserted armature unit
and a field unit, as shown in Fig. 1 (c). Flux from the
north pole flows into the south pole along the short
armature core. Two coils in the lower side are wound in a
direction opposite to the two coils in the upper side, and

these coils are connected in series. By applying current to
these coils, they are excited with 180-phase difference.
The armature cores are arranged along the moving
direction z, as shown in Fig. 1 (d). Each armature core is
spatially separated by 120 degrees difference. The field
magnets are arranged along the moving direction z with a
non-magnetic spacer, and each magnet is electrically
separated by 180 degrees. The non-magnetic material
spacer isolates the magnetic paths.
The proposed model operates as a three-phase AC
synchronous motor by applying AC current which has
120-degree phase differences to each armature coil. Here,
-U, -V, and -W are the current components shifted 180
degrees from U, V, and W [4].
III. DESIGN OF THRUST FOR SIMPLE ESTIMATION
In a theoretical design for a simple estimation, the
authors have focused on the thrust behavior in a one-core
based configuration. This is because the thrust behavior
in a three-phase configuration can be estimated by
superposing the results of the one-phase configuration.
The authors have employed a magnetic circuit method
and made the following assumptions for a simplified
theoretical evaluation of thrust [6]-[7].
(a) The air gap flux density Bg is the same as the magnet
flux density Bm and its distribution is constant
regardless of the slot effect.
(b) In the calculation of Bm, the air gap length lgc applied
Carter's factor is used to compensate for the slot
effect.
(c) Permeability of the iron cores is infinitely large.
Magnetic saturation is negligible.
A. Variables Employed in the Design
Variables employed in the design are shown in Fig. 2
and Table I.

The authors have focused on la and lm defined in Fig.
2(a). Thrust is generally expressed as the product of the
electric loading and magnetic loading. When dimensions
in other parts are kept constant, la and lm affect the
electric and magnetic load, respectively. The larger la is,
the larger the winding turn number per an armature pole
can be achieved in the designated slot pitch. It represents
the increase of the electrical load by increasing the
magnetomotive force (MMF). On the other hand, the
larger lm is, the larger the flux density in magnet at
operating point can be achieved in the designated volume.
But, the winding turn number per armature pole is
decreased. For that reason, it is important to estimate the
point where the product of the electric loading and
magnetic loading is maximum value in the designated
volume.
TABLE I
VARIABLES EMPLOYED IN THE DESIGN
Symbol

Note

La

Half-length in cross-section

Lh

Height in cross-section

p

Pole pitch

s

Slot pitch

lw

Magnet length to z-direction

lw2

Magnet length to y-direction

lf

Back yoke length to x-direction

ln

Half-length of non-magnetic material box

ns

Length of non-magnetic spacer

a

Half-length of core pitch

b

Length of a quarter of the height

lc

Half-length of core pitch

lg

Mechanical air gap length

la

Half-length of slot

lm

Magnet length in the magnetization direction

B. Flux Flowing to the Armature Core
The magnetic circuit equation for the magnetic path
illustrated in Fig. 1(c) is written as (1) from the
assumptions. In (1), Hm and Hg are the magnetic-field
component of the magnet and the air gap, respectively, Rg
is the magnetic reluctance in the air gap and g is the air
gap flux.

(a) x-y plain

Hmlm + Hglgc = Hmlm + Rgg = 0

(1)

From (1), Hm can be expressed as (2). In (2),  is the
permeability of air.
Hm  

(b) x-z plain

(c) y-z plain

Fig. 2. Variables employed in the design (In (a) and (b), the armature
coils are removed for clarity. Also, variables are labeled in the half side
because of symmetric structure.).

Bml gc

 0lm

(2)

Here, Bm at operating point is (3). Br is remanence of
the field magnet. By substituting (2) into (3), Bm under a
no-load condition can be expressed as (4).
Bm = Br + Hm

(3)

 l gc 
Bm  Bg  Br 1  
 lm 

(4)

The flux flowing from the field magnet to the armature
core ϕa is calculated as (5). Aa(la) is the cross-section of
an armature core.

a (la) = Bg × Aa(la)
( ∴Aa(la) = 4(a- la) × (b- la) )

(5)

If all the a (la) is linking to an armature coil and Bg by
moving an armature unit is simplified as shown in Fig. 3,
the total amount of effective flux linking to an armature
coil c can be expressed as Fourier series. Its maximum
value considered the fundamental component is (6). In (6),
N(la, lc) is the number of winding turns per an armature
teeth, Aw(la, lc) is the dimension of the cross-section in
which the armature coil is wound,(la, lc) and Sc are the
lamination factor of the coil and the dimension of a
conductor, respectively. Also, kc(la) is coefficient that
indicates the ratio of total magnetic flux linking to an
armature coil.
From (6), it is found that c is gradually decreased
after a certain point with the increase of la. This means
that flux from the north pole will be leaked to the south
pole next to the north pole although the number of
winding turns per an armature teeth is increased with the
increase of la.
c (la )  N (la , lc )a (la ) 
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Fig. 3. Flux density distribution resulting from moving an armature unit.

C. Maximum Thrust
In the control under the condition that d-axis current is
maintained to zero, maximum thrust per an armature unit
can be expressed as (7). It means that maximum thrust
generates in the position where electrical phase difference
between the armature core and the north pole is 90
degrees. In (7), Erms is the RMS value of the back EMF, p
is the number of poles in a field unit, I is armature current,
and v and J are moving velocity and current density,
respectively.
From (7), when other variables are fixed, the optimal
design for thrust means finding the point where

multiplication of electric load and magnetic load reaches
maximum value in the designated volume.
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D. Maximum Thrust per Three-phase Considering Corepole Combination
In the design of core-type PMLSM, detent force
reduction is one of the important aspects because large
detent force causes thrust ripple, which results in a poor
positioning accuracy.
Detent force can be significantly reduced by the proper
selection of core-pole combination [8]. Maximum thrust
considering core-pole combination can be expressed as
(8). In (8), 1.5 means the total amount of thrust in the
case of general three phase machine, m is the number of
armature unit per a phase, and is a coefficient that is the
ratio of thrust based on thrust in the general three coretwo pole combination.
Ft _ 3 phase(l a )  1.5  m    Ft (l a )

(8)

The authors have experienced that detent force in nine
core-eight pole combination can be significantly reduced
up to about 35 % of that in nine core-six pole
combination based on the general three core-two pole
combination [9]. For that reason, the authors have applied
nine core-eight pole combination to the proposed model.
When comparing with nine core-six pole combination
based on three core-two pole combination,  is 0.922.
This means maximum thrust per three-phase in nine coreeight pole combination is about 8% smaller than that nine
core-six pole combination. This is result from asymmetric
characteristic in nine core-eight pole combination that
thrust per each core in a phase has electrical phase
differences of 20 degrees, as shown Fig. 4. For that
reason, maximum thrust per three cores in a phase is
generated in the position where electrical phase
difference between the armature core and the north pole
is 70 electrical degrees.
The proposed nine core-eight pole combination has
advantage even when the trade-off between large thrust
and detent force reduction is considered in the design of
core-type PMLSM. The authors have chose 100 × 40 ×
108 mm3 as the total volume in nine core-eight pole
combination. The consequent design parameters in the
proposed model are shown in Table II.

(a) Nine core-eight pole combination

good point was at lm=2 mm and la=3.5 mm. In this point,
the number of winding turns per an armature teeth is 112
turns.
Table III shows thrust and detent force in nine coreeight pole combination. The maximum thrust per threephase is 116.7 N. Although detent force per a armature
core is large, it is significantly reduced to 3.2 % of thrust
by applying nine core-eight pole combination.

(b) Nine core-six pole combination
Fig. 4. Two types of core-pole combination.
TABLE II
DESIGN PARAMETERS IN THE PROPOSED MODEL
Symbol

Quantity

Symbol

Quantity

La

50 [mm]

ns

4.5 [mm]

Lh

40 [mm]

a

6 [mm]

p

13.5 [mm]

b

10 [mm]

s

12 [mm]

lc

Variable

lw

9 [mm]

lg

1 [mm]

lw2

15 [mm]

la

Variable

lf

15 [mm]

lm

Variable

ln

10 [mm]

v

1 [m/s]

J

7 [A/mm2]
0.804 × 0.804 [mm]
(conductor: 0.7 × 0.7)

I

3.4 [A]

Br

1.32 [T]

Sc

(a) Theoretical result of thrust

IV. NUMERICAL ANALYSIS OF THRUST
The authors have applied 3-D FEM field calculation to
the proposed model in order to analyse thrust numerically.
The 3-D mesh model is shown in Fig. 5. In the
calculation of thrust, an armature unit was selected and
periodic boundary condition was applied to save
computation time.

Fig. 5. The three-dimensional mesh model in the FEM calculation.

The result is shown in Fig. 6. Thrust decreases from
la=3.5 mm because of the decreasing flux linkage to the
armature coil, regardless of spatially increased MMF. The
authors have decided on la=3.5 mm as the point at which
large thrust can be obtained.
However, detent force was larger than thrust from lm=4
mm, as shown in Fig. 6 (b) and (c). This means the
magnetic load affected by the field magnet was larger
than the electrical load affected by the MMF.
From the results in Fig. 6, the ratio of detent force was
improved with the decrease of lm and has a value of less
than one at lm=2 mm. When considering a design for high
thrust and low detent force within a designated volume, a

(b) Thrust and detent force based on 3-D FEM result at la=3.5mm

(c) Ratio of detent force to thrust based on 3-D FEM result at la=3.5mm
Fig. 6. The theoretical and FEM results of thrust and detent force.
TABLE III
THRUST AND DETENT FORCE IN NINE CORE-EIGHT POLE COMBINATION
Thrust [N]

Detent [N]

Ratio of detent force to thrust [%]

116.7

3.7

3.2

V. ANALYSIS OF THRUST AND DETENT FORCE BY
SKEWING AND CHAMFERING
Detent force can be also decreased with skewing and
chamfering of the field magnet because they mitigate a

change of magnetic co-energy in the air gap between the
field magnets and armature tooth [10].
However, the disadvantages of skewing and
chamfering are that they could reduce thrust and increase
manufacturing complexity [11]. For that reason, it is
important to verify the effect of skewing and chamfering
on thrust and detent force in the initial design stage.
The authors have applied skewing and chamfering to
nine core-eight pole combination. In this section, a simple
estimation of thrust considering skewing and chamfering
of the field magnet is conducted. Also, the effectiveness
of skewing and chamfering on thrust and detent force is
evaluated by ratio of detent force to thrust. Detent force
has been calculated from 3-D FEM field analysis.
A. Estimation of Thrust
Fig. 7 shows skewing and chamfering applied to the
field magnet. In Fig. 7, sk and cf denote skewing and
chamfering angle, respectively. Also, cf can be expressed
as the distance ls.

From (9) and (10), the decrease ratio of the effective
flux can be expressed as (11). The authors have defined
(11) as the skewing and chamfering coefficient. Thrust
considering skewing and chamfering can be simply
estimated from multiplying (7) by (11).
C sk ( sk ) 

S sk (0)  S sk ( sk )
S cf (0)  S cf ( cf )
Ccf ( cf ) 
S sk (0)
S cf (0)
,

(11)

B. Analysis of Thrust and Detent Force by Skewing and
Chamfering
Fig. 8 and 9 show the results of thrust and detent force
in nine core-eight pole combination when skewing and
chamfering are applied. Also, Table IV shows the value
of ls and cf employed in analysis.
In Fig. 8, thrust decreases with an increase of sk and ls
and the error between theoretical values and FEM values
is small. Especially, the decrease of thrust in chamfering
is larger than that in skewing. This is because the
decrease of the flux from the field magnet by chamfering
is larger than that by skewing, which causes a decrease of
effective flux and finally results in a decrease of thrust.
TABLE IV
CHAMFERING ANGLE cf AND LS

cf [deg]

ls [mm]

(a) Skewing

0

0

1.5

5.7



9.5



13.1

(b) Chamfering

Fig. 7. Skewing and chamfering. (The dashed lines denote skewed and
chamfered magnets.)

In (7), it is found that thrust is proportional to the
effective flux linking to the armature coil. The authors
have considered that the decrease ratio of the effective
flux in skewing and chamfering can be simply estimated
by subtracting the flux in the dimension where skewed or
chamfered magnet is not faced with their original position
from the flux in their original position.
They can be calculated from the sum of dimension in
each part, as expressed in (9) and (10). In (9) and (10), Si
is the area where skewed or chamfered magnet is not
faced with their original position, as labeled in red
numbers in Fig. 7. Also, subscript sk and cf mean
skewing and chamfering, respectively.

(a) Skewing

4

S sk ( sk )   S i
i 1

 tan

 sk
2

2
2
  p  ns l
 p  ns  sk  
  l

 w2 tan sk    w2 
tan   (9)
2
2   2
2
2  
 2


2

Scf ( cf )   Si  lw2 2 tan  cf
i 1

(b) Chamfering

(10)

Fig. 8. The theoretical and FEM results in skewing and chamfering.

(a) Skewing

Also, the effect of skewing and chamfering of the field
magnet on thrust and detent force has been verified in
nine core-eight pole combination. A simple estimation of
thrust considering skewing and chamfering has been
conducted. Theoretical values agree rather well with
FEM values.
In the proposed model, detent force decreases with the
increase of skewing and chamfering angle because they
mitigate a change of magnetic co-energy in the air gap.
Also, thrust decreases with skewing and chamfering due
to a decrease of the effective flux.
However, there was no significant effect of applying
skewing and chamfering when considering manufacturing
complexity and the trade-off between large thrust and
detent force reduction. Therefore, the authors decided not
to apply skewing and chamfering in nine core-eight pole
combination to the proposed model.
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(b) Chamfering
Fig. 9. Ratio of detent force to thrust based on 3-D FEM results.
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