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The coreless linear synchronous motor (coreless LSM) has been widely used as a driving source of semiconduc-
tor production processes for machine speeding up, positioning accuracy and simple maintenance. However, this
coreless LSM suffers the disadvantage of decreased thrust force created by the leakage of magnetic flux. With
the goal of increasing the generated thrust force and decreasing the cogging force, the slot of the core part was
removed and a moving-coil-type slotless LSM (moving-coil-type slotless LSM) is proposed in this paper.
Although this moving-coil-type slotless LSM with a back-yoke at the primary side demonstrated an increase in
the generated thrust force, it remained capable of generating the cogging force when the primary side was
moved due to the position between the permanent magnet and the back-yoke. Therefore, we attempted to
decrease the cogging force of the moving-coil-type slotless LSM. We found that the back-yoke length at the pri-
mary side needs to be made 0.57 longer than the integral multiple of the magnetic pole pitch in order to
decrease the cogging force created by the moving-coil-type slotless LSM.
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1. Introduction

Permanent magnets using high-energy products have
been applied to various systems [1-3]. Systems using
permanent magnets with high-energy products have been
produced and distributed mainly through the factory auto-
mation field [4, 5]. Particularly, linear motors have been
developed as a mainstream in this field. Currently, perma-
nent-magnet-type linear synchronous motors (PM-LSMs)
are used as a driving source for transportation systems to
satisfy requirements such as high-speed, low noise, and
simplification of the driving apparatus for transportation
systems, and to simplify maintenance [6-9].

PM-LSMs are classified into two types of motor: cored
and coreless. The former has a large thrust force, the pro-
duction of thrust force ripples from the cogging force.
The latter has an excellent control without the cogging
force, in spite of the small thrust force. Therefore, core-
less motor types are utilized in the fields of semiconductor
production process and short-distance transportation systems
[10, 11]. In contrast to the cored motors, the coreless
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motor type cannot utilize the thrust force efficiently as
most of the generated magnetic flux leaks away.

In order to decrease the cogging force of the cored
motor type and increase the thrust force of the coreless
motor type, the moving-coil-type slotless LSM (moving-
coil-type slotless LSM) is proposed in this paper. This
motor type increases the generated thrust force because of
the back-yoke at the primary side, but continues to gene-
rate the cogging force when the primary side is moved
due to the position between the permanent magnet and
the back-yoke. In order to decrease the cogging force of
the moving-coil-type slotless LSM, we investigated a
method to regulate the length of the back-yoke at the
primary side. This paper presents the experimental results
of length regulation of the back-yoke at the primary side
to decrease the cogging force in the moving-coil-type
slotless LSM.

2. Moving-coil-type slotless linear
synchronous motor

2.1. Appearance of the experimental device

The experimental device is shown in Fig. 1(a). The
cross-sectional diagram of the primary and secondary sides
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Fig. 1. Experimental device: (a) outline of experimental device
and (b) cross-sectional diagram of the primary and secondary
sides.

Table 1. Experimental device specifications.

Parameter Unit Value

Primary side

Number of conductors Veoil 3

Coil pitch 7. (mm) 533

Number of turns 7 (turn) 280
Secondary side

Number of magnets Ymagnet 16

Pole pitch 7, (mm) 40

Maximun energy product BH,ox (kJ/m?) 287
Air-gap g (mm) 1

is shown in Fig. 1(b). Table 1 presents the specifi-
cation of the experimental device. The length of the
experimental device and the primary side were 640 mm
and 160 mm, respectively. The ratio of the magnetic pole
pitch of the permanent magnet to the coil was 4 to 3. The
16-pole permanent magnet was set up at the secondary
side and three-phase conductors were set up at the pri-
mary side. The magnetic pole pitch (7) at the secondary

side was 40 mm and the permanent magnets provided
(BH)nax of 287 kJ/m?>. The coil pitch at the secondary side
was 53.3 mm and a linear guide rail was used as a sup-
porting mechanical instrument.

2.2. Cogging force of the moving-coil-type, slotless lin-
ear synchronous motor

In this section, the cogging force of the moving-coil-
type slotless LSM is investigated by experimental data.
Fig. 2 is a schematic showing the cogging experimental
device. The cogging force was the air-gap of the second-
ary side and the primary side was fixed at an interval of 1
mm. The cogging force was then measured by the 2-mm
movement of the primary side. The position of the pri-
mary side was measured using an absolute linear encoder
and the cogging force was measured using a load cell
with a measuring range of 98 N. The initial position of
the primary side was the matched position of an S pole
center and U-phase coil center in the permanent magnet.
The length of the back-yoke at the primary side was 160
mm in this experiment. The angle with the position of the
mover calculated electrically was expressed as the elec-
trical angle, i.e., the angle which the position of the mover
is expressed electrically by 1 cycle of sinusoidal AC with
360°. The experimental result of the cogging force is shown
in Fig. 3(a), and the position relationship between the
primary and secondary sides is shown in Fig. 3(b). Fig.
3(a) reveals that the cogging force had an invariable
periodicity and that it was generated in the 1z pole pitch
period of the permanent magnet. The maximum cogging
force of the moving-coil-type slotless LSM was 44.3 N
when the air-gap was 1 mm. The generated cogging force
was considered as an attractive force of position relation-
ship between the back-yoke and the permanent magnet.
From Fig. 3(b), the 160-mm back-yoke length, which was
four times the length of the 40-mm magnetic pole pitch of
the permanent magnet, was the same as the magnetic edge
of the back-yoke from the position relationship between
the back-yoke and the permanent magnet. The maximum
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Fig. 2. Measurement device.
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Fig. 3. Cogging force waveform: (a) cogging force at the 160-
mm back-yoke length, and (b) the position relationship bet-
ween the primary and secondary sides.

S

7= 40 mm;

cogging force of 44.3 N was considered to have been
generated from the attractive force between the back-yoke
edge and the magnetic edge.

3. Cogging Force Decreasing Method
of the Moving-coil-type Slotless Linear
Synchronous Motor

In order to decrease the cogging force generated by the
moving-coil-type slotless LSM, the back-yoke length was
regulated within a 47~57 (160 mm~200 mm) range of the
permanent magnetic pole pitch. Then, the cogging force
for each back-yoke length was investigated. Fig. 4(a)
shows a model regulated by the back-yoke length within
the 47~4.57 (160 mm~180 mm) range of the permanent
magnetic pole pitch. Fig. 4(b) shows the characteristics of
the cogging force of each model regulated by the back-
yoke length within the 47~4.57 range of the permanent
magnetic pole pitch. The same experimental method and
initial position of the primary side were used as in section
2.2. From Fig. 4(b), the cogging force of the moving-coil-
type slotless LSM was decreased more than the 160-mm
back-yoke length. When the back-yoke length was 160
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Fig. 4. Cogging force waveforms as a function of the back-
yoke length within a 47~4.57 (160 mm~180 mm) range of the
permanent magnetic pole pitch: (a) model regulated by the
back-yoke length within the 47~4.57 range, and (b) character-
istics of the cogging force of each model.

mm for the permanent magnetic pole pitch of 40 mm, the
generated cogging force was 44.3 N. Among the re-
gulated models of the back-yoke length, only the 180-mm
model generated a cogging force of 0.41 N.

Next, the characteristics of the cogging force were investi-
gated when the back-yoke length was within a 4.57~57
(180 mm~200 mm) range of the permanent magnetic pole
pitch. A regulated model of the back-yoke within the
4.57~57 range of the permanent magnetic pole pitch is
shown in Fig. 5(a). Fig. 5(b) shows the characteristics of
the cogging force of each model regulated by the back-
yoke length within the 4.57~57 range of the perma-
nent magnetic pole pitch. Fig. 5(b) demonstrated that the
cogging force was increased when the back-yoke length
was more than 4.5 7 of the permanent magnetic pole pitch.
Fig. 6 shows the characteristics of the cogging force for
the back-yoke length proposed in this paper. As shown in
the figure, the cogging force generated by the back-yoke
length with a focus on the 180-mm back-yoke length was
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Fig. 5. Cogging force waveforms as a function of the back-
yoke length within a 4.57~57 (180 mm~200 mm) range of the
permanent magnetic pole pitch: (a) model regulated by the
back-yoke length within the 4.57~57 range, and (b) character-
istics of the cogging force of each model.

symmetrical.

When the back-yoke length for the magnetic pole pitch
was regulated to 47 and 57, the cogging forces generated
at both edges of the back-yoke was summed up to the
total cogging force as both forces have same phase. How-
ever, when the back-yoke length for the magnetic pole
pitch was regulated to 4.57, the phase relationship of the
cogging force generated by both edges of the back-yoke
was reversed mutually. This action was considered to have
cancelled the total cogging force.

4. Conclusion

In order to decrease the cogging force and increase the
generated thrust force, a moving-coil-type slotless LSM
was investigated in this paper. The maximum generated
cogging force was 44.3 N for the 160-mm back-yoke
length with an air-gap of 1 mm. Then, we focused on the
back-yoke length at the primary side in order to decrease
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Fig. 6. Characteristics of the cogging force as a function of the
proposed back-yoke length: (a) maximum cogging force
according to the back-yoke length within a 47~57 range, and
(b) reduction rates of cogging force according to the back-yoke
length.
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the cogging force that influences the machine output and
driving characteristics.

The characteristics of the cogging force according to
the back-yoke length (/) were investigated with back-
yoke length regulation, with the following results:

1) Case of 47</,<4.57: the cogging force was
decreased with increasing back-yoke length (/;).

2) Case of 47<1[,<57: the cogging force was increas-
ed with increasing back-yoke length (/;).

Among the regulated models, that with the 180-mm
(4.57) back-yoke length exhibited the most decreased
cogging force: its cogging force of 43.9 N represented a
93% decrease of the total cogging force compared to the
160-mm back-yoke length with the 40-mm permanent
magnetic pole pitch. We found that the back-yoke length
must be 0.57 longer than the integral multiple of the
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magnetic pole pitch in order to decrease the cogging force
generated by the moving-coil-type slotless LSM.
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