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Abstract

This paper mainly studies two-dimensional analytic method to analyze and calculate a short-secondary type slotless perma-
nent magnet linear synchronous motor (SST-SPMLSM) performance. Due to the large air-gap and more magnetic flux leakage
of electric machine, this paper proposes the groove-by-groove method to analyze the winding equivalent current density.
Meanwhile, the volume current density is used to equivalent the permanent magnet magnetization, which is obtained the
permanent magnet equivalent current density. According to the electric machine structure, the divided layers model of the
SST-SPMLSM is built. Based on the hierarchical analytical model and equivalent current density of the electric machine, the
two-dimensional magnetic vector potential of each region in the SST-SPMLSM is derived by the separated variable method.
Combined with the boundary conditions of the electric machine, the magnetic flux densities of the SST-SPMLSM with
different regions are derived. In the meantime, a 30 N SST-SPMLSM is designed. On this basis, the magnetic flux density,
detent force, and electromagnetic thrust force of the SST-SPMLSM are analyzed and calculated, which of the results are
verified by finite element method. From the results, it satisfies the design requirements of the SST-SPMLSM, and verifies
the validity and correctness of analytical method.

Keywords Performance analysis - Analytic method - Finite element method - Permanent magnet linear synchronous motor -
Slotless motor

1 Introduction

There are slot and slotless for two permanent magnet linear
synchronous motors (PMLSMs). The PMLSM with slotted
has disadvantages of high thrust force fluctuation, low con-
trol accuracy and high detent force [1-4]. Therefore, it hin-
ders the application of the PMLSM in high precision servo
system.

Slotless PMLSM (SPMLSM) has advantages of slotless,
simple structure, simple winding insertion, low detent force,
high slot full ratio, reduced end winding, low noise, low
magnetic saturation, low loss, and high control precision
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[5-7]. Therefore, the SPMLSM attracts research of many
research structures and experts. Meanwhile, the SPMLSM
has widely used in many fields, for instance transport sys-
tems [8], and servo system [9].

At present, some theories have been studied on the
SPMLSM. Reference [5] mainly studies reduction of thrust
force in SPMLSM to change magnet pole shape. The finite
element method (FEM) is used to analyze and calculate back
electromotive force of SPMLSM with different magnet pole
shapes, which of the results are verified by experiment test-
ing. Reference [7] mainly illustrates design slotless-type
permanent magnet linear brushless motor. Meanwhile, the
equivalent magnetizing current method is used to analyze
and calculated steady-state performance parameters of the
slotless-type permanent magnet linear brushless motor.
Reference [10] mainly adopts the two-dimensional analytic
method is used to analyze and calculate the performance
parameters of the slotless double-sided inner armature linear
permanent magnet synchronous motor, which of the results
are compared with that of zero-dimensional analytic method.
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Reference [11] mainly investigates the design principles
and detent force analysis of a phase-shift modular slotless
tubular PMLSM with three sectional primaries. Reference
[12] mainly introduces analytical calculation of back elec-
tromotive force (EMF) for linear permanent magnet motors
with slotted structure, and considered the effect of slotting.
Meanwhile, the linear permanent magnet motors with slot-
less structure is used the magnetic field effective values and
winding factor theories to evaluate the back EMF. These
studies are only a part of theoretical research, which needs
further study. The paper proposes the analytic method (AM)
to analyze the performance parameters of short-secondary
type SPMLSM (SST-SPMLSM).

The paper mainly studies on two-dimensional analytic
method to analyze and calculate the performance param-
eters of the SST-SPMLSM. Firstly, due to the large air-gap
and more magnetic flux leakage of the SST-SPMLSM, the
equivalent current density (ECD) of the permanent magnet
and primary winding are considered according to the actual
situation, respectively. Meanwhile, according to the electric
machine structure and working principles, the hierarchical
analytical model of the SST-SPMLSM is built. The solu-
tion regions are divided into air, primary yoke, primary
winding, air-gap, permanent magnet and secondary yoke.
Then, under permanent magnet or primary winding excita-
tion, magnetic vector potential is regarded as variable to
deduce the two-dimensional magnetic flux density of the
SST-SPMLSM with different regions. In the meantime, a
30 N SST-SPMLSM is designed. At last, the air-gap mag-
netic flux density, electromagnetic thrust force, and detent
force of SST-SPMLSM, which are calculated and analyzed
based on two-dimensional analytic magnetic flux density
and design dimensions of electric machine. Meanwhile, the
results are verified by the FEM.

2 Working Principle and Structure
2.1 Working Principle

The working principle of SPMLSM is similar to that of
the traditional permanent magnet synchronous motor and
PMLSM, which of construction is illustrated in Fig. 1. The
SPMLSM is composed of primary and secondary. The pri-
mary is consisted of primary yoke and primary winding.
The primary can move or standstill. The primary winding
adopts concentrated winding, which acts together with the
secondary permanent magnet to generate magnetic field and
realize electromechanical energy conversion. The combina-
tion of the secondary permanent magnet and the secondary
yoke is called the secondary. The secondary may also move
or standstill.
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Fig.1 SPMLSM construction

Three-phase sinusoidal current is fed into the primary
winding to generate a traveling wave magnetic field in
the air-gap. The electromagnetic thrust force of electrical
machine is generated by the interaction of the travelling
wave magnetic field and the excitation magnetic field of per-
manent magnet. Under the action of electromagnetic thrust
force, the SPMLSM secondary would move in a straight
line in the opposite direction of the travelling wave mag-
netic field because the electrical machine primary is sta-
tionary. Otherwise, the electrical machine primary moves
in the opposite direction because the electrical machine sec-
ondary is stationary. If the phase sequence of three-phase
sinusoidal current of the SPMLSM is changed, the direc-
tion of the travelling wave magnetic field in the SPMLSM
can be changed, thereby changing the moving direction of
the electric machine secondary. The movement speed of the
SPMLSM is expressed

v =2zf (1)

where v expresses the electric machine movement speed, f
expresses power frequency, and 7 expresses pole pitch.

2.2 Topology Structure

There are the flat and the tubular according to structure
type of the SPMLSM. Meanwhile, the flat-type SPMLSMs
have the single-sided and the doubly-sided according to the
SPMLSM structure. The single-sided SPMLSMs have the
long primary short secondary (LPSS) and short primary
long secondary (SPLS) according to the movement form of
electric machine, which of structures are displayed in Fig. 2.
The SPMLSM with SPLS structure has disadvantage of high
cost and larger amount of permanent magnet. However, the
SPMLSM with LPSS structure has disadvantage of low
efficiency and high copper loss. Combined with the tech-
nical requirements and actual situation of design electrical
machine, this paper selects SPMLSM with LPSS structure,
namely short-secondary type slotless permanent magnet lin-
ear synchronous motor (SST-SPMLSM).

The SST-SPMLSM primary winding is used the con-
centrated winding. These windings aren’t overlapped. The
electric machine model is composed of many models, one
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of which is composed of four poles and three windings, as
shown in Fig. 3

3 Magnetic Field Analysis and Examples
This section focuses on magnetic field related issues of elec-

tric machine, including PM and winding ECD, analytical
model, and analytical magnetic field.

3.1 Equivalent Current Density

3.1.1 Winding Equivalent Current Density

Due to the iron core disconnection and the winding unbal-
anced distribution of the SST-SPMLSM, the groove-by-
groove method is used to calculate and analyze the winding

ECD according to the winding actual distribution, which is
indicated in Fig. 4. The winding ECD is expressed

J(x) = Z b, sin (Z—:x) 2)
n=1

where

where w, expresses winding width, &, expresses winding
height, I, expresses phase current, N, expresses slot number
of conductor, d, expresses distance between two windings,
T expresses pole pitch, J, expresses current density.

3.1.2 PM Equivalent Current Density
The volume current density is used to equivalent the PM mag-

netization, which is shown in Fig. 5. According to the actual
distribution, the PM ECD is calculated as follows

1,00) = ZTH @

where

ne X T e 23 )| ®
’ < wi4H, L, ’

Jm(x)=n=zl;3(—1) S Sln[%(j—x)] (6)

where H, expresses residual coercive force, and L, expresses
PM longitudinal length.

x=x"+xy+vt (7
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where x;, expresses mover starting position.
3.2 Analytical Model

In order to establish a suitable magnetic field analysis model
for the SST-SPMLSM, the following assumptions of electric
machine are made [13, 14]:

(a) Ignoring the change of magnetic field in the direction of
z-axis, the current flows only in the direction of z-axis.
Based on above the reasons, the magnetic vector poten-
tial only has z-direction components. Therefore, the
magnetic field can be treated in two dimensions.

(b) According to the actual situation, the groove-by-groove
method and the volume current density method are
used to calculate the winding and PM current densi-
ties, respectively.

(c) The PMs have the same permeability in all direction,
which is equal to the air-gap permeability.

(d) The permeability of the primary and secondary yoke is
isotropic, which is u; and u,, respectively.

(e) The ferromagnetic material is unsaturated.

Based on the SST-SPMLSM assumption, the solving
region of electric machine is divided into seven parts, for
instance primary exterior region (1, —co <y <-—hy;), pri-
mary yoke (2, —hj1 <y<0), primary winding (3,0<y<a,),
air-gap (4, a;<y<a),PM (5, a<y<a+b), secondary yoke
(6,a+b<y<a+b+ hjz), and secondary exterior region (7,
a+b+ hj2 <y <), which is illustrated in Fig. 6.

3.3 Analytical Magnetic Field
Base on the analytical model and structure of the electric

machine, the SST-SPMLSM magnetic field is analyzed and
calculated to use the separated variable method.

Y
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Fig.6 SST-SPMLSM hierarchical analytical model
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The magnetic vector potential equation of magnetic
field in the electric machine is as follows [14]

vXﬁ=Vx<§>:Vx<l(vXZ)> ®)
H H

where H expresses magnetic field intensity, B expresses
magnetic flux density, y expresses permeability, and A
expresses magnetic vector potential.

According to the assumption and ECD of SST-
SPMLSM, the magnetic vector potential equation of elec-
tric machine is obtained as follows

PA, A,
e T ap T Mk ®

where A, expresses z-direction components of magnetic
vector potential, 4, expresses air-gap permeability, and J,
expresses current density. In the current region, J, is not
equal to zero, otherwise, it is equal to zero.

The formula (9) is deduced and calculated by the sepa-
rated variable method, which the results are expressed

A= 2 [A, cosh(k,y) + B, sinh(k,y)]
n=l1 | (10)
- [C,, cos(k,x) + D, sin(k,x)] + g k_2J (x)

where A,, B,, C,, D, express unknown number, respectively.

When the winding is alone action, the magnetic vector
potential of each region in the SST-SPMLSM is calcu-
lated and deduced according to the magnetic vector poten-
tial equation and hierarchical analytical model, which of
results are expressed as follows

A =

l

[A! cosh(k,y) + B sinh(k,)]

M

I
—_

n

- [C! cos(k,x) + D! sin(k,x)] (11)

1 .
+ puy—=J'(x
Ho kﬁ (%)
where i expresses 1, 2, 3, 4, 5, 6, 7, respectively, and A;,
Bﬁl, Cfl, DL express unknown number, respectively. When i
expresses 3th region,

Fx) = J,(x) (12)

In addition to 3th region, the current density of other
regions is equal to zero.

When the winding is alone action, the air-gap and PM
region are considered to have the same magnetic vector
potential equation because of the unconsidered permanent
magnet. Therefore,
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A=A 3 <
4705 (13) BK = U Z Ts{sinh[k,(a+ b -]+ T,
The boundary conditions between adjacent regions in the n=13 20)

SST-SPMLSM are expressed as follows

A] = Al (14)
where Y expresses the height between adjacent regions in a
rectangular coordinate system.

In addition to the above boundary conditions, the boundary
conditions between adjacent regions in the same permeability
region are also expressed as follows
041

dy

oA,
=3

as)

y=Y y=Y

In the region with the different permeability, the bound-
ary conditions between regions in the SST-SPMLSM are also
expressed as follows

3 laAi

LITT] R
y M 0y

Hiy1 O

(16)

y= y:Y

The magnetic vector potential of primary and second-
ary exterior regions in the SST-SPMLSM is zero, which is
expressed as follows
Al = Ayl =0 an

Substituting the formula (12)—(17) into formula (11), the
undetermined coefficients are solved through derivation and
calculation, and the magnetic vector potential of each region
in the SST-SPMLSM is obtained. Then, according to relate
the magnetic vector potential with magnetic flux density, the
magnetic flux density of each region in the electric machine is
derived, which is expressed as follows

BY = 0A, /0y

B} = —0A,/ox (%)
whereB)” and BZV}V express x-direction (tangential) and
y-direction (radial) magnetic flux density of the electric
machine under the winding alone action, respectively.

Based on the magnetic vector potential equation and bound-
ary conditions, the air-gap magnetic flux density of the SST-
SPMLSM under the winding alone action, which is derived
as follows

BXZ = —ly Z Ts{coshlk,(a+b -]+ T,
n=1 ) (19)
- sinh[k,(a + b — y)]} - k—" sin(k,x)

n

- coshlk,(a+b—y)]} - % cos(k,x)

n

where BX‘; and BXZ express the tangential and radial magnetic
flux density of air-gap under the winding alone action in the
SST-SPMLSM, respectively, T, and T, express coefficient,
respectively, and a and b is expressed

a=h,+6
b=h (21)

where h,, expresses the PM magnetization height, and &
expresses the air-gap length.

The method for solving the magnetic density of other
regions of the electric machine is similar to that for solving
the air-gap region, so the derivation is not given.

Based on above the analytical method, the air-gap mag-
netic flux density of the SST-SPMLSM is analyzed and
calculated under the winding alone action, which of results
is displayed in Fig. 7. Under the same electric machine
structure and excitation conditions, the FEM is used to
analyze and calculate the air-gap magnetic flux density
of the SST-SPMLSM, and compared with the analytical
results, which is shown in Fig. 7. It is found that the air-
gap magnetic flux density curve of the SST-SPMLSM in
winding single action for the AM is basically the same
with that of the FEM. Meanwhile, the tangential maximum
air-gap magnetic flux density and radial maximum air-gap
magnetic flux density of the electric machine in winding
single action for the AM is 0.30% and 0.98% lesser than
that of the FEM, respectively.

0.02
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3 S
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Fig.7 Air-gap magnetic flux density of SST-SPMLSM in winding
single action

@ Springer



324

Journal of Electrical Engineering & Technology (2022) 17:319-328

0.8

*  Bx(AM)
O By(AM)
Bx (FEM)

Magnetic flux density (T)

position (mm)

Fig.8 Air-gap magnetic flux density of SST-SPMLSM in PM single
action

As for the magnetic vector potential of each region of the
SST-SPMLSM in the PM single action, its solution process
is similar to that of the winding alone action, so it will not be
repeated here. On this basis, the air-gap magnetic flux density
of the electric machine for the PM alone action is analyzed and
calculated, which is verified by the FEM, and the results are
shown in Fig. 8. It is found that the air-gap magnetic flux den-
sity curve of the SST-SPMLSM in PM single action for AM
is basically the same with that of the FEM. Meanwhile, the
tangential maximum air-gap magnetic flux density of electric
machine in the PM single action for the AM is 8.89% higher
than that of the FEM. However, the radial maximum air-gap
magnetic flux density of the electric machine in PM single
action for the AM is 4.46% lesser than that of the FEM.

The magnetic flux density of each region in the SST-
SPMLSM is the sum of the magnetic flux density of each
region under the winding alone action and the magnetic flux
density of each region under the PM alone action, which is
expressed as follow

M | pW
BXi = Bxi + Bxi (22)

_ pM w

B, =B +B
where Bﬁ’f ,Bi‘f. express the tangential and radial magnetic flux
density of the electric machine in the PM single action,
respectively, and B,;,B,; express the tangential and radial of

each region in the SST-SPMLSM, respectively.

4 Modes Design SST-SPMLSM

Based on design principle and method of the electric
machine, the design flow chart and main parameters of the
SST-SPMLSM are displayed in Fig. 9 and Table 1.

@ Springer

5 Parameters Analysis and Verification

This section mainly discusses and analyzes the performance
parameters of the SST-SPMLSM, including magnetic flux
density, detent force, electromagnetic thrust force and verti-
cal force.

5.1 Magnetic Flux Density

Based on the main dimensions of the design SST-SPMLSM,
the AM is used to analyze and calculate the magnetic flux
density of electric machine, which of the results are illus-
trated in Fig. 10. It is found that the AM is used to solve the
air-gap and winding surface magnetic flux density curves of
the SST-SPMLSM are basically the same with that of the
FEM, which of the results are verified the correctness and
effectiveness of analytical method. Meanwhile, the AM is
used to calculate the air-gap and winding surface maximum

Design requirements
(rated thrust force, rated speed,
rated current, frequency)

Preliminary design
(selecting material, main dimensions,
PM working point check)

Steady-state analysis
(performance parameters calculation)

N
0

Yes

Parameters optimization
(Objective: improvement thrust force and
reduction detent force)

A 4

Steady-state analysis
(performance parameters calculation)

No

Statisfied?

Fig.9 Design flow chart of SST-SPMLSM
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Table 1 Main parameters of design SST-SPMLSM

Parameter Number
Rated thrust force (N) 30
Rated speed (mm/s) 180
Rated current (A) 3.75
Rated frequency (Hz) 6
Number of pole pairs 6
Pole pitch (mm) 15
Air-gap (mm) 2
PM magnetization height (mm) 5
PM longitudinal length (mm) 12
Conductors per slot 50
Primary yoke height (mm)
Secondary yoke height (mm)
Bx(AM)
— — = -By(AM)
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Fig. 10 Magnetic flux density of the SST-SPMLSM

tangential magnetic flux densities of the SST-SPMLSM are
4.70% and 4.19% higher than that of the FEM, respectively.
However, the AM is used to calculate the air-gap and wind-
ing surface maximum radial magnetic flux densities of the
SST-SPMLSM are 2.10% and 1.03% lesser than that of the
FEM, respectively. From the results, it satisfies the design
requirements of the SST-SPMLSM. In the meantime, the
results also verify the availability and correctness of analyti-
cal method.

5.2 Detent Force

Detent force is the sum of the interaction between the tooth
groove and the PM and the interaction between the fer-
romagnetic end and the PM. Then, the detent force of the
interaction between the tooth groove and the PM is the main
detent force of the electric machine. The detent force of elec-
tric machine causes thrust force fluctuation, vibration and
speed control degradation, so appropriate methods should
be adopted to reduce the detent force. Due to no groove of
the SST-SPMLSM, there is no interaction force between the
tooth groove and the PM. Therefore, the detent force of the
SST-SPMLSM is very small.

The detent force of the SST-SPMLSM is analyzed and
calculated, and the results are displayed in Fig. 11. It is
found that the detent force of the electric machine with two
ends is higher than that of middle part because of the pri-
mary and secondary yoke end disconnected and winding
distribution unbalanced of the SST-SPMLSM. Through the
analysis of the results, the detent force is 0.73% of electro-
magnetic thrust force in the electric machine.

5.3 Electromagnetic Thrust Force and Vertical Force
The electromagnetic thrust force is one of the important per-

formance indexes of electric machine. This paper is used
the Maxwell’s tension vector method to calculate the thrust

0 45 90 135 180
position (mm)

Detent force (N)
(e

-2

Fig. 11 Detent force
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force of the SST-SPMLSM. The electromagnetic thrust force
of electric machine is expressed as follow [15]

_ 2pls

Fx= / Bx&avByéavdx
Ho Jo

(23)

where F, expresses the electromagnetic thrust force, Ig,
expresses the secondary transverse width, B, ;,, expresses
the air-gap tangential average magnetic flux density, B,
expresses the air-gap radial average magnetic flux density,
and p expresses number of pole pairs.

The vertical force of electric machine is expressed

l T
F,= Plsy / [(Bsw)* — (Byéw)z]dx (24)
0 0

U

where F expresses the vertical force.

The FEM is used to analyze and calculate the electromag-
netic thrust force and vertical force of the SST-SPMLSM,
which the results are shown in Fig. 12. It is found that the
electromagnetic thrust force and vertical force of the SST-
SPMLSM for the AM is 4.29% and 3.75% lesser than that
of the FEM, respectively. Meanwhile, the electromagnetic
thrust force of the SST-SPMLSM for the AM is 3.33% lesser
than the rated thrust force. From the results, it satisfies the
design requirements of electric machine, and also verifies
the correctness and effectiveness of analytical method.

5.4 Static Force-Displacement Characteristic

Static force—displacement characteristic is one of the most
basic characteristic of the electric machine, and also the
basis of dynamic characteristic analysis for the electric
machine. The paper refers to the static electromagnetic thrust
force of the SST-SPMLSM under the secondary movement
and primary winding DC current conditions.

40 0
——vertical force —&— thrust force
_30¢-e b.o-LiceSae OA_Q_@-Q _
z 120 &
(0]
3 2
Z 20 <
- =
|72} Q
E 140 §
10 Sy=E= g
0 -60
0 5 10 15 20 25 30

position (mm)

Fig. 12 Electromagnetic thrust force and vertical force
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The AM is used to analyze and calculate the thrust force
of the SST-SPMLSM, and the results are illustrated in
Fig. 13. It is found that the AM is used to solve the elec-
tromagnetic thrust force of the SST-SPMLSM is 4.62%
lesser than that of the FEM. Meanwhile, the electromag-
netic thrust force of the SST-SPMLSM is 3.23% lesser than
the rated thrust force. Figure 13 shows the electromagnetic
thrust force of the SST-SPMLSM with two ends to use the
FEM is different of that of the SST-SPMLSM with middle
because of primary and secondary yoke end disconnected
and winding distribution unbalanced of electric machine.
Then, the AM is used to calculate the same electromag-
netic thrust force of the electric machine at ends and mid-
dle because of ignoring the influence of the above situation.
From the result, it satisfies the requirements of the design
SST-SPMLSM, and verifies the correctness and effective-
ness of analytical method.

6 Conclusion

This paper mainly studies performance parameters of the
short-secondary type slotless permanent magnet linear
synchronous motor (SST-SPMLSM) based on the analytic
method (AM). In order to improve the accuracy of analytical
calculation, this paper proposes groove-by-groove method to
analyze and calculate winding ECD. Meanwhile, the volume
current density is used to equivalent the PM current density
according to actual situation. In the meantime, the divided
layers model of the SST-SPMLSM is built. On this basis, the
magnetic flux density of each region in the SST-SPMLSM
is solved. According to the electric machine structure and
working principles, a 30 N SST-SPMLSM is designed.
Based on the analytic hierarchical model and design dimen-
sions of electric machine, the SST-SPMLSM is analyzed

40
AN
20 '

|

[—

iy,

Thrust force (N)

0 60 120 180
position (mm)

Fig. 13 Electromagnetic thrust force of the SPMLSM with different
positions
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and calculated, which is verified by the FEM. According to
analysis of results, the following conclusions are obtained.

According to the actual situation, the groove-by-groove
method and volume current method are used equivalent
current density of the windings and PMs, respectively.
Based on the ECD and analytic hierarchical model of the
electric machine, the magnetic flux density of each region
in the SST-SPMLSM is solved by the separated variable
method.

Through the parameters analysis of a 30 N SST-
SPMLSM, the AM is used to solve air-gap and wind-
ing surface magnetic flux density curves of the SST-
SPMLSM are basically the same with that of the FEM.
Meanwhile, the electromagnetic thrust force of the SST-
SPMLSM for the AM is 4.29% lesser than that of the
FEM. From the results, it satisfies the design require-
ments of the electric machine, and also verify the cor-
rectness and effectiveness of analytic method.
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