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A linear doubly salient permanent magnet (LDSPM) motor is particularly suitable for long stator applications due to its simple and
low cost stator, which consists of only iron. This paper proposes a new LDSPM motor design with complementary and modular structure.
The key of this structure is that the primary mover is composed of two modules whose positions are mutually four and one half of the
stator pole pitch apart and there is a flux barrier between them. Hence, the back electromotive force (EMF) waveform and cogging force
of the two modules have 180 electrical degree differences. This design results in the total cogging force being significantly reduced and
the back-EMF of each phase becoming symmetrical because the even harmonics are canceled. For fair comparison, an existing linear
LDSPM motor is designed based on the same electromagnetic parameters and compared by the means of finite element analysis (FEA).
The results reveal that the proposed LDSPM motor can offer symmetrical back-EMF waveforms, smaller cogging force, lower force
ripple, and higher magnet utilization factor than the existing one.
Index Terms—Double salient motor, finite-element method, linear motor, permanent magnet (PM) motor.

NOMENCLATURE

Mover position.
Out put power.

Magnet remanence.

Reluctance of the PM.

Phase back-EMF.

Leakage reluctance.

Three phase and one phase
electromagnetic force.

Phase reluctance.

Reluctance force.

Stator yoke reluctance.

PM force.

Phase resistance.

Normal force.

Magnet relative recoil permeability.

Magnetomotive force of PM excitation.

Magnet permeability of free space.

Air-gap length.

Total magnet volume.

Stator tooth high.

Mover mechanical speed.

Stator yoke high.

Stator tooth width.

Permanent magnet high.

Stator slot width.

Mover tooth high.

Permanent magnet width.

Mover yoke high.

Mover tooth width.

Phase current.

Mover slot width.

Symbol of three phase,

Air-gap reluctance.

.

Mover plus yoke width.

Mover width.

Overlapping width between stator and
mover teeth.

Self inductance of phase A.
Mutual inductance between phase A and
phase B.

Sum of

.

Mover pole pitch.
Stator pole pitch.
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PM flux.
Air gap flux equal to the sum of three
phase fluxes.
Phase permeance.
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Sum of the three phase permeance.
PM flux linkage.
Flux linkage of phase A by the PMs and
.
Flux linkage in phase A by the magnet .
Phase flux linkage.

I. INTRODUCTION

T present, a new class of stator permanent magnet
(PM) brushless motor, namely the doubly salient PM
(DSPM) motor [1], flux-reversal PM (FRPM) machine, [2] and
flux-switching PM machine [3] has received wide attention
[4]–[9]. The stator-PM motor incorporates the merits of both a
switched reluctance motor (SRM) and a PM brushless motor, in
which both the PM and the armature windings are on the stator
while the rotor is the same as a SRM. Hence, it offers the advantage of excellent mechanical integrity, high power density,
fault tolerance, and is free from irreversible demagnetization
of the magnets. It should be noted that the operation principle
and electromagnetic performance of the three machines are
different [10]. The linear DSPM motor [11], [12], linear FRPM
motor [13], [14], and linear FSPM motor [15]–[18], named
as primary-PM linear motors, also have been investigated, in
which both the PMs and armature windings of those motor are
set on the short mover while the long stator is only made of
iron. Obviously, the primary-PM linear motors incorporate the
merits of both stator-PM motor and permanent magnet linear
synchronous motor (PMLSM) [19]–[22]. Hence, it is perfectly
suitable for long stator applications, such as urban rail transit,
resulting in considerable reduction of system cost due to its
simple and cheap stator.
In this paper, a new design of the linear DSPM motor will
be investigated. Fig. 1 shows a 12/8-pole rotary DSPM motor,
and its operation principle and fault-tolerance operation are discussed in [23]. Very recently, a linear DSPM motor (Motor_1) as
shown in Fig. 2(a), has been investigated [11], which can be obtained by splitting the 12/8-pole rotary DSPM motor as shown
in Fig. 1 along the radial direction and unrolling it. Then, in
order to balance the magnet circuit of the end coils, two additional teeth and one half piece of PM are added at each end
of the primary mover. The results listed in [11] show that two
additional teeth at each end of Motor_1 are enough to balance
the magnet circuits of the coils located at the end of the primary mover. However, this motor also suffers from drawbacks
such as asymmetrical back-electromotive force (EMF) and large
cogging force as in a rotary DSPM motor with unskewed rotor
[24]. In [25], a new method by shifting the additional teeth position to mitigate the force ripple in linear FSPM motor is proposed. However, the effect isn’t obvious for Motor_1, hence this
method was not adopted in this paper. Also, the additional teeth
increase the mover length and weight.
In this paper, in order to solve the problems in Motor_1,
namely asymmetrical back-EMF and high cogging force, a

A

Fig. 1. Cross section of the 12/8 DSPM motor.

LDSPM motor (Motor_2) with modular and complementary
structure is proposed and investigated. The finite-element
method (FEM) is used to validate the concepts. For comparison, both motors are designed with the same electromagnetic
parameters.
II. TOPOLOGY AND OPERATION PRINCIPLE
A. Topology and Operation Principle
The topology of Motor_2 is shown in Fig. 2(b). Different
from Motor_1, its mover consists of two modules whose positions are mutually four and one half of the stator pole pitch
(namely 180 electrical degree) apart and there is a flux barrier
between the two adjacent modules. In addition, only one PM
is inserted in the mover iron of each mover part. The two
magnets are magnetized in alternate directions. Similar to a
linear switched reluctance motor (LSRM) [26] and Motor_1,
concentrated armature windings are adopted, which are wound
around the mover teeth of each mover part. Also, each phase
winding is composed of four concentrated coils connected in
coil A4 for phase A, same as that of
series, e.g., coil A1
Motor_1. However, since two mover parts have 180 electrical
degree shift, therefore the variation trend of electromagnetic
parameters versus mover position in coil (A1+A2) and coil
(A3+A4) of both motors are different. Assuming that the PM
flux linkage of coil (A1+A2) reaches the negative maximum
value at the position shown in Fig. 2(b), then the PM flux
linkage of coil (A3+A4) reaches the positive minimum value.
Consequently, as the mover moves to the right, the PM flux
linkage waveform versus mover position in coil (A1+A2),
coil (A3+A4), phase A and the phase back-EMF waveform
of Motor_2 are shown in Fig. 3(a). It should be noted that the
flux linkages induced in coil (A1+A2) and coil (A3+A4) are
unipolar, while the flux linkage of phase A is bipolar. In contrast, the flux linkages induced in coil (A1+A2), coil (A3+A4)
and phase A of Motor_1 are all unipolar as shown in Fig. 3(b).

CAO et al.: A LINEAR DOUBLY SALIENT PERMANENT-MAGNET MOTOR WITH MODULAR AND COMPLEMENTARY STRUCTURE

4811

Fig. 2. Cross-section of linear DSPM motors. (a) Motor_1. (b) Motor_2.

By arranging two additional teeth at each end of primary
mover, the magnetic circuit of the end coil can be balanced [11].
So, the no-load magnetic circuit of Motor_1 can be simplified
is the magnetomotive force
as shown in Fig. 4(a), where
is the reluctance of the PM pole,
is
of PM excitation,
is the PM flux,
is the air gap
the leakage reluctance,
flux equal to the sum of three phase fluxes, and
are
the phase reluctance of each phase. To simplify the analysis, the
mover iron core is assumed to be of infinite permeability, and the
. The permeance of one
stator yoke reluctance is denoted as
phase
and the sum of the three phase
can be expressed as

(3)
Fig. 3. The operation principle of both LDSPM motors. (a) Flux linkage and
back-EMF of Motor_2. (b) Flux linkage and back-EMF of Motor_1.

B. Geometry Design
Because Motor_1 is the linear structure of a 3-phase
12/8-pole DSPM motor, we can design this motor by using the
methods discussed in [27], [28].
The mover and stator teeth width should comply with the conditions below.
First, to minimize the permeance when the mover teeth are
at unaligned position, the mover and stator teeth width should
satisfy the relationship

(4)
is the overlapping length of phase A mover teeth with
where
is the overlapping length of three phases mover
stator teeth,
teeth with stator teeth, is the air-gap length.
Third, similar to the rotary DSPM motor, it can also be proved
is chosen by
that when mover teeth width

(5)
The sum of overlapping length

(1)
where
is mover teeth width,
is stator teeth width, and
is stator pole pitch.
Second, according to the operation principle of DSPM motor,
to ensure successful current reversal, the mover teeth and stator
teeth width should be
(2)

is kept constant:

(6)
is mover pole pitch. In this paper
,
is overlapping length between the mover teeth of
phase A, phase B, phase C, and the stator teeth, respectively.
is nearly conHence, the total permeance of three phases
stant when motor is in operation, while each phase permeance
is variable. So the operation point of PMs does not
change with the mover position.
where
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Fig. 4. Simplified equivalent magnetic circuit of both motors. (a) Motor_1. (b) Left model of Motor_2. (c) Right model of Motor_2.

The total permeance of phase A of Motor_2 can be expressed
as

(10)
is the permeance of phase A in the right model,
where
is the overlapping length between phase A mover teeth in the
right model and stator teeth.
As can be seen from (10) and Fig. 2(b), the range of variation
with mover position is very small. In fact, if the
of
stator teeth width is chosen by
Fig. 5. Determination of motor dimensions.

(11)
Also, the stator teeth width

is chosen:

the total overlapping length between phase A mover teeth and
is kept constant:
stator teeth
(7)
(12)

is the mover distance as shown in Fig. 3.
where
For fair comparison, Motor_2 is designed with the same di, the mover teeth
mensions as Motor_1, including,
, the stator teeth dimensions, air-gap length , the
height
number of turns per coil
and the slot fill factor. However,
the phase armature windings of Motor_1 are excited by two parallel magnets, while Motor_2 is only excited by one magnet.
Hence, in order to get the same electromagnetic parameters, the
height of the magnet in Motor_2 is twice of that of Motor_1 and
the width of the magnet is the same as Motor_1.
The no-load magnetic circuit of Motor_2 can be simplified as
shown in Fig. 4(b) and (c).
and the sum of the three
The permeance of one phase
in the left model can be expressed as
phase

(8)

, and the sum of
Then the three phase permeance
in Motor_2 are all nearly constant when the
three phase
motor is in operation. So, the variation of phase inductance
without considering the magnetic saturation versus mover position will be small.
As can be seen from Fig. 4, the stator yoke reluctance of
Motor_2 is twice of that in Motor_1. Hence, the flux density in
the stator yoke of Motor_2 will be higher than that of Motor_1
when the two motor has the same stator dimension.
The key dimensions are defined in Fig. 5 and listed in Table I.
It can be seen that the mover weight of Motor_2 is 17.2 kg,
which is only 89% of that of Motor_1. Also, the total volume
of PMs in motor_2 is only 80% of that of Motor_1. However,
because the mover of Motor_2 is higher than Motor_1, it is necessary to adopt some approaches to optimize the PM shape and
fixture to reduce the mover height. But in this paper, this dimension is used directly to compare the electromagnetic performance of Motor_2 and Motor_1.

(9)

III. COMPARISON OF PERFORMANCE OF THE TWO MOTORS

is the overlapping length between phase A mover
where
and
teeth in the left model and stator teeth. Obviously,
has the same performance with that of Motor_1, namely,
keeps constant and
changes with the mover position.

Maxwell 2D has been used to analyze the performance of the
rotary DSPM motor [29], [30] and the permanent-magnet linear
motor [31], [32]. Hence, the transient solver of this software
is used to study the electromagnetic characteristics of the two
LDSPM motors discussed in this paper.
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TABLE I
DESIGN SPECIFICATIONS OF BOTH MOTORS

A. Open Circuit Field Distributions
Fig. 6(a) and (b) shows the open circuit flux distributions
of the two motors at the initial position. It can be seen that
the flux linkage excited in phase A of both motors reaches the
negative maximum value. However, the magnetic circuits of
both motors are different. In the case of Motor_1, the main
flux path of coil A2 can be expressed as: PM_N—mover teeth
A2—air-gap—stator teeth and yoke—air-gap—mover teeth B
and C—PM_S. The main flux path for coil A1, coil A2, and
coil A4 is the same as that of coil A2. For Motor_2, the main
flux path of coil A2 in the left mover part can be expressed as:
PM_N—mover teeth A2—air-gap—stator teeth and yoke—airgap—mover teeth A1, B1, and C1—PM_S, which is the same
with that of coil A1, while in the right part of the flux linkage
excited in coil A1 and coil A2 are very little. The flux density in
both motors is shown in Fig. 6(c) and (d). It should be noted that
the flux density in stator yoke is about twice as high for Motor_2
versus Motor_1, which will increase the stator mass, cost, and
weight.
Fig. 7 shows the corresponding air-gap magnetic flux density
of both motors in the range of 11 times distances as shown in
Fig. 6. It is found that the amplitude and shape of air-gap flux
density of both motors are the same in the displacement range
. This illustrates that the magnetic loading of both
from to
motors are the same. For Motor_1 as shown in Fig. 7(a), the
air-gap flux density distribution (displacement range from
to
) is nearly the same as that of the left part. For motor_2,

because the right part of Motor_2 has 180 electrical degree
shift from the left part, the air-gap flux density distribution of
to
) is different
the right part (displacement range from
from that of the left part. It should be noted that the additional
teeth can balance the magnetic circuit of coils at each end part
of Motor_1.
Fig. 8 shows the air-gap magnetic flux density of both motors
by the PMs and positive armature current . For Motor_1 as
shown in Fig. 8(a), the air-gap flux density under the conducting
mover pole is increased whereas that under the nonconducting
pole is decreased and vice versa. However, the total effective
flux of the three phases does not significantly change, indicating
that the air-gap flux in Motor_1 is mainly contributed by PMs.
For Motor_2 as shown in Fig. 8(b), the air-gap magnetic flux
density of the left mover is the same as that of Motor_1. For
the right mover of Motor_2, the air-gap flux density under the
conducting mover pole is decreased whereas that under the nonconducting pole is increased and vice versa. The total effective
flux of the three phases also does not significantly change. This
illustrates that the effect of armature reaction flux to the PM flux
is insignificant. The reason is that most of the armature reaction
flux loops through adjacent mover poles and very little through
the PMs.
B. Flux Linkage and Back-EMF
The flux linkage versus mover position of Motor_2 can be
obtained by Maxwell 2D FEA as shown in Fig. 9(a). It can be
seen from Fig. 9(a) that the simulation results agree with the
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Fig. 7. Open load air-gap flux density distributions at initial position. (a)
Motor_1. (b) Motor_2.

Fig. 6. Open circuit field and flux density distributions of both motors. (a) Field
distribution in Motor_1. (b) Field distribution in Motor_2. (c) Flux density of
Motor_1. (d) Flux density of Motor-2.

theoretic analysis as shown in Fig. 3(a). Meanwhile, the corresponding back-EMF waveforms induced in coil (A1+A2), coil

Fig. 8. Air-gap flux density distributions at load condition (PMs and i
(a) Motor_1. (b) Motor_2.

= 6A).

(A3+A4), and phase A at the rated speed are shown in Fig. 9(b).
It can be seen that the back-EMF waveforms induced in coil
(A1+A2) and coil (A3+A4) are asymmetrical and slant to the
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Fig. 9. PM flux linkage and EMF versus mover position of Motor_2. (a) PM
flux linkage. (b) EMF.

right and left, respectively, but the phase are the same. However, the back-EMF induced in phase A is symmetrical and its
amplitude is twice that of coil (A1+A2) and coil (A3+A4).
On the other hand, for Motor_1, the flux linkage and
back-EMF waveforms induced in coil (A1+A2), coil (A3+A4),
and coils of phase A are shown in Fig. 10(a) and Fig. 10(b),
respectively. Obviously, the back-EMF waveforms are all
asymmetrical.
Fig. 11(a) shows the three phase PM flux linkage waveforms
,
and the detailed values, namely, maximum value
, peak-peak value
are listed
minimum value
in Table II. It should be noted that the peak to peak PM flux
linkage in phase B of both motors is bigger than that in phases
A and C. The reason is that phases A and C have teeth on
the extremes of the mover, whereas phase B is located in the
middle.
The three phase back-EMF waveforms of both motors versus
mover position are shown in Fig. 11(b). In order to compare
the back-EMF of both motors, the harmonics of the back-EMF
waveforms have been analyzed. Fig. 12 shows the harmonic
contents of the back-EMF of each motor using discrete Fourier
transform. It can be seen that the even harmonics in the
back-EMF of Motor_2 are significantly reduced and the third,
fifth, and seventh harmonics in the back-EMF of both motors
are significant.
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Fig. 10. PM flux linkage and EMF versus mover position of Motor_1. (a) PM
flux linkage. (b) EMF.

Fig. 11. Flux linkage and back-EMF versus mover position of both motors. (a)
Flux linkage; (b) back-EMF.

C. Self and Mutual Inductance
In order to calculate the inductance accurately, the method
considering the magnetic saturation is adopted to analyze the

inductance of flux switching permanent magnet (FSPM) motor
and DSPM motor [33], [34]. In this paper, this method is also
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TABLE II
PM FLUX LINKAGE OF BOTH MOTORS

Fig. 12. Harmonic analysis of back-EMF.

used to compute the self inductance and mutual inductance of
the two LDSPM. The inductance can be expressed as
(13)
(14)
where
is the total excitation flux linkage in coils of phase A
is the total exproduced by the magnet and phase A current,
citation flux linkage in coils of phase A produced by the magnet
is the magnet flux linkage at no-load,
and phase B current,
is the self inductance of phase A,
is the mutual inductance between phase A and phase B, is the applied phase
current.
Fig. 13(a) shows the self inductance in coil (A1+A2), coil
(A3+A4) and phase A of Motor_2 without considering magnetic
is applied to the phase winding
saturation. A current
while the magnets are set as air material. It can be seen that the
self inductance in coil (A1+A2) and coil (A3+A4) are almost
the same but with 180 electrical degree shift. Hence, when they
connect in series the variation of phase A self inductance versus
mover position is small. This result is the same as that discussed
in part II by means of magnetic circuit analysis. Then, the phase
A self inductance of both motors are compared in Fig. 13(b).
Fig. 14 shows the self inductance characteristics of both motors, where “ 6 A”, “PM+6 A” and “PM-6 A” denotes three
different excited methods, namely without considering magnetic saturation, strengthening and weakening action of the armature flux (applied 6 A and 6 A phase current to the mover
winding), respectively. For Motor_1, as shown in Fig. 14(a), the
inductance under “PM+6 A” is lower than that under “PM-6 A”,
especially in the range from 0 to 140 and 220 to 360 electrical degree due to the higher saturation under “PM+6 A”.
For Motor_2, as shown in Fig. 14(b), it illustrates that the inductance under “PM+6 A” is lower than that under “PM-6 A”

Fig. 13. The self inductance without considering magnetic saturation. (a) Coils
and self-inductance of motor_2. (b) Comparison of self inductance of both motors.

especially in the range from 0 to 90 and 270 to 360 electrical
degree due to magnetic saturation. In addiction, the self inductance under “PM+6 A” and “PM-6 A” are almost the same but
with 180 electrical degree shift. Moreover, the mutual inductance of both motors under different loads is depicted in Fig. 15.
It can be observed from Fig. 15 that the mutual inductance variation of Motor_1 is bigger than that of Motor_2.
D. Cogging Force
In order to better understand the cogging force of Motor_2,
the cogging force analysis is carried out in three steps. First,
the mover only consists of the left mover part, thus the cogging
force is computed and denoted as “Left” shown in Fig. 16(a).
Second, the mover only consists of the right part, thus the cogging force is computed and denoted as “Right” as shown in
Fig. 16(a). It should be noted that the “Left+Right” as shown
in Fig. 16(a) denotes the total cogging force waveform of the
previous two steps. Third, the cogging force of the entire mover
consisting of the left and the right part is computed and denoted
as “whole”, which is compared with the “Left+Right” cogging
force as shown in Fig. 16(b). It is clear that the total cogging
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Fig. 14. The self inductance of both motors at different loads. (a) Motor_1. (b)
Motor_2.

Fig. 16. Cogging force analysis. (a) Partial and sum cogging force of Motor_2.
(b) Cogging force of Motor_2 based on two methods. (c) Cogging force of both
motors.

of cogging force of the two parts in Motor_2, the total cogging
force of Motor_2 is significantly reduced.
Fig. 16(c) compares the cogging force of both motors. For
Motor_1, the peak to peak cogging force is 183.7 N, while for
Motor_2 the cogging force ripple has been reduced to 63.2 N.
So the force ripple is reduced by 65.6%.
E. Thrust Force
For the proposed LDSPM motor, the voltage equation for
each mover armature winding is expressed as
Fig. 15. The mutual inductance of both motors at different loads. (a) Motor_1.
(b) Motor_2.

(15)
force of Motor_2 is nearly the same as the total cogging force
of left and right parts. Due to the 180 electrical degrees shift

denotes each of the three phases.
is the
where,
consists of the magnet inphase resistance. The flux linkage
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and the armature reaction flux linkage

(16)
Therefore, the phase back-EMF is expressed as

(17)
Hence, each phase input power is given below, neglecting the
iron loss

(18)
is the mover speed,
is armature reacwhere
tion field energy.
, thus, the second term of (18) represents the
Since
electromagnetic force of phase ,

(19)

Fig. 17. BLDC and BLAC operation model under trapezoidal back-EMF. (a)
BLDC operation model. (b) BLAC operation model.

The three phase electromagnetic force can be expressed as
where,
is the RMS current.
Fig. 17(b) depicts the BLAC operation under trapezoidal
control method
back-EMF of LDSPM. In this operation,
is adopted, namely keeping the applied current in phase with
the back-EMF. Also, the applied RMS current is equal to that
applied in BLDC operation. Thus, the peak current satisfies:

(20)
is the reluctance force,
where,
is the force produced by
and
the magnets.
Traditionally, the rotary DSPM motor adopts the brushless
DC (BLDC) operation and operates at brushless AC (BLAC)
mode when its back-EMF is sinusoidal with skewed rotor. Recently, a trapezoidal back-EMF PM and a DSPM motor operating at BLAC mode without considering the reluctance torque
has been discussed in [23] and [35]. In this paper, the electromagnetic force characteristics considering the reluctance force
of two LDSPM motors operating at BLDC and BLAC modes as
shown in Fig. 17 will be discussed.
Fig. 17(a) depicts the conventional BLDC operation with
is the top flat value of
120 conduction. In this operation,
EMF. The applied DC current yields

(21)

(22)
Hence, the reluctance thrust force waveforms of both motors under BLDC and BLAC operation can be obtained and
shown in Fig. 18 by using (20), (21), (22), and the self inductance shown in Fig. 14. For the BLDC operation shown in
Fig. 18(a), it is found that the reluctance force ripple (68.7 N) of
Motor_2 is about 87.5% of that of Motor_1. On the other hand,
for the BLAC operation, the reluctance force ripple (28.9 N) of
Motor_2 is only about 23% of Motor_1. The results show that
Motor_2 is more suitable for BLAC operation than Motor_1.
Fig. 19 shows the electromagnetic thrust force of both motors under BLDC and BLAC operation calculated using FEM.
The corresponding force parameters are listed in Table III,
,
,
and
are the maximum,
where
minimum, average and ripple thrust force, respectively. It can
of Motor_2 under BLDC operation is
be observed that
of Motor_2 is
a little bigger than that of Motor_1, while
only about 82.8% of Motor_1. On the other hand, for the BLAC
operation, Motor_2 can also offer a little bigger average thrust
than Motor_1 and reduce
to only 21.6%
force
of that of Motor_1. The results illustrate that the Motor_2 can
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TABLE III
ELECTROMAGNETIC THRUST FORCE CAPABILITY COMPARISON

Fig. 18. The reluctance thrust force of both motors under BLDC and BLAC
operation modes. (a) BLDC operation mode. (b) BLAC operation mode.

Fig. 20. Normal force of both motors. (a) No-load. (b) Load.

TABLE IV
NORMAL FORCE CAPABILITY COMPARISON

Fig. 20 shows the normal force of both motors at different
load conditions. The detailed results are listed in Table IV. It
can be seen that the ripple of normal force of Motor_2 at no-load
and BLAC load conditions are about 18.5% and 10.7% of that
of Motor_1, respectively.
Fig. 19. The electromagnetic thrust force of both motors under BLDC and
BLAC operation modes. (a) BLDC operation mode. (b) BLAC operation mode.

offer higher thrust force and much lower force ripple especially
under BLAC operation than Motor_1.

IV. CONCLUSION
In this paper, a modular and complementary LDSPM motor
has been proposed for long stator applications. This motor possesses a simple iron stator which offers the advantage of low
cost and robustness over conventional PMLM. Also, compared
with the existing LDSPM motor, the proposed LDSPM motor

4820

IEEE TRANSACTIONS ON MAGNETICS, VOL. 47, NO. 12, DECEMBER 2011

can greatly reduce mover weight, mover length, and the magnet
usage. Moreover, the modular mover structure is very convenient to manufacture. By using FEM, the validity of the proposed LDSPM motor has been verified. The results confirm that
the proposed LDSPM motor can offer symmetrical back-EMF,
lower inductance variation range with mover position, bigger
average thrust force as well as greatly reduced cogging force and
reluctance force ripple especially under BLAC operation. However, the proposed motor also possesses two drawbacks which
need to be addressed, which are the high mover and higher stator
flux density than those of Motor_1.
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