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Abstract

Linear induction motors employed in rail transit propulsion systems exhibit is-
sues of low power factor and low efficiency. This paper proposes a novel primary
permanent magnet linear motor featuring a short primary (mover side) and long
secondary (stator side) configuration. The armature windings and permanent
magnets are both mounted on the primary, while the secondary consists solely
of a salient-pole reluctance structure. This type of motor not only retains the
advantages of conventional linear induction motors, such as simple structure
and non-adhesive direct drive, but also demonstrates superior performance in
terms of power factor and efficiency. The paper first elaborates on the struc-
tural characteristics and operating mechanism of this motor, and derives its
air-gap flux density equation and synchronous speed equation using the equiv-
alent magnetic circuit method. Subsequently, a 12/8-pole primary permanent
magnet, linear motor is designed. With the assistance of finite element software,
parametric modeling and magnetic field analysis are performed to reveal how
the secondary pole arc coefficient affects magnetic field modulation capability.
The air-gap magnetic field is then analyzed to obtain the winding back-EMF
waveform and the Fourier decomposition diagram of the air-gap flux density.
Finally, the static characteristics of the motor are investigated, revealing the im-
pact of secondary structure on detent force and the effect of current magnitude
on static electromagnetic thrust. The simulation results validate the rationality
of the electromagnetic design scheme, offering valuable reference for research on
linear drive motors in rail transit applications.
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Abstract

Linear induction motors applied in rail transit drive systems suffer from low
power factor and low efficiency. This paper proposes a novel primary perma-
nent magnet linear motor (PPMLM) featuring a short primary (mover side)
and long secondary (stator side) configuration. Both armature windings and
permanent magnets are installed in the primary, while the secondary consists
solely of salient pole reluctance structure. This motor not only retains the ad-
vantages of conventional linear induction motors such as simple structure and
non-adhesive direct drive, but also exhibits excellent performance metrics includ-
ing power factor and efficiency. The paper first details the motor’s structural
characteristics and operating mechanism, deriving the air-gap flux density equa-
tion and synchronous speed equation using equivalent magnetic circuit method.
Subsequently, a 12/8-pole PPMLM is designed, and parametric modeling and
magnetic field analysis are conducted using finite element software to investi-
gate the relationship between secondary pole arc coefficient and magnetic field
modulation capability. The air-gap magnetic field is then analyzed to obtain
winding back-EMF waveforms and Fourier decomposition patterns of air-gap
flux density. Finally, static characteristics are studied, including the influence
of secondary structure on detent force and the effect of current magnitude on
static electromagnetic thrust. Simulation results demonstrate the rationality of
the electromagnetic design scheme, providing valuable reference for research on
linear drive motors for rail transit.

Keywords: Primary permanent magnet linear motor, rail transit, pole-arc
coefficient, finite element method

1 Introduction

Rail transit systems primarily employ two types of drive motors: rotary mo-
tors and linear motors. Compared with rotary motor drive systems, linear
motor drive systems offer numerous advantages including simple structure, long
service life, strong climbing capability, small wheel diameter, reduced tunnel
cross-section, and greater freedom in route design [1]. The most common types
are linear induction motors and linear permanent magnet synchronous motors.
Linear induction motor-driven rail transit systems have been implemented, but
suffer from low efficiency and low power factor [2]. Linear permanent magnet
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synchronous motors offer high efficiency, high power density, compact size, and
excellent performance. However, in conventional linear permanent magnet syn-
chronous motors, the armature windings and permanent magnets are placed in
the primary and secondary respectively, requiring permanent magnets to be laid
along the track, which results in high manufacturing and maintenance costs and
limits their application in long-distance scenarios such as urban rail transit [3].

Flux-switching permanent magnet motors proposed in literature [4-6] represent
a novel motor type with advantages such as large induced electromotive force
and high power density, but they exhibit significant detent force that leads
to large thrust ripple. Professor T. A. Lipo et al. proposed a doubly salient
permanent magnet motor based on switched reluctance motors [7]. As this
motor operates with unipolar permanent magnet flux linkage, its power density
is slightly lower than that of flux-switching permanent magnet motors. Vernier
permanent magnet motors are a recently developed novel motor type [8-11], with
permanent magnets placed at the primary tooth tips, several pairs of permanent
magnets per tooth, a salient pole secondary structure, and windings that can
use either distributed or concentrated winding configurations. This motor can
generate large thrust at low speeds through its inherent vernier effect, but suffers
from large inter-pole leakage flux.

This paper proposes a novel primary permanent magnet linear motor (PPMLM)
that not only retains the advantages of conventional linear induction motors
such as simple structure and non-adhesive direct drive, but also demonstrates
excellent performance indices including power factor and efficiency [12-13]. Since
both permanent magnets and windings are located in the primary (mover side),
the secondary (stator side) laid along the track is made only of ordinary fer-
romagnetic material, significantly reducing manufacturing costs and essentially
eliminating maintenance requirements. Consequently, this motor shows promis-
ing application prospects in the rail transit domain.

2.1 Primary Structure

The proposed 12/8-pole PPMLM structure is shown in [Figure 1: see origi-
nal paper]. The primary (mover) core is laminated from ordinary silicon steel
sheets, with three-phase armature windings embedded and permanent magnets
placed in the primary. The secondary employs a conventional salient pole struc-
ture. The armature winding pole pair number is ¢, and the permanent magnet
pole pair number is pp,,, with the two magnetic fields having different pole
pair numbers. The primary core adopts a semi-closed slot design. During op-
eration, the primary armature magnetic field and permanent magnet magnetic
field achieve electromechanical energy conversion through magnetic coupling via
the secondary reluctance. The salient features of this structure are: permanent
magnets are placed in the primary, the secondary uses a conventional salient
pole structure, reducing costs, improving operational reliability, and enhancing
performance.
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2.2 Secondary Structure

The motor secondary employs a salient pole reluctance structure. The number
of salient poles corresponding to the primary is N,, which satisfies a specific
relationship with the pole pair numbers of permanent magnets and windings.
For the studied 12/8-pole PPMLM, the permanent magnet pole number on
primary teeth is 12, and the armature winding is designed for 8 poles, resulting
in 0.5 slots per pole per phase. To reduce winding end length, concentrated
windings can be employed as shown in [Figure 4: see original paper].

The relationship is given by:

N, =ppy+4q

where pp,, and g are the pole pair numbers of permanent magnets and armature
windings, respectively.

[Figure 2: see original paper] shows the motor secondary structure diagram.
To facilitate investigation of how structural parameter variations affect motor
performance, two parameters are defined. The pole arc coefficient « is defined as
the ratio of salient pole portion length to length per pole, expressed as A;/A,.
The salient pole gradient is defined as (;/8,. The secondary structure used
in this paper has neither windings nor permanent magnets, making it simple,
reliable, and particularly suitable for long-distance rail transit applications.

When the motor operates, the relative air-gap permeance with respect to sec-
ondary coordinates can be expressed as:

> 2
Az, t) =N+ Z A, COS [kNT%(x — v, t)
k=1

where v, is the motor operating speed.

3 Operating Principle

During steady-state operation of PPMLM, the armature windings create a trav-
eling wave magnetic field in the air gap that follows a sinusoidal distribution
along the linear direction. The permanent magnets produce a stationary con-
stant magnetic field. These two magnetic fields are modulated through the
secondary to achieve indirect coupling, forming electromagnetic thrust on the
mover. The coupling principle is illustrated in [Figure 3: see original paper].

The magnetomotive force produced by permanent magnets on primary tooth
surfaces in the air gap can be expressed as a Fourier series:

o~ 4 B.hpy T NP paTT
Frato= § By () (2

where B, is permanent magnet remanence; hp,, is permanent magnet thickness;
Ppys 1S permanent magnet pole pair number; and i is vacuum permeability.
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Neglecting higher-order harmonics, the magnetomotive force produced by per-
manent magnets in the air gap can be approximated as:

DpyTL
Fpp (@) = Fpypy cos ( PZEI )

Therefore, during no-load operation, the air-gap flux density can be approxi-
mated as:

1 N, — N,mut] 1 N
By(x,t) & FpppAg cos (pp]\gﬂx)-ﬁ-ﬁFpMﬁq cos [( - ZPM)Wx + Tzvt ]+2FPM1)\1 cos {M_WE _

In the above expression, the first term represents the air-gap flux density com-
ponent directly produced by permanent magnets. Since the permanent magnets
mounted on primary tooth surfaces are stationary relative to the armature wind-
ings, this component cannot induce electromotive force in the armature wind-
ings. The second and third terms represent air-gap flux density components
generated through modulation of permanent magnet flux by secondary salient
pole reluctance. The second term has shorter wavelength and slower operat-
ing speed, while the third term features longer wavelength and faster operating
speed. According to induction electromotive force principles, the induced EMF
amplitude is proportional to the rate of change of effective air-gap flux. There-
fore, selecting the third term as the effective harmonic component of PPMLM is
beneficial for increasing induced electromotive force and thus improving thrust
density.

From the analysis, the effective harmonic flux pole pair number py;,,, and effec-
tive harmonic operating speed vy, are respectively:

N,

T

—
N, —ppuy

Priuz = |Nr _pPM|’ Uflue =

As shown in the equation, the PPMLM'’s permanent magnet pole pair number
ppar and effective harmonic flux pole pair number p,,, are different because this
effective harmonic flux component is modulated by the secondary salient pole
reluctance structure. The armature winding pole pair number can be designed
according to this effective harmonic flux pole pair number, i.e., the armature
winding pole pair number ¢ equals the effective harmonic flux pole pair number
Dflug- For the studied 12/8-pole prototype, the permanent magnet pole pair
number is 6, the armature winding pole pair number is 4, and the secondary
salient pole number under the corresponding primary length is 10.

3.1 Air-Gap Flux Density Analysis

To simplify the derivation, this paper makes several necessary assumptions:
primary slotting effects are neglected, leakage flux is ignored; the secondary
reluctance is assumed to have ideal characteristics, i.e., the air-gap permeance
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per unit area at secondary tooth tips is constant while the air-gap permeance
between secondary teeth is zero; the relative permeability of permanent magnets
is assumed to be 1. When primary and secondary are stationary, the air-gap
permeance function for an ideal reluctance secondary can be expressed as:

- N,
AMz) =Xy + ZAi cos (Z gﬂz +xo>
=1 a

where )\, is the average air-gap permeance; J); is the i-th order permeance har-
monic amplitude; N, is the secondary salient pole number; L, is the primary
length; and z is the initial primary position.

The first-order permeance harmonic has the largest magnitude, with higher-
order harmonics typically neglected. Thus, the no-load air-gap permeance can
be approximated as:

N,
Ax) &~ Ny + A; cos (IT/ﬂ-x + x0>
3.2 Operating Speed Analysis

Linear motors evolved from rotary motors. The traveling wave magnetic field’s
moving speed equals the linear speed of a rotary magnetic field on the stator
inner surface, referred to as the linear motor synchronous speed v,.

In rotary motors [14], the synchronous speed is n,., with:
_ 60f
-
where f is the frequency of AC current in armature windings.
The PPMLM synchronous speed can be expressed as:

_wDn,  2fL
TGN, T N,

T

where D is the rotary motor stator inner circumference diameter; N, is the
rotary motor synchronous number. When PPMLM operates as a motor, after
starting with the armature windings connected to a frequency converter, the
motor operating speed can be controlled by regulating the armature winding

frequency.

3.3 Winding Connection Method

For the studied 12/8-pole PPMLM, the permanent magnet pole number on
primary teeth is 12, and the armature winding is designed for 8 poles, resulting
in 0.5 slots per pole per phase. To reduce winding end length, concentrated
windings can be employed as shown in [Figure 4: see original paper].
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4 Analysis of Motor Magnetic Coupling Capability

Theoretically, there is no direct coupling between PPMLM armature wind-
ings and permanent magnets. Electromechanical energy conversion is achieved
through their magnetic coupling via the secondary, which acts as a pole num-
ber converter. The strength of secondary coupling significantly impacts motor
performance, making determination of secondary structural parameters partic-
ularly important. This section analyzes the influence of pole arc coefficient on
motor coupling capability.

4.1 Influence of Salient Pole Arc Coefficient on Flux Linkage

The salient pole arc coefficient is one of the main secondary structural param-
eters, determining the air-gap size between salient poles and thereby affecting
secondary coupling capability. To analyze motor performance under different
pole arc coefficients, parametric models with pole arc coefficients ranging from
0.1 to 0.9 in increments of 0.05 were established under identical structural di-
mensions and operating conditions. Finite element analysis was conducted for
different pole arc coefficients. With permanent magnet excitation alone, the
variation in A-phase winding flux linkage amplitude was analyzed as shown in
[Figure 5: see original paper] to investigate motor coupling capability.

[Figure 5: see original paper| shows that as the pole arc coefficient increases,
the A-phase flux linkage amplitude first increases then decreases. The A-phase
flux linkage is relatively large when the pole arc coefficient is between 0.3 and
0.6.

4.2 Influence of Salient Pole Arc Coefficient on Effective Harmonic
Content

Fourier decomposition of air-gap flux density yields the percentage of 8-pole
effective harmonics relative to the fundamental, as shown in [Figure 6: see orig-
inal paper]. The figure indicates that as the pole arc coefficient increases, the
percentage of effective harmonics relative to the fundamental first increases then
gradually decreases. This follows the same pattern as the A-phase flux linkage
amplitude variation, demonstrating that the winding back-EMF waveform is
primarily generated by the 8-pole effective harmonic magnetic field. Although
smaller pole arc coefficients yield larger effective secondary magnetic field com-
ponent content when the coefficient is between 0.3 and 0.6, they also increase
secondary magnetic circuit saturation. Based on empirical pole arc coefficient
selection, the secondary pole arc coefficient used in this paper is chosen as 0.45.

5.1 No-Load Back EMF

No-load back EMF is an important indicator of motor performance, reflecting
the rationality of winding turn coordination and the motor’s load-carrying ca-
pacity. [Figure 7: see original paper| shows the three-phase winding no-load
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back-EMF waveform, which contains minimal harmonic content.

5.2 Air-Gap Flux Density Decomposition

Based on finite element method, the PPMLM magnetic field and air-gap flux
density are analyzed to obtain the vertical air-gap flux density waveform. Using
Fourier transformation, the 8th-order effective harmonic flux density sinusoidal
waveform is decomposed, as shown in [Figure 8: see original paper]. Using
the 8th harmonic magnetic field as the effective air-gap magnetic field for motor
operation and designing the armature winding according to its pole pair number
can yield larger induced electromotive force and thrust density.

5.3 Detent Force

Detent force is the collective term for end force and cogging force, with mag-
nitude and direction independent of motor operating conditions. It is an im-
portant performance indicator for permanent magnet motors, affecting starting
performance and causing thrust ripple [15-16]. To investigate the influence of
salient pole height and gradient on motor detent force, parametric modeling
was performed with salient pole height varying from 5 mm to 20 mm in 1 mm
steps, and salient pole gradient varying from 0 to 0.6 in 0.1 steps. [Figure 9: see
original paper| shows the motor detent force variation with salient pole height
and gradient, calculated using the virtual work method in Ansoft finite element
simulation software. Considering the modulation effect of salient poles on the
magnetic field, the final selected salient pole height is 10 mm with a gradient of
0.4, yielding a detent force of 40.2 N.

Static electromagnetic thrust refers to the force varying with position when the
secondary is stationary and DC current is applied to the primary windings.
The static force-displacement characteristic is the most fundamental PPMLM
characteristic and the basis for dynamic characteristic analysis. To meet thrust
requirements for rail transit drive systems, the concept of “unit motor” can be
introduced based on linear motor structural characteristics. By changing the
number of these “units” and arranging them in the length or width direction,
motor output thrust can be adjusted, with each unit considered independent
and non-interfering. [Figure 10: see original paper| shows the motor static
thrust under different DC currents. As the applied current increases, the thrust
exhibits an approximately linear growth trend, indicating the iron core is not yet
saturated. When the current exceeds 9 A, thrust increase gradually plateaus,
indicating the iron core is approaching saturation. Simulation results show the
motor utilization is highest at 9 A, producing an average thrust of approximately
496 N.

6 Conclusion

This paper proposes and designs a novel primary permanent magnet linear mo-
tor, analyzes its electromagnetic characteristics, derives the motor’s air-gap flux
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density and synchronous speed equations, and investigates static characteristics
including no-load induced electromotive force, detent force, and thrust. The
research demonstrates that based on salient pole magnetic field modulation ef-
fects, the motor generates harmonic magnetic fields in the air gap with long
wavelength and high operating speed, resulting in large no-load induced electro-
motive force and electromagnetic thrust density, making it particularly suitable
for rail transit applications.
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