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A Primary Permanent-Magnet Linear Motor
for Urban Rail Transit

Ruiwu Cao ™", Ming Cheng*, Chris Mi~, Wei Hua" and Wenxiang Zhao

Abstract — In this paper, a new permanent-magnet (PM) linear motor is proposed, in which
both the magnets and armature windings are placed in the short mover, while the long stator
consists of iron core only. Hence, this new PM linear motor can be called a primary
permanent-magnet linear motor. It exhibits the advantages of robustness, low cost, high
efficiency, high power factor, and high thrust force density. It is especially suitable for long
stator applications such as urban rail transit. In this paper, the topology and operation
principle of this motor are discussed in detail. The steady-state characteristics including field
distributions, flux-linkage, back-EMF, phase inductance and thrust force are investigated. In
addition, the technique of skewing stator teeth is adopted to improve the electromagnetic
performance. Results from finite element method (FEM) verified the theoretical analysis
results.

Keywords: Doubly salient motor, Permanent-magnet machine, Linear motor, Urban rail

transit

1. Introduction

Currently, the main types of traction motors used for
urban rail transit (URT) can be classified as rotating motors
and linear motors. It has been found that direct linear drive
motors have the benefits of faster dynamic performance,
improved reliability, lower noise, and higher efficiency due
to the fact that energy conversion from rotary to linear
motion is not required [1]-[3]. The conventional permanent-
magnet (PM) linear motor exhibits higher efficiency and
power factor than the induction linear motor [4]. However,
in the long stator applications such as URT, this solution
inevitably results in a significant cost increase due to the
fact that numerous magnets or armature windings are set in
the stator. In recent years, a new class of PM brushless
motors with PMs in the stator, namely the doubly-salient
PM (DSPM) motor [5]-[10], has received a lot of attention
due to its high power density, its robust mechanical
integrity, and the fact that it does not suffer from the
problem of thermal dissipation.

Based on the rotary DSPM motor, a new primary PM
linear (PPML) motor is proposed and investigated in this
paper. First, the topology and operation principle of the
proposed PPML motor will be presented in Section 2. Then,
the technique of using additional teeth for reducing the
cogging force, and for balancing the flux leakage that
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results from the end effect, will be discussed, also in
Section 2. Thirdly, the electromagnetic performance of the
proposed PPML motor will be investigated in Section 3.
Finally, the influence of the skewed stator on the
electromagnetic characteristics of the PPML motor will be
discussed in Section 4. Finite element method (FEM) is
employed to verify the effectiveness of the proposed motor.

2. Topology and Principle
2.1 Topology

Borrowing from the rotary topology of a 12-stator-slot/8-
rotor-pole three-phase DSPM motor [11], a new PPML
motor is proposed, as shown in Fig. 1(a), in which both the
PMs and the armature windings are set on the short primary
mover while the long secondary stator is made only of iron.
For the URT application, the primary should be set at the
steering device of the train, while the iron stator should be
fixed between the two rails along the whole line. Fig. 1(b)
shows the cross-section and configuration of the proposed
PPML motor. In order to balance the magnetic circuit of the
end part of the armature winding, additional teeth are set at
each end of the primary mover. Also, five pieces of magnets
are inserted in the mover iron yoke. These five pieces are
magnetized with magnetic fields that alternate in direction
(one N-S, the next S-N, and so on). In addition, similar to
the DSPM motor, the PPML motor employs concentrated
armature windings on the mover teeth, except for the case
of the additional teeth. The basic design dimensions of the
PPML motor are listed in Table 1.
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2.2 Operation Principle

Assuming that the fringing and end effect are negligible,
and that the permeability of the core is infinite, the result is
a linear variation of PM flux linkage, and therefore a
rectangular graph for the back-EMF, in each mover winding
at no-load, as shown in Fig. 2. Hence, theoretically, a
constant thrust force can be achieved by applying a

Mover iron

Armature winding

Mover iron P

rectangular current in phase with the back-EMF waveform
to the winding, i.e., a positive current when the PM flux is
increasing and a negative current when the PM flux is

decreasing.

Fig. 3 shows the cogging force waveforms of three
topologies, Fig. 4 shows the partial back-EMF waveforms

of three topologies.

PM Additional teeth
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Fig. 1. Topology of PPML motor. (a) Configuration. (b) Cross-section.

Table 1. Design Specifications of PPML Motor

Item Value
Rated speed (m/s) 3
Mover and stator width (mm) | 75
Mover yoke height (mm) 26
Mover slot height (mm) 19
Mover pole pitch t,, (mm) 33
Stator pole pitch 1, (mm) 49.5
Mover tooth width (mm) 16.5
Stator tooth width (mm) 22
Stator tooth height (mm) 15
Stator yoke height (mm) 17
Total magnet volume (mm°) T*26*75%5
Magnet remanence (T) 1.2
Air gap length (mm) 0.6
Number of turns per coil 74
Rated peak current (A) 4.69
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Fig. 2. Operation principle
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3.2 Flux Linkage and Back-EMF

The three phase flux-linkage waveforms of the proposed
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Fig. 3. Cogging force waveforms of three topologies
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Fig. 4. Partial back-EMF waveforms of three topologies
3. Static Performance Analysis

3.1 Field Distributions

Fig. 5(a) shows the open-circuit field distribution and
Fig. 5(b) shows the air-gap flux density from position “a” to
position “b”, where the flux linkage of the phase-A coils is
at the minimum value. It can be seen that the air-gap flux
density is non-sinusoidal and the peak air-gap flux density
is nearly 1.5T.
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Fig. 5. Flux performance. (a) Flux distribution. (b) Air-
gap flux density.

PPML motor are shown in Fig. 6. Obviously, the three
phase flux-linkage waveforms are symmetrical and
balanced, as well as nearly free from end effect. The
induced back-EMF is given as where x is the mover part

dl//ﬂ’l — dl//ﬂ’l '@_ dl//ﬂ’l 'v

= ey
dt dx dt dx

e =

displacement, v is the mover speed, and y,, is the flux-
linkage excited by PM only. Fig. 7 depicts the three phase
back-EMF waveforms of the proposed PPML motor by
using FEM. It can be observed that the back-EMF
waveforms are perfectly symmetrical. This is because the
additional teeth balance the end part magnet circuit.
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Fig. 6. Flux-linkage waveforms
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Fig. 7. Back-EMF waveforms
3.3 Inductances and Thrust Forces

In order to calculate the inductance accurately, the
method considering magnetic saturation is adopted [6].

L=y -v,)/i @)

where y is the combined flux-linkage of phase A produced
by both PM and the phase current, v, is the PM flux-
linkage provided by PM only, L is the inductance of one
phase, and i is the phase current.
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Fig. 8 shows the inductance characteristics of the
proposed DSPM motor, where “Laa+4.69A” and “Laa-
4.69A” denote the strengthening and weakening actions of
the armature flux (with the phase current of 4.69 A) to the
PM flux, respectively. It is noted that the inductance under
“Laa+4.69A” is lower than that under “Laa-4.69A” because
of higher saturation under “Laa+4.69A.”
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Fig. 8. Inductance waveforms

Fig. 9 shows the rated static thrust force, in which the
proposed PPML motor with 2 AMT

operates in the conventional 120° brushless DC (BLDC)
mode, and it also shows the cogging force waveforms.
Apparently, similar to that of a rotary DSPM motor, the
thrust force ripple is relatively high due to the doubly-
salient structure. The detailed results are summarized in
Table 2.

Fig. 10 shows the thrust force of the proposed motor for
different currents in BLDC operation mode.
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Fig. 9. Rated static thrust force waveforms of PPML motor

Table 2. Characteristics of thrust force and cogging force

Item Cogging force Thrust force
Frax(N) 62.3 315.2
Frnin(N) -62.5 177.1
Fave(N) -0.25 2453

Fiippte(N) 124.7 138.1
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Fig. 10. Static thrust force versus peak phase current

4. Effect of Stator Teeth Skewing

It can be seen from Table 2 that the cogging force and
thrust force ripple of the proposed PPML motor are
relatively high. In order to minimize the DSPM motor
cogging torque, a skewed rotor teeth

method was proposed in [12]-[13]. Since the stator of
the proposed PPML motor is also very simple, the skewed
stator teeth method is adopted for the PPML motor, as
shown in Fig. 11. The static characteristics, including the
PM flux-linkage, back-EMF, inductance, and cogging force,
can be obtained from the un-skewed 2-D FEM results as
follows:

where f(x,) and f'(x,) denote the static characteristics of the
proposed PPML motor with skewed stator teeth, and
without skewed stator teeth, respectively. 2N is the number
of segments of stator teeth along the teeth width axis, o is
the skewing displacement, and £ is the temporary variable
iteration.

Skewed
stator tooth

Unskewed
stator tooth

...

k8, K X
2N 2N

Fig. 11. The top view of the stator teeth skewed model
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Fig. 11 shows the top view of the skewed stator teeth model.
The x- and y- axes denote the direction of mover motion and the
width dimension of the mover teeth, respectively. At position x;,
the static characteristics of the PPML motor with skewed teeth
can be modeled as the average of the static characteristics of the
motor with un-skewed stator teeth, at a series of mover positions
from x,-0/2 to xs+0/2. The influences of skewed stator teeth on the
back-EMF and cogging force waveforms are shown in Fig. 12.

In the process of computation, one period is divided into
90 steps, that is, the stator pole pitch is divided into 90
segments. Hence, “Skewed 10” (in Fig. 12) denotes that
the skewing displacement is 10t4/90. Obviously, the skewed
stator teeth method can improve the back-EMF waveform
so that it is more sinusoidal, and it can significantly reduce
the cogging force.

It should be noted that, by skewing the stator tecth, the
peak back-EMF is reduced to some extent, which is
unfavorable for the thrust force production. So, considering
both the reduction and the total harmonic distortion in the
back-EMF, “Skewed 34” is adopted in this PPML motor.

Fig. 13 compares the back-EMF and cogging force
waveforms with and without “Skewed 34” stator teeth.
Apparently, after skewing, the back-EMF waveform is
close to the ideal sinusoidal shape, indicating that the
brushless AC (BLAC) operation is suitable for this motor.
In addition, the cogging force is reduced significantly,
which is beneficial since it leads to BLAC operation with
minimum force ripple.
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Fig. 12. Back-EMF and cogging force waveforms of PPML
motor with different skewing teeth. (a) Back-EMF.
(b) Cogging force.
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Fig. 13. Back-EMF and cogging force waveforms of PPML

motor with and without skewing stator teeth. (a)
Back-EMF. (b) Cogging force.

Fig. 14 compares the self-inductance under PM-
strengthened “Laa+4.6A” and PM-weakened “Laa-4.6A”
conditions with and without skewing stator teeth. It can be
seen that in both cases the self-inductance waveforms for
the case of skewed stator teeth are more sinusoidal than
those for the case of un-skewed stator teeth.

Moreover, when the sinusoidal phase currents are applied
to the windings in phase with the back-EMEF, the average
static electromagnetic thrust force can be expressed as

e +e +e 3E 1
F‘E’n :F‘/}nl +E — ma m/7 mc +F; za m-_m (4)
% %

where e,,4, enp, emc, are the three phase back-EMFs, v is the
motor speed, E, and [, are the peak back-EMF and peak
phase current, respectively, F,, is the PM thrust force, and
F, is the reluctance force, which is negligible compared to
the PM thrust force.

Based on the above analysis, the thrust force (including
the cogging force) for the case of the motor with
“Skewed 34” stator teeth, and for the case of the motor
without skewed teeth, under the same root-mean-squared
(RMS) phase current, is shown in Fig. 15. The detailed
information is listed in Table 3. Obviously, the average
thrust force of the skewed-teeth motor is about 80% of that
of the un-skewed structure, while the force ripple is about
23.6% of that of the un-skewed motor.
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Fig. 14. Phase inductances for different stator teeth
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Fig. 15. Thrust force of PPML motors with different stator
teeth

Table 3. Thrust force capability comparison

Un-skewed stator

Item Skewed stator teeth teeth
Frax(N) 217.6 315.2
Frin(N) 184.9 177.1
Fayve(N) 196.6 2453
Frippie(N) 32.6 138.1

5. Conclusion

In this paper, a new primary PM linear motor, in which
the magnets and windings are all set on the short primary
mover, while the long stator is made of iron only, was
proposed and analyzed. This motor incorporates the merits
of DSPM motors and the merits of linear motors , which are
perfectly suited for long stator applications, such as urban
rail transit, resulting in a considerable reduction of system
cost. Additional teeth were added at each end part of the
primary mover of the motor, and this structure was studied.
This method (of adding additional teeth) was shown to
make the proposed motor free from end effect and was
shown to reduce the cogging force. Analytical results of the
electromagnetic characteristics, based on this structure,
were obtained and then confirmed by using FEM. Finally,
the skewed stator teeth technique was adopted in this motor

to reduce the cogging force and eliminate the higher
harmonics in the back-EMF. These improvements make the
motor suitable for BLAC operation and lead to minimum
thrust force ripple. The proposed PPML motor topology and
design method have a bright future in urban rail transit
applications.
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