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ABSTRACT For the kilometer-level electromagnetic launch system, a high-speed double-sided linear
permanent magnet (PM) linear motor is presented in this paper. To enhance the average thrust force, reduce
the thrust ripple and normal force of linear motor, a segmented trapezoidal PM shaping method is proposed.
Compared with conventional PM shaping method, the segmented trapezoidal PMs achieves less force ripple,
greater average force and lower manufacturing difficulty. The risk of PM demagnetization fault has been
taken into account. To reduce the losses in the mover of the linear motor, a non-metallic light-weight mover
structure is proposed. The effectiveness of segmented trapezoidal PMs and non-metallic light-weight mover
are verified by the finite element method and experiment.

INDEX TERMS Electromagnetic launch system, permanent magnet linear motors, permanent magnetic

shaping method, optimal design.

I. INTRODUCTION

The electromagnetic launch system (EMLYS) is a revolution-
ary launch system, which can accelerate the target objects to
high speed in a short distance. Compared with the traditional
launch systems based on the mechanical energy or chemical
energy, the EMLS has certain features such as high power,
high efficiency, high reliability and great dynamic perfor-
mance [1], [2]. The double-sided linear permanent magnet
motor (LPMM) for electromagnetic aircraft launcher was first
presented in 2002 [3]. And the double-sided linear induction
motor (LIM) for EMLS was presented in 2004. Due to the
simple structure of secondary and high thrust density, the LIM
is adopted in practical finally. With the development of tech-
nology, the EMLS can be applied more comprehensively.
In this paper, a double-sided LPPM is designed for a high-
speed kilometer-level EMLS. The target of the EMLS is to
accelerate the object to more than 800 km/h in 500 meters
and stop the object in another 500 meters.

Due to the high thrust density demand, the double-sided
linear motors are more suitable than single-side motors
for the EMLS. The double-sided motors can be classi-
fied into double-movers type and interior-mover type. The
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Double-movers long-primary LPPM is proposed in [4]. How-
ever, the yoke core of the secondary increases the mass
of the movers. On the other hand, the double-sided lin-
ear motor can also be classified into the long primary
type and the long secondary type. Due to the high price
of the PMs, the LPMM with long secondary [5], [6] are
too expensive to be used as the propulsion motors in the
kilometer-level EMLS.

In recent years, the linear flux-switching PM motor
(LFSPMM) have attracted widely attention [7], [8]. However,
two shortages of the LFSPMM limit its application for the
kilometer-level EMLS. First, the PMs are located in the pri-
maries which makes the price of the long-primary LEFSPMM
unacceptable. Second, the frequency of the armature cur-
rent in LESPMM is several times higher than that of the
LPMM with the same slot pitch, which limit the speed of
the LFSPMM [9]. Therefore, the double-sided long-primary
LSM with interior secondary is still the main topology
of the EMLS.

In summary, the double-sided long-primary LPPM and
LIM are two suitable topology structures for the kilometer-
level high-speed EMLS. The simple comparative analysis
between the LPPM and LIM is present in this paper, and
the paper focus on the LPPM, finally. The main electromag-
netic performance of double-sided LPPM has been discussed
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(a) harmonic shaping PM (b) eccentrically shaping PM
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(c) segmented regular PM
FIGURE 1. Several PM shaping methods.

(d) segmented trapezoidal PM

in [10], [11]. In this paper, a new PM shaping method is
proposed to optimize thrust characteristics of double-sided
LPPM.

For the double-sided linear PM motors with coreless sec-
ondary, the PM shaping method is one of the simplest and
most effective methods to reduce the force ripple. On one
hand, the average thrust force of the motor is positive cor-
relation with the fundamental air gap flux density, and the
force ripple is positive correlation with the harmonic com-
ponent of the air gap flux density. On the other hand, under
given air-gap space constraint, the harmonic component can
enhance the fundamental component of the air-gap flux den-
sity. To increase the average force and decrease the force
ripple, a PM shaping method utilizing the third harmonic was
proposed in [12]. The optimal design of the shaping PM poles
with third harmonic is presented in [13], as shown in Fig. 1(a).
The shaping PM poles with higher order harmonic are present
in [14]. However, due to the leakage flux of the PM field,
the air gap flux distribution in the motors with sinusoidal
and third harmonic shaping PM poles still has non-negligible
high-order harmonic.

To simplify the PM structure, the traditional shaping meth-
ods always are determined by 1-2 design variables [15], [16].
For the eccentrically shaping PM, the design variables are
radius of the PM surface curvatures and pole arc coefficient,
as shown in Fig. 1(b). The shaping PMs also can be sim-
plified as several regular segment with different width [17]
and height [6], [18], as shown in Fig. 1(c). The trapezoidal
PM poles are presented in [19]. However, the simplified
structure of the traditional PM shaping methods limit their
search space. Thus, a new PM shaping method is proposed
in this paper, which can be called as ““segmented trapezoidal
PMs”, as shown in Fig. 1(d). As the number of segments is
increased, the segmented trapezoidal PMs can be approxi-
mated to arbitrary PM shape, and achieve lower force ripple
and greater average force for the LPMM. To determine the
design parameter of segmented trapezoidal PMs, the multi-
objective particle swarm optimization (PSO) is adopted in the
optimal design process.

In this article, a double-sided LPPM for the kilometer-level
electromagnetic launch system is presented. To enhance the
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TABLE 1. Design Requirements and Constraints of Linear Motors.

Items Value
Maximum velocity 222 m/s
Maximum thrust force 80 kN
Acceleration distance 500 m
Braking distance 500 m
Pole pitch > 400 mm
One-side air-gap > 10 mm
Number of phase 3
Rated phase current <6000 Arms
Peak phase voltage <5000 V
Mover mass <250 kg

average thrust force, reduce the thrust ripple and normal force
of linear motor, a new PM shaping method is proposed, which
can be called as ‘““segmented trapezoidal PMs’’. The multi-
objective PSO algorithm is adopted to balance the average
thrust force and force ripple. Compared with the conventional
PM shaping methods. the motors with 3-segmented trape-
zoidal PMs achieve lower force ripple, greater average force
and lower manufacturing difficulty. The risk of PM demag-
netization fault has been taken into account. To reduce the
losses in the mover of the linear, a non-metallic light-weight
mover structure is proposed. The rationality of segmented
trapezoidal PMs and non-metallic light-weight are verified
by the finite element method (FEM) and experiment.

Il. LINEAR PERMANENT MAGNET MOTOR

A. BACKGOUND

The linear motor discussed in this paper is applied as the
propulsion motor in a kilometer-level EMSL. The EMSL is
designed to accelerate the objects to more than 800 km/h
within 500 meters. The weight of accelerated object is 800kg.
Thus, the rated thrust of the linear motor is 80 kN, and the
weight of the mover is expected to be less than 250kg.

As a critical component in a complex system, the design of
the propulsion motor is constrained by the other subsystem.
For the high-power high-speed application, the pole pitch
of the linear motor is constrained by the maximum current
frequency of the inverter and the measurement accuracy of
the position sensor. The maximum phase current and phase
voltage are also constrained by the inverters.

When the velocity of the mover is more than 600 km/h,
because of the coupling vibration, the contact support struc-
ture of the mover becomes unreliable. the magnetic levitation
technology is applied in the high-speed linear motor. Thus,
the additional guide device is necessary. Considering the
control accuracy of the guide device, the high-speed linear
motor always has a large air-gap. In summary, the design
requirements and constraints are listed in the Table 1.

B. STRUCTRUE OF LPPM
For the kilometer-level EMLS, the long stators of the LPPM
are fed segment by segment. Modular design is adopted for
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Segmented Trapezoidal PMs

FIGURE 2. The structure of the LPPM with a stator section and a
secondary.

the long-stator. The structure of the LPPM with a stator
segment and a secondary is shown as Fig. 2.

The double-sided LPPM consists of two symmetrical pri-
maries and a secondary with segmented trapezoidal PMs. The
3-phase windings are the full-pitch windings, which is located
in the open slots.

C. SEGMENTED TRAPEZOIDAL PMS
The segmented trapezoidal PMs proposed in this paper con-
sist of several trapezoidal PM segments. Segmentation is also
an efficient method to reduce the eddy-current losses in PMs
of high-power high-speed linear motors.

Without loss of generality, for n-segmented PM poles (n is
odd), the height function of the PM pole can be expressed as

Hpm (x)

2x—ﬁka(i)r

k=1

]_[k 0t — ]_[k 0t

= pm(l)+[ pm(l+1) hpm(l)]

1+1

|
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Then, the dimension of the design variables is n + 1, and
the design variables D,,, can be expressed as
n+1
k()

1
- (”; ) ko (1),
5

The typical structures of segmented trapezoidal PMs are
shown in Fig. 3. The pole is symmetrical about x-axial
and y-axial. As an example, the design variables of the
3-segments trapezoidal PMs are [/ (1), npm(2), ka(1), ka(2)],
and 7 is pole pitch of the motors. That is, the dimension of
the optimal search space for 3-segments PM poles is 4. When
k4(2)=0, the motor with 3-segments PM poles is degenerated
into the motor with 2-segments PM poles. In fact, any design
variables have equivalent forms in the higher-dimension
search space. It means that the better design variables also
can be found in the motors with more PM segments.

opt [hpm (1)

D. COMPARATIVE ANALYSIS
As discussed above, the LPPM and LIM are two suitable
topology structures for the kilometer-level high-speed EMLS.
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FIGURE 3. The structure of the segmented trapezoidal PMs.
(a) 2-segments trapezoidal PM. (b) 3-segments trapezoidal PM.
(c) 5-segments trapezoidal PMs.
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FIGURE 4. The main performances of the LPPM and LIM with different
design parameters.

A simple comparative analysis between the LPPM and LIM
is presented in this section.

Without loss of generality, the ratio of the primary pole
number to the secondary is given as 2. Under design con-
strains listed in the Tab. 1, the main performances of the
LPPM and LIM with different design parameters are shown
in Fig. 4.

For the long-distance EMLS, the thrust density and power
factor are two major performances of the linear motors. The
thrust density is defined as the ratio of the average thrust force
to the secondary PMs mass. As shown in Fig. 4, the LIM
can achieve higher thrust density, and the LPPM has the
advantage of high power factor when the thrust density of the
LPPM is lower than 0.7kN/kg.

In practice, the stator segments are connected by the seg-
ment switches. Because of the high price of the segment
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FIGURE 5. The Pareto front of the optimal design result.

switches, the segment switches become the major cost of
the long-distance EMLS. Thus, under the voltage limit of
the inverter, the LPPM has longer stator segments and less
segment switches. It means that the LPPM has excellent cost
advantage when the thrust density demand of the EMLS is
relatively low.

ill. PM OPTIMIZATION
A. OPTIMIZATION CONSTRAIN
To reduce the thrust ripple and enhance the average thrust
force of the LPPM, a novel segmented trapezoidal PM shap-
ing method is proposed in this paper. To clarify the effec-
tiveness of the novel PM shaping method, the optimization
analysis in this section focus on the segmented trapezoidal
PMs. The basic design parameters of the LPPM are listed in
the Tab. 2.

In practical, considered the support structure of PMs, the
constrains about the design variables of segmented trape-
zoidal PM pole are shown as

hpm (i) € [0,40] mm
O,
(0,0.95]

ifi# 1

ifi=1 ©)

ky (i) € {

To simplify the optimal process, the maximum height
of the poles is determined as 40 mm, which means for
n-segmented PM poles, the dimension of the design variables
Dy are n in the optimal design in this paper.

B. OPTIMIZATION ANALYSIS

The multi-objective PSO algorithm is adopted to reduce the
thrust force and enhance the average thrust of the LPPM.
The segmented trapezoidal PMs with different number of PM
segments are analyzed by the 2-dimensional FEM. The Pareto
front of the optimal design result is shown in Fig. 5.

1) 1-SEGMENT PM POLES
1-segment PM pole, or rectangle PM pole, has been widely
applied in industry. Rectangle PM pole has only one design

78318

TABLE 2. Basic Design Parameters of LPPM.

Symbol Items Value
m Phase number 3

Dpri Primary poles number 12

Psec Secondary poles number 7

N; Slot number (Single side) 72

T Pole pitch 400 mm
Pyore Primary yoke thickness 125 mm

hy Height of slot 24.2 mm
/8 Width of slot 12 mm

g One-side air gap 10 mm
Ppmmax PM maximum length 40 mm

Ly Primary stack height 270 mm
Ly PM height 235 mm

I Phase current 6000 Arms

variable, k,1. The Pareto front is a set of solution with variable
ka1 belong to [0.86, 0.95].

When k,; is 0.95 (Example A), the motor provides the
maximum average thrust force. The average thrust force is
89.51 kN, and the force ripple is 6.89 kN. When k,; is 0.86
(Example B), the motor achieves the minimum force ripple.
The force ripple is reduced to 87.64 kN, while the average
thrust force is reduced to 2.83 kN.

2) 2-SEGMENTS PM POLES

As shown in Fig. 5, when the average thrust force needs to be
greater than 87.64 kN, 2-segments PM poles cannot provide
better performance than rectangle PM poles.

On the other hand, compared with the rectangle PM poles,
2-segments PM poles can achieve lower force ripple, while
the average thrust force demand is reduced further. In the
design with minimum force ripple (Example C), the force
ripple is 1.12 kN, while the average thrust force has been
reduced to 55.52 kN. Obviously, it is useless to reduce the
force ripple while the average force is reduced about 38%.
The design variable of Example C is [0.93, 0.001, 0.04].

3) 3-SEGMENTS PM POLES

For any design variable to rectangle PM pole or 2-segments
PM pole, there is better solutions to 3-segments PM pole.
Several non-dominated solutions are listed in Table 3.

In the design with minimum force ripple (Example D),
the force ripple is 0.37 kN, while the average thrust force
has been reduced to 85.29 kN. Thus, the sacrifice of the
average has been constrained in 5%. Compared with the
3-segments trapezoidal PMs, the benefit of the PM poles with
more segments is non-significant. Therefore, the 3-segments
trapezoidal PMs can meet the demands of most applications.

Previous studies have indicated that the high-order har-
monics of magnetic field can be regarded as the main sources
of the force ripple. Following this conclusion, the ideal mag-
netic field distribution is proposed in [15]. However, due to
the leakage flux at the end of PMs, the ideal magnetic field
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TABLE 3. Nondominated Solution of 3-Segmented PM Poles.

Design Parameters Average .
[Ku(1), Ku(2), hon(1), hyn(2)]  Force (k) oree Ripple (kN)
(0.9500,0.5000,0.0400,0.0400) 89.51 6.89
(0.9492,0.8486,0.0303,0.0400) 89.08 5.56
(0.9492,0.7831,0.0310,0.0400) 88.90 4.88
(0.9499,0.7917,0.0261,0.0400) 88.59 4.11
(0.9496,0.7947,0.0203,0.0400) 88.26 3.38
(0.9325,0.7791,0.0208,0.0400) 87.78 2.59
(0.9233,0.7298,0.0207,0.0400) 87.03 1.83
(0.9146,0.7009,0.0184,0.0400) 86.15 0.97
(0.9017,0.6665,0.0187,0.0400) 85.29 0.37
1.2+
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FIGURE 6. The Off-load air-gap magnetic field density distribution.
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FIGURE 7. The harmonic distribution of the Off-load air-gap magnetic
field density.

distribution cannot be obtained by the PM poles with the same
height function.

The off-load air-gap magnetic field distribution is shown
as Fig. 6, and their harmonic distribution are shown as Fig. 7.
It shows that the average thrust force is proportional to the
amplitude of the fundamental magnetic field density. For
3-phase motors, the 3-order harmonic magnetic field will
not provide thrust force. But under the PM maximum height
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FIGURE 8. The off-load thrust force of the example A, B, C and D.
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FIGURE 9. The on-load thrust force ripple of the example A, B, C and D
(Without DC component).

constrain, the 3-order harmonic can enhance fundamental
magnetic field, and then enhance the average thrust force.
Although the high-order harmonics enhance the fundamen-
tal magnetic field, it also enhances the force ripple. Thus,
the LPPM achieved greater average thrust and lower thrust
ripple tend to remain the fundamental and 3-order harmonic
magnetic field and reduce the higher-order harmonic mag-
netic field.

The off-load thrust force of the example A, B, C and D
are shown as Fig. 8. The on-load thrust force ripple of the
example A, B, C and D are shown as Fig. 9, and the on-load
average thrust force of the motors is shown as Fig. 10.

The off-load thrust force is also called as ‘detent force’,
which is caused by the slot and end effect. As shown in Fig. 8,
when there is N; slots in the single side of the motors with
Dpri Pole pairs primary, the frequency of the off-load thrust
force is Ny/ppri times as electrical frequency. For double-sided
long primaries PMs linear motors, end effect cannot be the
first cause. Due to slot effect, both fundamental PM magnetic
field and harmonic magnetic field will lead to detent force.
Thus, in the above 4 example s, the example A suffer from the
maximum detent force (1.14 kN), while it provides the max-
imum fundamental magnetic field and amount of harmonic
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FIGURE 11. The design parameters of the eccentrically shaping PMs.

magnetic field. Although the PMs of the example A and B
have the same height at the end of PMs, the example B has
much less detent force (213 N). The example D has the mini-
mum detent force (81 N), while it provides the less harmonic
magnetic field than that of the example A and B. It seems that
the harmonic magnetic field lead to detent force. However,
the example C suffer from more detent force (209 N) than
that of the example B, while the example C provide less
fundamental and harmonic magnetic field.

As a high-power high-speed application, the double-sided
long-primary PM linear motor always has fewer slot number
and greater pole pitch. Thus, the armature magnetic field has
significant harmonic component. As a results of the harmonic
armature magnetic field, the on-load thrust force ripple is
much greater than the detent force. Due to the optimal design
of segmented trapezoidal PM pole, the on-load force ripple
can be reduced to within the 0.5% of the average thrust force.

C. COMPARATIVE STUDY

The eccentrically shaping PM method is a popular PM shap-
ing method. The structure parameters of the eccentrically
shaping PMs are shown in Fig. 11. The design parameters
of eccentrically shaping PMs are determined by parameter
sweep method.

The thrust force characteristics of the LPMM with eccen-
trically shaping PM is shown in Fig. 12. As shown in the
Fig. 12, the minimum thrust force of LPPM with eccentrically
shaping method is 448 N, while the average thrust force is
83.03kN. Thus, the LPPM with 3-sgemented trapezoidal PMs
can achieved less force ripple while the average thrust can be
increased by 2.7% than that of the LPPM with eccentrically
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FIGURE 12. The thrust force characteristics of the LPPM with eccentrically
shaping PMs.

TABLE 4. Nondominated Solution of 3-Segmented PM Poles.

Average Force Force Ripple ~ Maximum Normal
(kN) (kN) Force (kN)
Example D 85.29 0.37 12.29
Example E 82.50 1.58 10.01

shaping PMs. Furthermore, the segmented trapezoidal PMs
has the advantages of lower manufacturing difficulty and
lower cost.

D. NORMAL FORCE ANALYSIS

In practice, more electromagnetic performances have to be
taken into account. Compared with the single-side LPPM, the
double-sided LPPM has the advantages of low normal force
on its mover. When the mover is located in the center of the
double-sided stators, the normal force on the mover is zero.
However, when the mover offset to the normal positive direc-
tion, the electromagnetic attraction force between the mover
and double-sided stators become unbalance, and the resultant
force make the mover away from the center of the LPPM. For
the LPPM adopted magnetic levitation technology, the offset
normal force on the mover is a main design parameter of the
additional guide device in the high-speed EMLS.

Under the constraint of the output power and control accu-
racy of the guide device, the maximum deviation of the mover
in normal direction is limited to 3 mm, and the maximum off-
set normal force of the mover is limited to 10 kN. Consider the
above constraints, the design parameters of the 3-segments
PMs have been further optimized. The Pareto front of the
optimal design considered the offset normal force is shown
as Fig. 13. Finally, the example E has been proposed. The
design parameters of the 3-segments trapezoidal PMs in the
example E are [0.8875, 0.5877, 0.015,0.04]. The main perfor-
mances of the example D and example E are listed in Table 4.
To reduce the maximum normal force on the mover, the aver-
age force and force ripple have been sacrificed in varying
degrees.
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TABLE 5. The Demagnetization Curve Knee Point of N52H and N48SH.

Demagnetization curve knee point (T)

Temperature (°C) N52H N48SH
30 -0.25 -0.57
60 0.07 -0.25
80 0.21 -0.02
100 0.41 0.22
| 355 |
209 |
3
N48SH < N52H N48SH
3

©

FIGURE 14. The design scheme of the segmented trapezoidal PM pole in
the proposed LPPM.

E. RISK ANALYSIS OF DEMAGNETIZATION FAULT

The demagnetization fault is a common fault for the LPPM,
which has to be analyzed in the design stage. When the
PM shaping method is adopted, the end height of the PM
poles are decreased, and the operating point of the PMs are
decreased. Thus, the shaped PM poles have greater risk of
demagnetization fault.

To reduce the risk of demagnetization fault, two differ-
ent NdFeB materials (N52H and N48SH) are applied in
the proposed segmented trapezoidal PMs. The remanence of
the N52H NdFeB magnet is 1.42T, and the remanence of the
N48SH NdFeB magnet is 1.37T. The demagnetization curve
knee point of the N52H and N48SH are listed in Table 5.
Because the N52H has greater remanence and N48SH has
better heat resistance. The main part of the segmented trape-
zoidal PMs in the high-power LPPM can adopt N52H mag-
net, and the N48SH magnet is adopted at the ends of the PM
pole. Based on the example E, the final design scheme of the
segmented trapezoidal PMs in the proposed LPPM is shown
in the Fig. 14.

The on-load magnetic field distribution in the centre of
the PM is shown as Fig. 15. As shown in Fig. 14, the min-
imum operating point of the PM is -0.25 T. Thus, by using
N48SH instead of N52H, the maximum operating tempera-
ture increases from 30 °C to 60 °C.
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the PM.
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F. NON-METALLIC LIGHT-WEIGHT MOVER STRUCTURE

To avoid the eddy current loss in the metallic part of
the mover and reduce the weight of the mover, a novel
non-metallic light-weight mover structure is proposed in this
paper, as shown in Fig. 16.

To reduce eddy current loss, the PMs have been segmented
further. The PM segments are fixed by adhesives first and
located in the non-metallic framework. Then, the PMs and
framework are covered by fiberglass cloth and epoxy resins.

IV. EXPERIMENT

To validate the effectiveness of the proposed double-sided
LPPM with segmented trapezoidal PMs, a experimental
prototype has been manufactured, as shown in Fig. 17. The
prototype consists of a single-segment double-sided stators
and a secondary with a single-pole PM. The design parame-
ters of the LPPM are the same as the parameter listed in the
Table 2 but the pole number of the secondary. The structure of
the segment trapezoidal PM is shown as Fig. 14. The weight
of the mover is 36 kg.
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FIGURE 17. The double-sided LPPM with segmented trapezoidal PMs.

TABLE 6. The Inductance Matrix of The LPPM.

Experimental

Symbol 2D FEM result 3D FEM result
result
L (uH) 107.82 157.93 168.64
L, (uH) -31.65 -35.12 -31.04
L, (uH) -38.82 -56.41 -61.42
85+
Velocity: 185 m/s
Rated Thrust Force: 80 kN
80 \
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FIGURE 18. The characteristics curve of the rated thrust force and the
velocity of the mover.

The off-load tests and locked-secondary have been done in
this paper. In the off-load tests, the secondary of the motor
has been taken down, and the armature windings are excited
by the rated current. Based on the waveform of the 3-phase
current and voltage, the inductance matrix of 3-phase wind-
ings can be calculated, which is listed in Table 6. The leakage
inductance of ends of stator windings has been ignored in the
2D FEM, which lead to the difference between the result from
the 2D FEM and 3D FEM.

Based on the performances measured in the off-load tests,
the dynamic performance of the proposed LPPM has been
simulated. Under the limit of the maximum output voltage,
the characteristics curve of the rated thrust force and the
speed of the LPPM is shown as Fig. 18. Considering the
aerodynamic resistance force, the double-sided LPPM meet
the design requirements.

In the locked-secondary tests, the secondary of the motor
has been locked, and the armature windings are excited by the
direct current, following the strategy about Id=0. The thrust
force has been measured when the secondary is locked at
different relative position. The result of the locked-secondary
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FIGURE 20. The relationship between the normal force and secondary
normal deviation distance.

tests are shown in the Fig. 19. According to the experimental
result, the average thrust force is 11.61kN, the thrust force
ripple is 1.84% of the average thrust force.

The no-load normal force of the mover has been measured
in the locked-secondary tests. For the mover with a single-
pole PM, the relationship between the normal force and
secondary normal deviation distance is shown in the Fig. 20.
When the normal deviation distance is 3 mm, the normal force
is measured as 1.31kN, while the result of the 3D FEM is
1.26kN.

The double-sided LPPM meet the design require-
ments. The experimental result verify the result from
the FEM. The effectiveness of the conclusions about the
double-sided LPPM with novel segmented trapezoidal PMs
and non-metallic light-weight mover has been verified.

V. CONCLUSION

In this paper, a double-sided LPPM is presented for the high-
speed kilometer-level EMLS. The target of the EMLS is to
accelerate the object to more than 800 km/h in 500 meters
and stop the object in another 500 meters. the rated thrust
of the linear motor is 80 kN, and the weight of the mover
is expected to be less than 250kg. Compared with the LIM,
the double-sided LPPM has cost advantage when the thrust
density demand of the EMLS is relatively low.
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To enhance the average thrust force, reduce the thrust ripple
and normal force of linear motor, a new PM shaping method
is proposed, which can be called as “‘segmented trapezoidal
PMs” . The segmented trapezoidal PMs with different number
of PM segments are analyzed. Compared with the motors pro-
viding the maximum average thrust force, the force ripple of
the motors with 3-segmented PM poles can be reduced 94.6%
at most while the average thrust force is reduced 4.7%. And
compared with the traditional eccentrically shaping PMs,
the motors with 3-segmented trapezoidal PMs achieve less
force ripple, greater average force, lower manufacturing dif-
ficulty and lower cost. Thus, the motors with 3-segmented
PM poles can meet the most requirements after optimization.

In practice, the normal force and the risk of demagneti-
zation fault have been taken into account. to avoid the eddy
current loss in the metallic part of the mover and reduce the
weight of the mover, a novel non-metallic light-weight mover
structure is proposed.

To validate the effectiveness of the proposed double-sided
LPPM with segmented trapezoidal PMs, a experimental pro-
totype has been manufactured. The experimental result verify
the result from the FEM. The effectiveness of the conclu-
sions about the double-sided LPPM with novel segmented
trapezoidal PMs and non-metallic light-weight mover has
been verified. The double-sided LPPM presented in this paper
meet the design requirements.
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