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Abstract: Over the past few decades, flux-switching permanent magnet (FSPM) machines have
gained more attention. A novel flux-switching permanent magnet linear machine with a partitioned
stator (FSPMLM-PS), which has the advantages of high thrust force density and cost efficiency for
short-stroke applications, is presented and analyzed in this article. Firstly, the twelve mover slots and
seven stator pole (12s/7p) structure of FSPMLM-PS is introduced, and the fundamental principle of
operation is investigated. The partitioned stator helps with the reduction in iron losses and the overall
cost of the proposed FSPMLM-PS. One of the frequent issues in linear machines is the end effect,
which is compensated for by setting assistant teeth at both ends of the mover. The proposed machine’s
main design specifications are globally optimized through a multiobjective genetic optimization
algorithm using JMAG software ver. 16.1, although the volumes of the PM and the magnetic and
electric loadings are the same. The peak-to-peak flux linkage, thrust force, thrust ripples, and detent
force are improved by 26.98%, 27.98%, 22.03%, and 68.33%, respectively, after optimization. The
comparison results show that the proposed FSPMLM-PS is preferable to the proposed FSPMLM
given in the literature. Under the same PM volume, the proposed machine provides 27.95% higher
thrust force density.

Keywords: linear machine; optimization; thrust force; finite element analysis

1. Introduction

Modern tall buildings are required to have elevators. In skyscrapers, the ratio of the
elevator hoistway to the entire floor area might reach 30% for traditional elevators propelled
by rotary traction machines, which is obviously not cost-effective. Additionally, in order to
ensure safety, the steel cable’s mass must be quite great in high buildings, which increases
the power of the traction machine. The vertical vibration of the cable will also cause control
problems. The ropeless elevator propelled by linear motors has been proposed to counter
these problems [1,2].

Similar to rotary machines (RMs), linear machines (LMs) are electromechanical devices
that convert electrical energy into mechanical energy and vice versa. LMs and RMs are
highly similar in terms of construction [3-5]. With their numerous applications ranging
from household to industrial, linear machines are in strong demand [6]. Because linear
machines generate force along the x-axis with greater efficiency, reliability, and minimal
energy consumption, they are preferable to rotary machines [7].

The linear induction machine (LIM) is a commonly used linear machine with a passive
and simple stator structure [8]. However, because of the eddy effect, a poor power factor and
efficiency are two of the definite disadvantages of LIM [9]. The advancement of permanent
magnet materials and electronic power technologies has accelerated the development
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of permanent magnet linear motors [10,11]. Numerous PM linear machines in linear
direct-drive systems have been established to meet the demand for the capability of high
thrust force [12]. Linear permanent magnet machines have outstanding EM performances,
i.e., high efficiency and high thrust density [13]. Tubular permanent magnet linear machines
can deliver high thrust density, but, due to the armature and PM, the mass increases,
making the motor’s shaft likely to bend [14]. There are many different kinds of linear
motors available these days, but the synchronous linear permanent magnet motor (SLPMM)
is among the most popular motors because of its greater thrust force density and high
acceleration properties [15-18].

Flux-switching linear permanent magnet machines synthesize the characteristics of
synchronous linear permanent magnet machines (SLPMMs) and linear switched reluctance
machines (LSRMs). The high power density and robust stator of the flux-switching linear
permanent magnet machine make it an excellent candidate for high-speed applications [19,20].
Moreover, greater temperature regulation reduces the cost of production [21], which
will make it resilient to challenging climatic conditions [22]. The flux-switching linear
permanent magnet motor (FSLPMM) is regarded as a revolution in the motor industry.
Researchers are taking great interest and attention in FSPMLM due to its robust and vig-
orous stator structure, bipolar linkage of flux, high power density, and greater thrust
force density [23,24].

In [13], a new FSLPMM was proposed with PMs and armature housed on the mover.
The PMs were placed between the two U-shaped cores, which helps in balancing the
magnetic circuit. However, the PMs are exposed to air which accounts for flux leakage,
and the modular shape is a mechanically weak structure. Another modular double mover
topology with a yokeless stator was proposed in [25], having the advantage of high thrust
force density. Again, apart from the modular structure, the proposed design suffered
from high detent force and thrust force ripples. In [26], the two PMs are connected with
opposite polarity, sandwiching laminated steel between them. Constructing a mover pole
was proposed, and the proposed design had high thrust force density; to minimize the
detent force, a staggered stator and end PMs were used. However, the design used an
enormous amount of PMs, and the overall structure was complex, making the machine’s
manufacturing cost high.

In [27], an FSPMLM was presented as shown in Figure 1. Single-layer fractional-
slot concentrated windings were implemented on the mover. The iron core teeth were
categorized into two kinds: long teeth and short teeth. The windings were placed on the
long teeth, while the PMs were housed on the short teeth. This arrangement resulted in
a bipolar linkage flux, but the PMs were placed on the tip, which becomes a relatively
weak mechanical structure, and there is a chance of falling off at high speeds. Based on
the FSPMLM, a new topology is presented in this paper and is shown in Figure 2. In the
proposed topology, the PMs are shifted and sandwiched between stator pieces. This helps
in the separation of the armature winding from the PMs; also, the usage of iron in the stator
part is reduced, which, in turn, minimizes iron losses and hence improves efficiency.

Primary iron Winding Permanent magnet |
Sencondary iron Flux bamer

Figure 1. Conventional FSPMLM.



Machines 2023, 11, 390

3of 14

Primary iron Concentrated Wmdlngs
A i i BB /
Secondary Iron Pieces Permanent Magnets Flux gaps

Figure 2. Proposed FSPMLM-PS.

The rest of the sections in the paper are ordered as follows: the topology of the machine
and operational principle are covered in Section 2. Furthermore, the FSPML machines
with various winding configurations are analyzed and compared. The genetic optimiza-
tion is covered in Section 3. The electromagnetic performance analysis is overviewed in
Section 4. A comparison to a regular design is focused on in Section 5. Section 6 is dedicated
to conclusions.

2. Topology and Operating Principle of FSPMLM-PS
2.1. Topology

The proposed 7p/12s machine is shown in Figure 2 and has a simple mover and
partitioned stator. The gaps in the stator pieces help in attaining the bipolar flux linkage.
A three-phase concentrated winding is employed on the iron tooth of the mover. Two
coil sets comprise one phase. Auxillary teeth are embedded at the ends of the mover to
balance the three-phase magnetic flux. In the proposed topology, the mover only carries
the armature excitation windings, while the stator contains the inset PMs. The PMs are
shifted from the mover and sandwiched between the stator pieces, making them cylindrical.
The separation of the PMs and the armature excitation helps with proper heat distribution.
Furthermore, the usage of iron in the stator part is reduced, ultimately reducing iron
core losses. The important parameters for geometry are listed in Table 1 and illustrated
in Figure 3.

Table 1. Parameter for geometry of FSPMLM-PS.

Parameters Value
Laminated length, L 160 mm
Mover length 177.62 mm
Yoke height 5 mm
Stator piece length 20.7 mm
Stator height 2.92 mm
Width of PM 5.85 mm
Height of PM 2.92 mm
Pole pitch 24.36 mm
Flux gap, wy, 3.66 mm
Rated speed, v 2m/s
Width of primary teeth 7.1 mm
Slot pitch 14.21 mm
Height of primary, h 24.5 mm
Air-gap, g 0.8 mm
Rated current 15A

Number of turns per coil, N; 38




Machines 2023, 11, 390 4 of 14

My/\ /N
A4
N
“ >
Tslot hm
hslot
< ~
~| Wilot
B WMt -

<
.~
l
™~

wpm < Tpole Wy,

Wi ip B

Figure 3. Parameters for geometry of proposed FSPMLM-PS.

2.2. Operating Principle

The suggested novel FSPMLM-PS'’s operating principle is presented using a simple
model, as illustrated in Figure 4. At positions ‘a’ and ‘c’, the magnetic flux does not pass
through the iron core tooth, so, at points ‘a” and ‘c’, the flux is zero. When a stator iron
core and a mover iron tooth are in the relative positions depicted in Figure 4b,d, the coil
flux-linkage reaches its maximum positive value at point ‘b” and its maximum negative
value at point ‘d’, as shown in Figure 5. The coil flux-linkage changes a cycle when the
mover, the primary component of the machine, moves one pole pitch of the stator. The cycle
repeats itself due to symmetry.

SN
&l

it i
‘_______"______

|
|
|
v
|
(©) (@

Figure 4. Operating principle of FSPMLM-PS: (a) primary at position ‘a’, (b) primary at position ‘b’,
(c) primary at position ‘c’, and (d) primary at position ‘d’.



Machines 2023, 11, 390

5o0f 14

0.06

0.04 +

0.02 1

I

=3

S
|

-0.02

Flux Linkage (Wb)

-0.04 4

-0.06 - T T T T T T T
0 50 100 150 200 250 300 350

Mover Movement (0)

Figure 5. Single- phase flux linkage at no load.

3. Genetic Optimization

Today’s genetic algorithms comprise the effective global optimization methods family
used to solve the complex real-life problems that ascend in science and technology. They
can investigate enormous data sets despite their computational complexity. In order to
solve optimization-related issues, this procedure is frequently implemented in order to
produce valuable solutions. Genetic optimization is independent of the starting point of
the search; thus, it is least likely to become stuck in local minima. It also requires no trivial

knowledge of the objective function or constraint function.

JMAG software has in-built multiobjective genetic optimization (GO), and the proposed
design employed GO to enhance the foremost CAD variables of the proposed machine.
The complete GO flowchart is illustrated in Figure 6. Improving the average thrust force
(Travg) and reducing thrust force ripples (TF,;,) were the primary goals of this optimization.

START

| Define Imtial Parameters

v

’ Import CAD Parameters

v

I Define Objective Function ‘

v

| Set Constraints and Variables Range |

Crossover Specify population size & number of
Generation

A
No. of Children Execute FEA
A

Objective Function
Converges?

Check Constraints

Next Generation

Figure 6. The genetic optimization’s execution steps.
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In Equations (1) and (2), the objective function and constraints of this GO are expressed
correspondingly. The primary objective of employing this genetic algorithm is to maximize
the TF;yg but minimize the TF,;,. The initial design is created in the geometry editor and
then brought into the designer window. In Table 2, the ranges of the geometry parameters’
variables, selected for optimization, are listed. Afterward, the simulation of a total of
438 cases was conducted across several generations; the number of children, the population
size, and the genetic optimization converged to achieve a global value of the objective
function and an optimized structure of the proposed design. The genetic optimization was
performed on an HAIER-PC 64-bit operating system with 8 GB RAM, Intel(R), Core(TM)
m3-7Y30 CPU running at 1.00 GHz and took 11 h and 20 min; it occupied 7.8 GBs space on
the drive.

Table 2. Ranges of varying geometry parameters.

Variables Range
Mover tooth width 4.5-10
Mover yoke height 3.0-7.0
Width of PM 3.25-8.45
Stator height 2.0-4.0
Stator piece width 2.0-4.0
Flux gap 2.8-6.5
Objective Function: | = ky max(TFpg) + ko min(TF,;,) 1)
Constraints: TF;pg > 26449 N TFiy < 44% 2)

During the genetic optimization, the total number of cases simulated are plotted
against the TF;,g and TPﬂ-p in Figure 7. The figure reveals that, after genetic optimization,
a maximum thrust force value of 338.5N was obtained. The average thrust force and the
thrust force ripples with respect to various geometry variables are shown in Figure 8.
A comparison of the performance after genetic optimization is provided in Table 3.

350 55
-50
Z 300 45 &
3 i 8
8 -40 2,
= I R
g250- [ 35 &
= | g
) 30 =
on -
< 200 - I 2
3] -25 &
< el
=20
150 -
- 15

0 100 200 300 400
Number of Cases Simulated

Figure 7. TFypg and TFip for each case simulated.
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Figure 8. TFayg and TE,;), for (a) slot area, (b) mover yoke height, (c) mover tooth width, (d) stator
height, (e) PM area, and (f) flux gap.

Table 3. Comparison of performance after genetic optimization.

Parameter Initial Optimized Improvement
TFD (kN/m?3) 372.601 476.759 27.95%
Flux Linkage,—, (Wb) 0.09386702 0.11669945 26.98%
Detent Force (N) 83.38 49.53 68.33%
TFavg (N) 264.49 338.50 27.98%
TFip (%) 23.58 19.32 22.03%
THD (%) 0.796 0.325 59.08%

4. Electromagnetic Performance of FSPMLM-PS

4.1. Flux Linkage

The flux linkage at no load is remarkably enhanced after the genetic optimization, as
illustrated in Figure 9a. All of the three-phase flux linkage is bipolar, balanced, and sinu-
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soidal. Because of the auxiliary tooth’s addition and the concentrated windings, there is no
end-effect issue. After genetic optimization, the peak-to-peak value of the flux is improved
to 0.116699 Wb; it was 0.09189 Wb in the initial design. The optimized design’s harmonics
are plotted with yellow, blue, and indigo colors for the three phases, and the three phases
of the initial design’s harmonics are shown in orange, green, and purple, respectively; these
are plotted in Figure 9b.

0.06 0.07
T 77 Phase-A
0.04 1 0.06 Y Phase-B
—_ 1 g B8R Phase-C
2 0.054 4
% 0.02 E /
g
&% g, 004l
2 0.004 b g
5 = 003l
5 0021 5 /
. &= 0.02-
00471~ i
0.04 0.01 g
0.06 ] é
-0. T T T T T T T /] O ol e s B e e
0 50 100 150 200 250 300 350 00 o 11
Mover Movement (0) Harmonic Order
(a) (b)

Figure 9. (a) Flux linkage and (b) harmonics of the proposed FSPMLM-PS.

4.2. Back-EMF

After the genetic optimization, the proposed design’s back-EMF is efficiently increased.
With a rated velocity of 2 m/s, in Figure 10, the back-EMF of the proposed FSPMLM-PS
is depicted. The back-EMF’s peak-to-peak value increases to 63.07 V after the GO; it was
46.40 V before the optimization. In the Figure 10, the solid line shows the initial design,
and the dotted line shows the optimized one.

0 50 100 150 200 250 300 350
Mover Movement ()

Figure 10. Back- EMF of the proposed FSPMLM-PS.

4.3. Air-Gap Flux Density

The air-gap flux density measures the magnetic field strength inside a machine’s
air-gap. A better machine performance can arise due to a stronger magnetic field, which
specifies a higher air-gap flux density. The magnetic flux densities along the x-axis and
y-axis before and after the genetic optimization are shown in Figure 11.
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Figure 11. Air-gap flux density: (a) Y component (b) X component.

4.4. Flux Distribution

The flux is dispersed evenly across the machine, as presented in Figure 12. This
explains the operating principle discussed in Section 2, and the flux distribution verifies it.

Mover at Position A Mover at Position C

Figure 12. Flux distribution of the proposed FSPMLM-PS.

4.5. Detent Force

For the proposed FSPMLM-PS, the detent force is produced on a no-load analysis by
the attraction between the excitation sources on the mover and the stator’s body. Noise
and vibration are caused by this undesirable force. The vibration and noise will increase if
there is a stronger attraction between the mover’s excitation and the stator’s core. Figure 13
shows the detent or cogging force of the presented FSPMLM-PS’s initial design and opti-
mized design.
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Figure 13. Detent force of the proposed FSPMLM-PS.

4.6. Thrust Force

The primary performance assessment for the linear machine is the thrust force,
and, during a machine design, the main goal is thrust force improvement. Initially, the
thrust force of the presented FSPMLM-PS was 264.49N. After the genetic optimization, the
thrust force improved to 338.50 N, which is 27.98% greater than the FSPMLM presented
in literature [12]. In the optimized thrust force, the ripples are also reduced by 22.03%,
as shown in Figure 14.

400

Initial - - - - Optimized
B /, ‘\
\ oy N
1 /7 N

~ 350 \\ / \\ PN / -
% \ -\ ’ \ ’ /
- v \ . K <
2 ‘o L2 S
o N A
=300
£
[_(

2504

200 T

0 50 100 150 200 250 300 350
Mover Movement (0)

Figure 14. Thrust force of the proposed FSPMLM-PS.

4.7. Analysis of Efficiency of the FSPMLM-PS

In this section, the technique illustrated in [28] is used to attain the performance
characteristics of the presented design. In Figure 15, curves for the force velocity and
power velocity are presented. The FSPMLM-PS that is being proposed has a higher TF,;¢
of 338.50 N, and the output power is 4450.041 W at 13.15 m/s speed. As force and velocity
have an inverse relationship, keeping the output power constant will decrease the thrust
force by increasing the velocity. In linear machines, the product of the speed and TFyyg
gives the output power. In the same way, the sum of the total losses and the output power
is equal to the input power.

1 = Pout/ Piy 3)
where
P;, = P,y + Iron Losses + Cu Losses (4)

The iron losses are calculated using JMAG. To calculate the copper losses, Equation (5)
is utilized. As the speed is its minimum and the electric loading is at its maximum, the
copper losses (172.27 W) are higher, the iron losses are 80.96 W, and the PM losses are
33.30 W.
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4.8. Analysis of Losses

Different losses, such as copper, iron, and eddy current losses, are taken into account,
and their impact on efficiency is observed and tabulated in Table 4.

Pey = IpJL(NQ)(1000) ®)

where P, represents the copper losses, [ is the current, p is the resistivity of the material,
J is the current density of the machine, L is the length of wire, N is the number of turns per
coil, and Q is the number of slot pairs in the mover.

Table 4. Effect of permanent magnet losses on performance.

Parameter Excluding PM Eddy Current Losses
Copper Losses (W) 172.27
Iron Core Losses (W) 80.96
Output Power (W) 4450.041
Efficiency (%) 94.62
Including PM Eddy Current Losses
Permanent Magnet Losses (W) 33.308
Output Power (W) 4359.23
Efficiency (%) 93.83

5. Suppression of Unbalance Linkage of Flux

For the proposed FSPMLM-PS, the end PM generated the magnetic field, which can
pass across the mover’s iron core teeth on both ends. Consequently, for 3-¢ concentrated
windings, a major problem will be the linkage of the flux imbalance [29,30]. For the
12s/7p FSPMLM-PS investigated in this paper, the three-phase imbalanced linkage of
the flux results in an additional thrust fluctuation that degrades the motor performance
and increases trouble in the machine control. The proposed design includes assistant
or auxiliary teeth at both ends of the mover, as shown in Figure 16, which is presented
to overcome the three-phase imbalanced linkage of the flux. The assistant or auxiliary
slots and teeth specifications are exactly the same as those of the other slots and teeth of
the machine.



Machines 2023, 11, 390 12 of 14

Assistant teeth

5 0 NN N Npn 0 BON B NN D BRR B BRR 0 BpR R B

Figure 16. FSPMLM-PS with assistant teeth at the both ends of mover.

6. Comparison With Traditional Design

Lastly, the proposed FSPMLM-PS is compared to the conventional design [27]. The lead-
ing dimensions of both the topologies and the magnetic material type are kept the same.
The results of the comparison are shown in Table 5. The conventional and proposed designs
use partitioned stators, keeping the current value, the volume of the PM, and the number
of turns constant. The inset PM scheme opted for the proposed design while achieving a
superior performance to that of the traditional design. Furthermore, the presented design
reduced the stator’s volume, and this factor reduced the cost of the machine.

Table 5. Comparison with conventional design.

Parameter Proposed Conventional
PM Type N35 (B, =1.2T, H; =955 kA/m)
PM Weight (kg) 0.268 0.268
Average Thrust Force (N) 338.50 239
Stator Iron Pieces Weight (kg) 0.2325 0.945
Thrust Force Density (kN/ m?) 476.759 328.27
Rated current, ;5 (A) 15 15

Average Thrust Force per PM

Volume (N/cm?) 8.84 6.68

The proposed FSPMLM-PS is also compared with the surface-mounted PM linear
motors proposed in the literature [31]. In [31], two motors are compared with surface-
mounted PMs on a stator and another with a consequent pole stator structure and an
inset PM in a mover yoke. The proposed and the conventional designs possess different
dimensions; therefore, for a fair comparison, the machines are compared based on the thrust
force per PM volume. Table 6 reveals that the proposed machine uses less PM volume and
offers a reasonable thrust force per PM volume compared to the conventional designs.

Table 6. Comparison with surface-mounted PM linear motors.

Parameter Proposed PMLSM PMLSM with Mover PM
PM Type NdFeB NdFeB NdFeB
PM Volume (cm?) 38.29 97.92 81.19
Average Thrust Force (N) 338.50 763.5 715.4
Stator Type Partitioned Solid Solid
TFavg per PM Volume (N/cm?) 8.84 7.80 8.81

7. Conclusions

In this article, the three-phase flux-switching permanent magnet linear machine with
a partitioned stator, FSPMLM-PS, is proposed and analyzed. The proposed FSPMLM-PS
possesses the feature of high thrust density of permanent magnet machines. The presented
machine employed single-tooth concentrated windings, thus minimizing copper losses.
Auxiliary teeth were added at both endpoints of the mover; they fulfill their purpose and
provide a path for the leakage flux from the ends of the primary component. JMAG’s built-
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in multiobjective genetic optimization algorithm is employed to improve and optimize
machine-design specifications globally. An electromagnetic (EM) performance analysis
of the machine is carried out to determine the machine’s performance. The performance
comparison between the conventional and the proposed design shows the supremacy of the
proposed design over the presented design in the literature. In conclusion, when compared
with the conventional FSPMLM, the proposed FSPMLM-PS possesses greater thrust density
and a lesser stator weight at the same time. The proposed FSPMLM-PS has vast prospects
in short-stroke applications such as escalators, ropeless elevators, etc. The authors intend
to work on the modeling, thermal analysis, and prototyping of the proposed design in
the future.
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