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Abstract – A novel modular 12-pole transverse-flux
tubular switched reluctance linear machine (TSRLM) is
proposed in this paper. The machine adopts a U-shaped
modular-stator structure with windings arranged on the
stator yoke, which shortens magnetic flux paths, reduces
magnetic reluctance, and improves iron core utilization.
A three-dimensional finite-element model is established
to analyze the electromagnetic characteristics of the
proposed TSRLM, including flux linkage, static electro-
magnetic force, and magnetic field distribution. On this
basis, a sensitivity-based single-objective optimization
is conducted to determine the structural parameters of
the motor. Then, a 12-pole TSRLM prototype is fabri-
cated, and dynamic motoring experiments are carried out
under different current chopping limits. Experimental

results agree well with simulation results, validating the
accuracy of the finite-element model and the feasibility
of the proposed design.

Index Terms – Finite-element analysis, modular-
stator, transverse-flux, tubular switched reluctance linear
machine.

I. INTRODUCTION
Switched reluctance motors (SRMs) are special

electric machines with high robustness, simple man-
ufacturing processes, low cost, simple construction,
strong fault tolerance, wide speed regulation range, and
good adaptability to harsh operating environments [1–3].
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Owing to these merits, SRMs have attracted increasing
attention from researchers worldwide in recent years
[4–7]. Flat-type linear machines are affected by both
lateral end effects and longitudinal end effects [8]. The
lateral end effect arises from the unequal lengths of the
primary and secondary parts, while the longitudinal end
effect is caused by the finite machine length resulting
from the interruption of the magnetic circuit at the
longitudinal ends. The longitudinal end effect leads to
differences between the magnetic circuits of the end
phases and the middle phases, resulting in inductance
imbalance among phases. Consequently, phase currents
and output forces become unbalanced, which aggravates
electromagnetic force ripple and reduces the service life
of the machine.

By rotating a flat-type SRLM through one full
revolution along a circular path perpendicular to the
direction of motion, a tubular switched reluctance linear
motor (TSRLM) can be obtained [9, 10]. The cross-
sectional structure of the TSRLM is highly similar to
that of a rotary switched reluctance motor (RSRM).
By combining the advantages of tubular machines and
SRLMs, the TSRLM inherently eliminates lateral end
effects, thereby reducing analytical complexity. More-
over, the tubular structure eliminates the normal elec-
tromagnetic force between the stator and the mover,
effectively addressing the eccentricity problem inherent
in flat-type linear machines. As a result, a smaller air gap
can be adopted, leading to a significant improvement in
electromagnetic force density.

Over the more than four decades of development of
SRMs, their performance has gradually become suffi-
cient to meet practical application requirements. How-
ever, conventional SRMs have long faced difficulties
in large-scale manufacturing, resulting in low produc-
tion efficiency and increased manufacturing costs. To
address this issue, the concept of modular machine
design has been proposed. Compared with traditional
SRMs, modular SRMs exhibit advantages such as lower
cost, higher torque capability, strong fault tolerance,
and reduced losses. Modularization is conducive to
expanding production scale, improving manufacturing
efficiency, shortening production cycles, and further
promoting the development of SRMs, thereby signifi-
cantly enhancing their industrial competitiveness. Wang
et al. [11] proposed a novel modular secondary-side
SRLM with annular windings. The stator is composed of
multiple mutually independent ferromagnetic modules,
and the stator yoke is eliminated to effectively isolate
adjacent magnetic blocks. Only one phase armature
winding is placed in each stator slot, and no inter-
phase insulation is required, which reduces manufactur-
ing cost and significantly improves iron core utilization.
As a result, the overall performance of the machine is

effectively enhanced. In [1]], two segmented E-shaped
rotors with different structures are comprehensively ana-
lyzed. Ding et al. [13] proposed a modular-rotor SRM
with an E-shaped stator configuration. The stator is
composed of six mutually independent E-shaped stator
modules, with the windings arranged on the stator yokes.
The rotor is divided into three segments corresponding
to the stator poles, and the three segmented rotors
are mounted on a common shaft without any angular
displacement. Ruba et al. [14] proposed a modular-stator
SRM with high fault tolerance and conducted a dynamic
simulation study. The machine is a four-phase SRM,
with two stator modules per phase. The winding of each
stator module is wound around the corresponding stator
yoke, and the two winding modules of each phase are
positioned at diametrically opposite locations along the
circumference. Adjacent stator modules are separated by
non-magnetic spacers.

In summary, although tubular switched reluctance
linear machines and modular SRM topologies have been
extensively investigated, most existing studies focus
either on modular concepts in rotary SRMs or on con-
ventional tubular linear structures, while the combi-
nation of modular-stator topology and transverse-flux
tubular SRLMs remains insufficiently explored. More-
over, issues related to electromagnetic characteristics,
magnetic field distribution, and experimental valida-
tion of such modular tubular structures are still not
fully addressed. Motivated by these considerations, this
paper proposes a novel 12-pole modular TSRLM with
U-shaped stator topology. The structural configuration
and operating principle of the proposed machine are
introduced in detail. A three-dimensional finite-element
model is established to analyze its electromagnetic char-
acteristics, including flux linkage, static electromagnetic
force, and magnetic field distribution. Furthermore, a
prototype is fabricated and experimentally tested to
validate the proposed design and the accuracy of the
modeling approach. The results demonstrate the feasibil-
ity and effectiveness of the proposed modular TSRLM
structure.

II. STRUCTURE AND PRINCIPLE OF
MS-6P-TSRLG

A. Basic structure of MS-6P-TSRLG
The modular TSRLM proposed in this paper inher-

its the typical characteristics of SRLMs, and its overall
shape and structure are highly similar to those of a
conventional RSRM, especially in terms of the cross-
sectional configuration. Owing to the very low magnetic
permeability of air, both the stator and mover cores
are fabricated by stacking silicon steel laminations.
The structure of the 12-pole TSRLM is illustrated in
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Fig. 1. Figure 1 (a) shows the cross-sectional view of
the 12-pole TSRLM and the corresponding magnetic
flux paths. The stator consists of six U-shaped modular-
stator units, and adjacent stator modules are sepa-
rated by stator spacers made of non-magnetic material,
which effectively suppresses magnetic leakage between
modules. The windings are wound around the stator
yokes of the U-shaped modules and connected in an
NSNSNSNSNSNS sequence using conductors with a
diameter of 1.5 mm. The entire machine includes five
stator ferromagnetic rings, which are mechanically con-
nected by fastening bolts passing through the stator
spacing rings.

The mover structure is shown in Fig. 1 (b). Each
mover ferromagnetic ring contains six gear-shaped
salient poles. These poles are inserted into the openings
of the modular-stator cores, such that each mover pole
and each U-shaped stator module together form a closed
stator slot structure. This configuration is conducive
to establishing an effective magnetic circuit and helps
to enhance the thrust density of the machine. The
mover assembly consists of five ferromagnetic rings
uniformly mounted on the shaft with specified spacing.
The ferromagnetic materials used for both the stator and
the mover are 50DW470 silicon steel laminations. The
shaft material is the same as the non-magnetic mate-
rial used between adjacent stator modules. Similarly,
non-magnetic materials are inserted between adjacent
stator ferromagnetic rings and between adjacent mover
ferromagnetic rings to prevent the formation of axial
magnetic flux.

The proposed 12-pole TSRLM is a transverse-flux
machine, in which the plane of the magnetic circuit
is perpendicular to the direction of motion. Once axial
magnetic flux is generated, mutual coupling may occur
between adjacent ferromagnetic rings, leading to severe
distortion of axial flux lines and degradation of machine
performance. To avoid this phenomenon, non-magnetic
materials are employed to separate the stator ferromag-
netic rings.

The structure of the 12-pole TSRLM in this paper
is illustrated in Fig. 1. When the windings are energized,
closed magnetic flux paths are established through the
ferromagnetic materials and air gaps. The magnetic flux
paths mainly consist of two loops. One loop passes
through the stator yoke of the U-shaped module, the
stator pole of the U-shaped module, and the air gap g1
between the stator pole and the mover pole. The other
loop passes through the stator yoke of the U-shaped
module, the stator pole of the U-shaped module, and
the air gap g2 between the stator pole and the mover
yoke. These closed magnetic circuits are formed within
each U-shaped stator pole, which effectively shortens
the magnetic path, reduces magnetic reluctance, and

significantly improves the overall performance of the
machine.

 
(a) (b) 
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Fig. 1. Structure of the 12-pole TSRLM: (a) segmented
mover, (b) segmented stator, (c) stator cross-section, and
(d) overall structure.

In conventional machines, the windings are typi-
cally placed on the stator poles, and the number of turns
that can be accommodated is constrained by two factors:
the available stator slot space in the cross-sectional
direction and the axial spacing between two adjacent
stator ferromagnetic rings. In such configurations, two
winding modules are usually arranged in each stator
slot, and the allowable number of turns is determined
by the smaller of the two available spaces, namely
the stator slot area and the axial spacing between the
ferromagnetic rings.

In contrast, in the 12-pole TSRLM proposed in
this paper, the windings are wound around the stator
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yoke. As a result, only one winding module is placed
in each stator slot in a given stator cross-section. This
configuration eliminates the limitation imposed by the
stator slot space in the cross-sectional direction, and
the winding accommodation is determined solely by
the axial spacing between adjacent stator rings. This
winding arrangement significantly reduces manufactur-
ing complexity, facilitates an increase in the number of
winding turns, and consequently enhances the overall
performance of the machine.

B. Principle of the 12-pole TSRLM
The TSRLM is a reluctance-based machine and

differs fundamentally from conventional electrical
machines. As the mover travels, the magnetic reluctance
of the TSRLM varies continuously, causing the magnetic
field energy to change with the mover position. During
operation, the TSRLM follows the principle of minimum
reluctance, that is, the magnetic flux always tends to
close along the path with the minimum magnetic reluc-
tance. Owing to this operating mechanism, its structure
and working principle are markedly different from those
of conventional machines. Figure 2 illustrates the struc-
tural principle of the 12-pole TSRLM. The operating
process can be described as follows.

When switches S1 and S2 are turned on, the DC
power supply U energizes the windings. The radial
electromagnetic force generated by the distorted mag-
netic field tends to drive the mover toward the position
where the central axis of the mover pole aligns with
that of the stator pole, namely the aligned position.
When the mover reaches this aligned position, the mag-
netic reluctance and leakage flux are minimized, and
the corresponding flux linkage, electromagnetic force,
and inductance reach their maximum values within
one mover period. As the mover continues to move
and deviates from the aligned position, the magnetic
reluctance and leakage flux increase, while the flux
linkage, electromagnetic force, and inductance decrease
accordingly. Excitation of the stator windings always
produces a radial electromagnetic force that tends to
align the central axes of the stator and mover poles,
thereby driving the mover back toward the aligned
position.

The direction of the excitation current in the wind-
ings does not affect the direction of motion of the
machine, which allows the use of a relatively simple
power converter topology. When switches S1 and S2
are turned off, the winding current flows through the
freewheeling diodes VD1 and VD2, and the remaining
electrical energy is fed back to the power supply U. This
energy recovery process is beneficial for improving the
overall efficiency of the system.

i

U

Fig. 2. Structural schematic diagram of the 12-pole
TSRLM.

III. ELECTROMAGNETIC ANALYSIS OF
THE 12-POLE TSRLM

A. Electromagnetic characteristic curves of the
12-pole TSRLM

The finite-element model established in this paper
is shown in Fig. 3. Among them, the ferromagnetic
materials for both the stator and rotor parts are all
50DW470.

Fig. 3. Finite-element model of the 12-pole TSRLM: (a)
model and its boundaries and (b) model after meshing.
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For the 12-pole TSRLM investigated in this paper,
one mover period is 10 mm, and the mover stroke ranges
from −5 mm to 5 mm. Following conventional design
practice, the position at which the central axis of the
stator pole is perfectly aligned with that of the mover
pole is defined as the 0 mm position, i.e., the aligned
position. Taking the 0 mm position as the reference,
the mover travels 5 mm in the negative direction to the
−5 mm position and 5 mm in the positive direction to the
5 mm position. At both the −5 mm and 5 mm positions,
the stator and mover poles are completely misaligned,
corresponding to the unaligned positions.

The settings of the TSRLM finite-element model
are modified by assigning the excitation current in the
range of 0–15 A with a step size of 1 A, and restricting
the mover position to the range of −5 mm to 0 mm
with a step size of 0.5 mm. As the mover position
varies, the finite-element model is remeshed, and the
flux linkage and magnetic co-energy are calculated
for different current levels at each mover position. By
repeating this procedure sequentially, accurate finite-
element results are obtained. Figure 3 shows the three-
dimensional surfaces of the flux linkage and magnetic
co-energy as functions of mover position and excitation
current, obtained from the finite-element analysis.

According to Fig. 4 (a), at a given mover position,
the flux linkage increases overall with increasing cur-
rent and, near the aligned position, the magnetic circuit
exhibits a clear tendency toward saturation as the current
rises. For a given current level, when the mover travels
from the unaligned position at −5 mm to the aligned
position at 0 mm, the flux linkage increases and reaches
its maximum at the 0 mm position. During transition
from the unaligned position to the aligned position, the
magnetic circuit gradually approaches saturation, and
the flux linkage exhibits pronounced nonlinear charac-
teristics. The variation trend of flux linkage when the
mover moves from the 5 mm position toward 0 mm
is completely symmetric to that observed when the
mover moves from −5 mm toward 0 mm. Moreover,
for different current levels, the flux linkage exhibits the
same variation trend with respect to the mover position.

As shown in Fig. 4 (b), the variation trends of the
magnetic co-energy with respect to mover position and
current are consistent with those shown in Fig. 3 (a);
therefore, they are not repeated here.

Figure 5 shows the static electromagnetic force
curves within one mover period under different mover
positions and excitation current levels. Five static elec-
tromagnetic force curves corresponding to excitation
currents of 3 A, 6 A, 9 A, 12 A, and 15 A are pre-
sented. As can be observed from Fig. 5, for a given
current level, when the mover travels from the −5 mm
position toward the 0 mm position, the magnitude of

Fig. 4. Three-dimensional curves of flux linkage and
magnetic energy of the 12-pole TSRLM varying with
current and mover position: (a) calculation results of
flux-linkage and (b) calculation results of magnetic co-
energy.

Fig. 5. Static electromagnetic force curves under differ-
ent mover positions and currents.

the static electromagnetic force gradually decreases.
When the mover reaches the 0 mm position, where the
magnetic reluctance is minimized, the electromagnetic
force becomes zero.
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Fig. 6. Flux paths of the 12-pole TSRLM in different mover positions: (a) −5 mm, (b) −4 mm, (c) −3 mm, (d)
−2 mm, (e) −1 mm, and (f) 0 mm.

For different excitation current levels, the variation
trend of the static electromagnetic force with respect to
the mover position remains consistent. However, as the
excitation current increases, the magnitude of the static
electromagnetic force increases accordingly.

B. Analysis of the magnetic field of 12-pole TSRLM
Electromagnetic field analysis of the TSRLM is a

fundamental step in machine design and provides the
basis for subsequent optimization of the TSRLM. Based
on the initial dimensions of the TSRLM, a finite-element
model is established in the FLUX software and static

analyses are carried out. Figure 6 shows the magnetic
flux path distributions of the TSRLM at different mover
positions. Since the motion processes and corresponding
finite-element results in the ranges of (−5 mm, 0) and (0,
5 mm) are completely symmetric, only the magnetic flux
distributions within the (−5 mm, 0) range are presented
in Fig. 5. In this analysis, the excitation current is set to
15 A.

The proposed TSRLM is a transverse-flux machine
that effectively avoids longitudinal end effects between
adjacent ferromagnetic rings, which commonly affect
linear machines. The magnetic flux circuit distributions
clearly illustrate the density of magnetic field lines.
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Fig. 7. Magnetic flux density distribution of the 12-pole TSRLM in different mover positions: (a) −5 mm, (b) −4 mm,
(c) −3 mm, (d) −2 mm, (e) −1 mm, and (f) 0 mm.

The arrow directions indicate the orientation of the
magnetic flux, while the arrow colors represent the mag-
nitude of the magnetic flux density at the corresponding
mover positions. Colors closer to the top of the color
scale indicate higher magnetic flux density, whereas
colors closer to the bottom indicate lower magnetic flux
density. As the mover travels from the −5 mm position
to the 0 mm position, the magnetic flux density gradually

increases. This is because, at the 0 mm position, the
central axes of the stator poles and mover poles are
fully aligned, and the magnetic flux lines form closed
loops through the stator yoke, stator poles, mover yoke
or mover poles, and the air gap, resulting in minimal
leakage flux in the air. Consequently, the magnetic flux
density reaches its maximum within one mover period at
this position.
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When the mover moves from the 0 mm position
toward the −5 mm position, although the magnetic flux
lines still form closed loops through the stator yoke,
stator poles, mover yoke or mover poles, and the air gap,
the distortion of the flux lines causes the leakage flux in
the air to gradually increase. At the −5 mm or 5 mm
positions, corresponding to the unaligned positions, the
leakage flux reaches its maximum value.

Although the magnetic flux path distributions can
clearly illustrate the flux orientation and the relative
variation of magnetic flux density at different mover
positions, they only provide a qualitative evaluation
of the magnetic field intensity. By means of three-
dimensional finite-element analysis, the magnetic flux
density contour plots corresponding to an excitation cur-
rent of 15 A and mover positions ranging from −5 mm
to 0 mm can be obtained, as shown in Fig. 7, enabling a
quantitative analysis of the magnetic flux density based
on specific numerical values.

From the magnetic flux density contour plots, the
saturation level of the iron core can be directly observed.
The color scale associated with the contour plots indi-
cates the magnitude of the magnetic flux density in
different regions of the machine. Colors closer to the
top of the scale represent higher magnetic flux density,
corresponding to stronger magnetic field intensity and a
higher degree of saturation, whereas colors closer to the
bottom represent lower magnetic flux density, indicating
weaker magnetic field intensity and a lower degree of
saturation. Since the performance of SRMs can be fully
exploited when operating under saturated conditions,
these flux density distributions provide an effective
means to assess the operating state of the machine.
Based on such assessments, appropriate measures can
be proposed to further enhance the performance of the
machine.

As shown in Fig. 7, the relative positional rela-
tionship between the stator ferromagnetic rings and the
mover ferromagnetic rings can be clearly observed at
different mover positions. From the color distribution
in different regions of the cross-section, it can be seen
that the magnetic flux density is highest in the stator
yoke, followed by the stator poles, while the magnetic
flux density in the mover is comparatively lower. As the
mover travels from the −5 mm position to the 0 mm
position, the magnetic flux density in the ferromagnetic
parts increases progressively; however, the increase in
flux density is more pronounced in the stator than in the
mover.

Since the 0 mm position corresponds to the aligned
position, the leakage flux is minimal and the magnetic
flux density reaches its maximum at this position. Nev-
ertheless, even with the stator yoke in the 0 mm position,
only a small portion of the iron core reaches a flux

density of approximately 1.6 T, while most regions
remain significantly unsaturated. Therefore, it can be
concluded that the performance of the machine has not
yet reached its optimal level, and further improvements
can be achieved through appropriate optimization of the
machine design.

IV. SENSITIVITY-BASED
SINGLE-OBJECTIVE OPTIMIZATION
In the optimization process in this paper, the single-

objective optimization adopts the sensitivity analysis
method. The objective function is the average elec-
tromagnetic force, and the design variables are the
stator inner diameter (31-38 mm), height of the rotor
magnetic pole (2–5 mm), width of the stator magnetic
pole (4–5 mm), and thickness of the stator yoke (3.4–
5.4 mm). By traversing the step sizes of each variable
(such as 1 mm, 0.2 mm, 0.1 mm, 0.2 mm, which
represent the minimum mesh length of each component,
respectively), the corresponding average electromag-
netic force is calculated, and the parameter correspond-
ing to the maximum value is selected as the optimal
solution.

In sensitivity analysis with average electromagnetic
force as the optimization objective, the first param-
eter considered was the stator inner diameter, which
affects the available space for winding placement. The
winding space, in turn, influences the electrical loading
characteristics of the motor. With all other structural
parameters kept constant, the stator inner diameter was
varied uniformly from 31 mm to 38 mm in 1 mm
increments. During this variation, the mover’s outer
diameter also changed correspondingly; the effects of
the mover’s outer diameter variation and the stator
inner diameter variation on motor performance can be
considered equivalent. Therefore, this can be regarded
as the influence of a single parameter (stator inner
diameter) on electromagnetic force. A corresponding
finite-element model was built to analyze this effect, and
the resulting trend of the average electromagnetic force
under different stator inner diameters is shown in Fig. 8.

As shown in Fig. 8, when the stator inner diameter
increases from 31 mm to 34 mm, the average elec-
tromagnetic force rises from 13.260 N to 13.875 N.
This increase is attributed to shortening of the magnetic
flux path as the stator inner diameter enlarges, which
reduces magnetic reluctance and consequently increases
the output force. When the stator inner diameter further
increases from 34 mm to 38 mm, the average elec-
tromagnetic force slightly decreases from 13.875 N to
13.750 N. Throughout the entire variation range, the
average electromagnetic force exhibits a small fluctua-
tion, with a range of 0.615 N. Therefore, stator inner
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Fig. 8. Average electromagnetic force under different
stator inner diameters.

diameter was ultimately selected as 34 mm, correspond-
ing to the maximum average electromagnetic force.

During sensitivity analysis of the mover pole height,
the stator inner diameter of the 12-pole TSRLM finite-
element model was modified to the optimized value of
34 mm, while all other structural parameters remained
unchanged. Subsequently, mover pole height was varied,
causing the mover yoke thickness to change correspond-
ingly. This variation can equivalently be considered as
the effect of a single structural parameter, i.e., mover
pole height. Mover pole height was varied from 2 mm
to 5 mm in 0.2 mm increments. The corresponding trend
of average electromagnetic force with respect to mover
pole height is shown in Fig. 9.

Fig. 9. Average electromagnetic force with respect to
mover pole height.

As shown in Fig. 9, average electromagnetic force
increases with the increase of mover pole height, exhibit-
ing a relatively steep trend. The average electromagnetic
force monotonically rises from 10.701 N to 14.952 N,
with a range of 4.251 N. This behavior is attributed
to the increased overlap area between the stator and
mover poles, which enhances the effective magnetic

flux path. However, increasing the mover pole height
reduces the spacing between adjacent stator poles, which
complicates the manufacturing process, and an excessive
pole height may also compress the stator slots, limiting
the space available for winding placement. Considering
these factors comprehensively, the mover pole height
was ultimately set to 4.5 mm, corresponding to an
average electromagnetic force of 14.21 N.

Stator pole width affects both magnetic flux density
and utilization efficiency of the ferromagnetic material
in the 12-pole TSRLM. During sensitivity analysis of
the stator pole width, the stator inner diameter and
mover pole height in the finite-element model were set
to 34 mm and 4.5 mm, respectively, while all other
structural parameters remained unchanged. Stator pole
width was then varied from 4 mm to 5 mm in 0.1 mm
increments. The corresponding trend of the average
electromagnetic force with respect to stator pole width
is shown in Fig. 10.

Fig. 10. Average electromagnetic force with respect to
stator pole width.

From Fig. 10, when the stator pole width increases
from 4 mm to 4.2 mm, average electromagnetic force
rises steeply from 13.561 N to 14.201 N. As the
stator pole width further increases from 4.2 mm to
4.7 mm, growth of the average electromagnetic force
slows down, and when the width increases from 4.7 mm
to 5.0 mm, the growth trend further attenuates. Overall,
the curve exhibits a monotonic trend, with a range of
1.450 N in average electromagnetic force. A stator pole
width that is too small may hinder the formation of an
effective magnetic path, whereas an excessively large
width reduces the spacing between the winding and
adjacent poles, significantly increasing manufacturing
difficulty. Moreover, an oversized stator pole width con-
strains the size of the stator slots, limiting the space
available for winding placement. Considering these fac-
tors comprehensively, stator pole width was ultimately
determined to be 4.8 mm.
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Similar to stator pole width, the stator yoke thick-
ness also affects formation of the effective magnetic
circuit. During sensitivity analysis of the stator yoke
thickness, the stator inner diameter, mover pole height,
and stator pole width in the finite-element model were
set to 34 mm, 4.5 mm, and 4.8 mm, respectively. All
other structural parameters were kept constant, while the
stator yoke thickness was varied from 3.4 mm to 5.4 mm
with a step size of 0.2 mm. The corresponding trend
of the average electromagnetic force with respect to the
stator yoke thickness is shown in Fig. 11.

Fig. 11. Average electromagnetic force with respect to
stator yoke thickness.

As shown in Fig. 11 when stator yoke thickness
increases from 3.4 mm to 4.4 mm, the average elec-
tromagnetic force exhibits a relatively steep increase,
rising from 13.751 N to 15.201 N. When yoke thick-
ness further increases from 4.4 mm to 5.4 mm, the
growth of the average electromagnetic force becomes
much more gradual, approaching an almost constant
value. The range of the average electromagnetic force is
1.480 N. An excessively thick stator yoke compresses
the stator slot size, reducing the space available for
winding placement, and may also prevent the core from
reaching magnetic saturation, which increases the motor
mass and leads to underutilization of the core, ultimately
degrading motor performance. Considering these fac-
tors comprehensively, stator yoke thickness was finally
selected as 4.4 mm. The structural parameters after
single objective optimization are presented in Table 1.

Figure 12 shows the output electromagnetic force
waveforms of the 12-pole TSRLM before and after opti-
mization. It can be observed that the optimized TSRLM
exhibits a significant improvement in output electromag-
netic force compared with the pre-optimization design.
Calculations indicate that the average electromagnetic
force over half a mover pole pitch increased from
12.73 N before optimization to 14.69 N after optimiza-
tion, representing a 15.4% improvement. This result

Table 1: Structural parameters of 12-pole TSRLM

Structural Size Structural Size
Parameter Parameter
Stator outer
diameter

63.0 mm Mover yoke
thickness

4.5 mm

Stator inner
diameter

34.0 mm Mover pole
height

4.5 mm

Mover outer
diameter

42.6 mm Stator spacing
ring thickness

8.0 mm

Shaft diameter 24.6 mm Mover
ferromagnetic
ring thickness

5.5 mm

Stator yoke
thickness

4.4 mm Mover spacing
ring thickness

7.5 mm

Stator pole
width

4.8 mm Air-gap length 0.2 mm

Stator
ferromagnetic
ring thickness

5.0 mm Mover stack
length

65.0 mm

Stator module
angle

43/2◦

Fig. 12. Comparison curves of output electromagnetic
force of the 12-pole TSRLM before and after single
objective optimization.

demonstrates the effectiveness of the single-objective
optimization.

V. EXPERIMENTAL VERIFICATION
A prototype of the 12-pole TSRLM after single-

objective optimization was fabricated, and both the hard-
ware test bench and the machine test platform were
designed and established, as shown in Fig. 13. In this
system, a DC rotary motor is used as the prime mover.
Its torque is regulated by the magnetic powder brake, and
the rotary motion is converted into reciprocating linear
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motion through a crank-slider mechanism connected
to the TSRLM mover, thereby driving the TSRLM to
operate under reciprocating motion.

Fig. 13. The 12-pole TSRLM and hardware experiment
platform.

Fig. 14. Comparison of magnetization curves at special
mover positions.

Based on the hardware experimental platform
described above, static tests were conducted on the
proposed 12-pole TSRLM. The static tests include static
flux linkage measurements as well as voltage and current
measurements. During the static flux linkage test, the
mover of the machine was fixed at the aligned position
(0 mm) and the unaligned positions (−5 mm or 5 mm),
respectively. A 12-V phase voltage was then instanta-
neously applied to the phase winding of the TSRLM, and
the corresponding voltage and current waveforms were
recorded. The measured voltage and current data were
processed, and the flux linkage was calculated using the
known voltage balance equation.

Comparison between the experimental results and
the finite-element calculation results is shown in Fig. 14.
It can be observed that the experimentally obtained
magnetization curves agree well with those predicted
by finite-element analysis, with a discrepancy of less
than 5%. In the high-current region, the flux linkage val-
ues obtained from the finite-element model are slightly

Fig. 15. Comparison of experiment and simulation under
4 A current chopping limit: (a) experimental curve under
4 A current chopping limit and (b) simulation curve
under 4 A current chopping limit.

lower than the experimental results. This discrepancy
may be attributed to the neglect of leakage flux caused
by longitudinal end effects in the finite-element model,
which leads to an underestimation of the magnetization
curves at both aligned and unaligned positions. In addi-
tion, manufacturing tolerances and assembly imperfec-
tions may also contribute to the observed differences.

Dynamic tests were carried out on the 12-pole
TSRLM prototype, which also served to verify the
accuracy of the MATLAB/Simulink dynamic simulation
model. The DC supply voltage was set to 12 V, and
a current chopping control strategy was adopted. The
current chopping limits were set to 4 A and 6 A,
respectively, and the corresponding winding voltage and
winding current waveforms were measured. Using the
same control strategy and identical current chopping
limits, the winding voltage and current waveforms were
obtained from the MATLAB/Simulink dynamic simu-
lation model. Comparisons between the measured and
simulated waveforms are presented in Figs. 15 and 16.
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Fig. 16. Comparison of experiment and simulation under
6 A current chopping limit: (a) experimental curve under
6 A current chopping limit and (b) simulation curve
under 6 A current chopping limit.

From the comparison results, it can be observed
that the measured waveforms agree well with the sim-
ulated ones. As the current chopping limit increases,
the winding current increases accordingly, leading to a
higher output electromagnetic force. Consequently, the
operating speed of the 12-pole TSRLM also increases.
The motoring performance tests not only validate the
dynamic performance of the TSRLM prototype but also
confirm the accuracy and effectiveness of the finite-
element analysis and dynamic simulation models.

VI. CONCLUSION
This paper presents a modular transverse-flux tubu-

lar switched reluctance linear machine based on U-
shaped stator topology. The proposed modular structure
effectively shortens magnetic flux paths and enhances
iron core utilization, resulting in improved electromag-
netic characteristics. A three-dimensional finite-element
analysis is performed to investigate the electromagnetic

behavior of the machine, and a simple single-objective
optimization is employed to enhance the average electro-
magnetic force. A 12-pole TSRLM prototype is manu-
factured and experimentally tested. The close agreement
between experimental and simulation results confirms
the correctness of the electromagnetic modeling and
the feasibility of the proposed machine design. With
its modular structure, simple configuration, and good
manufacturability, the proposed TSRLM provides a
promising solution for high-performance linear electric
drive applications.
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