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Abstract — This paper proposes a novel modular stator windings. The outer stator pole windings and outer
6-pole tubular linear rotary switch reluctance machine rotor form a three-phase radial magnetic circuit driving
(TLRSRM). The proposed structure employs circum- rotational motion, while the inner stator pole windings
ferentially distributed H-shaped stator modules, with and inner rotor constitute a single-phase transverse mag-
each module’s four poles wound with concentrated  netic circuit driving linear motion. This paper elucidates

Submitted On: January 16, 2026 s
Accepted On: June 12, 2026 1054.4887 © ACES https://doi.org/10.13052/2026.ACES.J.410602



501

the motor’s operating principle and electromagnetic
design process. Based on the three-dimensional mag-
netic field distribution characteristics, finite element
analysis (FEA) was employed for three-dimensional
magnetic field calculations to obtain flux linkage and
torque characteristics. Additionally, the electromagnetic
coupling effects between rotational and linear motions
were investigated for the conjugate rotary-linear mag-
netic circuit within the modular stator. Simulation results
indicate minimal electromagnetic coupling effects in
the proposed TLRSRM structure. This study provides a
robust theoretical foundation and empirical data support
for further optimization and practical application of this
motor topology.

Index Terms — 3D finite element model, magnetic
field distribution, static electromagnetic characteristics,
switched reluctance machine.

I. INTRODUCTION

With the advancement of industrial automation
and the growing utilization of integrated ocean energy
systems (e.g., hybrid offshore wind and wave energy
conversion), there is an increasing demand for drive
systems with enhanced functional integration and
multi-axis motion control capabilities. Conventional
single-degree-of-freedom electric motors exhibit inher-
ent constraints, including limited operational flexibil-
ity, cumbersome mechanical arrangements, and subop-
timal spatial efficiency, which restrict their applicability
in sophisticated working environments. In response to
these challenges, multi-degree-of-freedom motor archi-
tectures have gained prominence as a cutting-edge
research domain, characterized by their compact mod-
ular construction, multifunctional operation, and adapt-
able kinematic control. Among various machine types,
the switched reluctance motor (SRM) has become
a potential choice for multi-degree-of-freedom drive
applications, owing to its mechanical simplicity, oper-
ational ruggedness, and reliable performance under
demanding conditions [1-4].

The two-degree-of-freedom linear-rotary SRM rep-
resents an emerging motor category with promising
practical implications. This configuration achieves syn-
chronized rotational and translational movements within
a unified electromagnetic structure, thereby creating
new possibilities for advanced applications requiring
complex motion patterns, such as precision indus-
trial automation and marine power generation equip-
ment. Nevertheless, current research efforts continue to
concentrate predominantly on performance refinement
of conventional single-degree-of-freedom reluctance
machines. Investigations into two-degree-of-freedom
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linear-rotary variants remain at an early developmental
stage, with fundamental aspects including topological
synthesis and electromagnetic interaction mechanisms
necessitating further systematic investigation and theo-
retical consolidation [5-7].

Two-degree-of-freedom motors can be categorized
into coaxial and non-coaxial structural types based
on the relationship between their rotational and linear
motion axes. Regarding coaxial configurations, [8—10]
report a structurally simplified rotary-linear SRM. Its
distinctive feature lies in simultaneously achieving rota-
tional motion and axial displacement via a single shaft,
offering a novel drive solution for advanced automotive
applications with stringent spatial constraints. Refer-
ence [11] proposes a rotating linear switched reluctance
motor (RLSRM) specifically designed for gear engage-
ment/disengagement control. This innovative design
integrates a three-phase 6/4 rotary reluctance unit with a
two-phase transverse flux linear reluctance unit. Exper-
imental studies validate its operational performance and
engineering applicability. Reference [12] further devel-
oped a three-phase modular linear-rotary switched reluc-
tance motor (MLRSRM) for electromagnetic launch
applications. Its segmented stator-rotor design not only
reduces motor mass but also optimizes magnetic cir-
cuit efficiency, significantly enhancing torque density
through improved material utilization. Finite element
simulation systems evaluated the device’s static and
dynamic characteristics.

Regarding non-coaxial structures, [13] developed
a dual-degree-of-freedom SRM with decoupled rota-
tional and linear motion mechanisms. Its innovation
lies in employing a disc-type dual-rotor 12-slot 10-
pole structure for rotational motion, while an external
tubular magnetic ring assembly achieves linear drive.
Both winding systems can be independently controlled.
Addressing the application requirements of wave-wind
combined power generation systems (WWCPGS), [14]
proposes a linear-rotary permanent magnet generator
(LRPMG). Key electromagnetic parameters, including
three-phase counter-EMF, output voltage, air gap mag-
netic flux density distribution, and external character-
istics, are systematically analyzed using finite element
methods.

Although existing research has developed various
configurations of two-degree-of-freedom motors and
validated their feasibility in achieving composite motion
functions through electromagnetic simulation and exper-
imentation, such motors face inherent structural limita-
tions despite their performance advantages. Compared
to traditional single-degree-of-freedom motors, two-
degree-of-freedom structures capable of simultaneously
outputting rotational and linear motion often suffer from
configuration redundancy due to increased mechanical



complexity. This redundancy leads to higher iron core
material consumption, consequently increasing the over-
all mass and volume of moving components.

Based on the research in [12, 13], this paper innova-
tively proposes a linear-rotary SRM employing a mod-
ular stator design. This structure effectively reduces the
overall motor weight through the modular integration of
stator units, thereby significantly enhancing the system’s
power density.

Modular

winding

winding

Fig. 1. 3-D views of proposed TLRSRM model.

II. STRUCTURE AND OPERATING
PRINCIPLE OF TLRSRM

Building upon existing research and addressing
the application requirements of two-degree-of-freedom
composite motion motors, this paper proposes a novel
modular stator 6-pole cylindrical linear rotary switch
reluctance motor (TLRSRM). This TLRSRM inherits
the typical characteristics of SRMs, with its cross-
sectional structure closely resembling that of traditional
rotary SRMs. The rotor is assembled within the space
enclosed by stator modules, maintaining an air gap with
the stator. Both the stator and rotor magnetic paths are
constructed by stacking S0DW470 silicon steel sheets
with excellent magnetic permeability. Figure 1 displays
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the 3D model of the TLRSRM. Figure 2 presents views
of the TLRSRM from different angles. Figure 2 (a)
shows a cross-sectional view of the TLRSRM, Fig. 2 (b)
depicts the rotor structure, and Fig. 2 (c) illustrates the
side view of the ferromagnetic ring arrangement. The
stator of the TLRSRM comprises six H-shaped modular
units. Each H-shaped unit features four magnetic poles,
with windings wrapped around each pole. Windings on
adjacent poles exhibit opposite polarity. In the symmet-
rical pair of H-shaped stator modules, windings on the
two pole teeth facing away from the axis are connected
in series. This configuration forms one phase of the
three-phase rotating winding, driving rotational motion.
The windings on the two pole teeth facing the axis in
all H-type module stators are connected to form one
phase for single-phase linear drive. As a single-phase
configuration, its feeding mechanism does not involve
multi-phase commutation. Instead, it relies on a single-
channel pulsed direct current (DC) excitation. This exci-
tation is strictly synchronized with the real-time axial
position of the mover rings to maximize the electromag-
netic pull towards the alignment position. The rotor of
the TLRSRM consists of a non-magnetic central shaft
and ferromagnetic rings uniformly mounted at specific
intervals around the central shaft. Specifically, the axial
spacing distance between adjacent ferromagnetic rings
(denoted as L;) is designed to be 25 mm, as listed in
Table 1. This specific interval is a critical structural
parameter, as it dictates the periodic variation of the
transverse magnetic reluctance and directly governs the
generation and magnitude of the axial thrust force. This
rotor design features a simple structure, facilitates easy
assembly, and is straightforward to manufacture. The
non-magnetic central shaft, which provides structural
support, can be fabricated from aluminum, contribut-
ing to reduced overall weight and lower production
costs. This phase-splitting design enables the motor

Fig. 2. Multi-angle views of TLRSRM: (a) cross-sectional split diagram, (b) movers assembly drawing, and (c) side

view of ferromagnetic ring arrangement.

502



503

to independently control rotational and linear motion,
achieving a dual-axis output structure where the inner
rotor handles linear displacement and the outer rotor per-
forms rotational motion. The proposed TLRSRM fea-
tures quadrant operation capability, functioning both in
electric drive mode and power generation mode. It holds
broad application prospects in fields requiring composite
motion control, such as industrial smart manufacturing
equipment and ocean energy power generation systems.

Rotary
direction

L4
A/Linear

direction

Fig. 3. Schematic diagram of magnetic circuit flow path.

As illustrated in the structural breakdown in Fig. 2,
the proposed TLRSRM utilizes an H-shaped stator mod-
ule where the outer poles govern rotary motion and the
inner poles are dedicated to linear motion. Figure 3
further elucidates the three-dimensional magnetic flux
flow paths within a single H-type stator unit. In the
rotational motion mode, the magnetic flux generated
by the outer rotary windings flows radially and forms
a closed loop circumferentially through the outer rotor
and the stator yoke. This radially configured annular
magnetic circuit generates a tangential electromagnetic
force in the air gap, driving the outer rotor components
to rotate.

Conversely, the generation of axial thrust force
relies on a distinctly different transverse flux mecha-
nism. As depicted by the flow paths in the inner section
of Fig. 3, when the inner linear windings are excited,
the magnetic flux travels radially through the inner
H-stator poles and then closes its path axially through
the stator yoke and the inner rotor. Crucially, as shown
in Figs. 2 (b) and (c), the inner rotor consists of discrete
ferromagnetic rings separated by non-magnetic spaces
along the axial direction. Driven by the principle of
minimum magnetic reluctance, this transverse flux dis-
tribution within the inner stator-rotor air gap generates a
strong axially acting electromagnetic force. This thrust
force pulls the nearest inner rotor ferromagnetic rings
into alignment with the excited stator poles, thereby
propelling the central shaft in a linear displacement.

The H-shaped stator-modular design employed in
the TLRSRM enables the magnetic flux to form a
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closed circuit along a more compact path during motor
operation. This structural feature not only effectively
reduces the total magnetic resistance of the magnetic
circuit but also significantly enhances the utilization
efficiency of the core material. The combined effects of
shortened magnetic circuit length and reduced magnetic
resistance effectively improve the motor’s torque output
capability and power density.

Furthermore, to accommodate continuous rotational
motion exceeding 360° (such as in wind energy conver-
sion applications), the mechanical connection between
the inner and outer moving components, as well as the
layout of the stator conductors, requires specific engi-
neering considerations. In practical implementation, the
inner central shaft and the outer rotor are mechanically
coupled via a rigid connecting flange on one side of the
machine. Consequently, the modular stator is supported
by a stationary cantilever structure from the opposite
side. This single-sided support configuration ensures
that the coupled movers can rotate freely without inter-
fering with the stator supports. Crucially, the stationary
cantilever support provides a dedicated hollow pathway
for safely routing the power conductors to the inner
and outer stator windings. To ensure the mechanical
robustness of this cantilevered construction under opera-
tional vibrations and radial magnetic pulls, high-strength
structural materials and heavy-duty precision bearings
must be employed at the single-sided support end.

III. DESIGN PROCESS OF TLRSRM

The design process for the novel TLRSRM pro-
posed in this paper is illustrated in Fig. 4. Considering
that rotational and linear motion follow similar electro-
magnetic principles, this study establishes a correspond-
ing mathematical model using rotational motion as an
example. Based on the law of conservation of energy
and Faraday’s law of electromagnetic induction, the
terminal voltage across each stator phase winding can be
described by the combined effects of resistance voltage
drop and the induced electromotive force generated
by magnetic flux variation. Accordingly, the terminal
voltage equation for the k th phase winding of the motor
can be expressed as [12]:

v, =ik + 0, (1)
where Uy is winding voltage, iy and W) represent the
winding current and magnetic flux generated in the kth
phase winding of the generator, respectively, and R is the
stator resistance.

Due to the double-convex pole structure of the
SRM, when a large excitation current is applied, the core
saturation causes its electromagnetic characteristics to
exhibit nonlinearity. Magnetic flux and inductance are
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Fig. 4. Design flowchart for the new TLRSRM structure.

functions of both current and rotor position. Magnetic
flux can be calculated as the product of the winding
inductance and current, as shown in Equation (2)

Wi (i,0) = Li (i, 0)ix, 2

where 0 is the position of the rotor and Ly is the winding
inductance of the kth phase.

When the stator and rotor are aligned, the expres-
sion for the single-phase flux linkage is

Y= Lji= BSpASprhv 3

where L, is inductance at the alignment position, Byp is
the average magnetic density of the surface of the stator
pole section at the aligned position, initially assumed
to be 1.8 T,Asp is the overlapping cross-sectional area
of the stator and rotor poles, and Ny, is the number of
windings turns per phase of the motor.

Integrating equation (2) results in the expression for
the magnetic co-energy of the winding

Wo(i.0) = [ "y (i, 0)di. @

By performing the partial derivative of magnetic co-
energy Wy, at any operating position 8, the electromag-
netic torque of the motor can be obtained. Its calculation
equation is [13]

IW,(i, )

T6.8)= =55 —

®)

i=const
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Similarly, the generation of axial thrust force is
governed by the tendency of the single-phase transverse
magnetic circuit to minimize its reluctance. When the
linear windings are excited, an axially acting electro-
magnetic force is produced to align the inner rotor
ferromagnetic rings with the inner stator poles. The axial
thrust force F, can be calculated by taking the partial
derivative of the magnetic co-energy with respect to the
linear displacement z

F(i,z) = Walhz) : (6)

dz i=const

Based on the established mathematical model of
the motor system, the next step involves dimensional
design of the motor’s primary structural parameters.
The rotating section adopts an inner stator-outer rotor
configuration, while the linear section’s structure closely
resembles that of a rotary reluctance motor (RSRM) in
cross-sectional height. Given the scarcity of literature
on structural parameter design for transverse flux switch
reluctance linear motors, the proposed motor’s structural
parameters were determined by drawing upon design
experience from RSRMs.

If the linear unit is not considered, according to
the design theory of the rotary motor, the main size
expression of the rotary unit is [14]

(2r6)2Ld =C (7)

cos pn

where rg is the outer radius of the stator, Ly is the
axial length of the stator, P is the power of the rotary
part, cos @ is the power factor, # is the rotational speed,
and the output coefficient C represents the combined
utilization level of the electric and magnetic loadings
per unit stator volume in the main sizing equation. A
larger C value indicates higher material utilization and
greater power density. Based on design experience from
RSRMs, the typical recommended range of C is 0.4 to
2.0 kW - min/m?. In this design, C = 1 kW - min/m?
is selected according to the rated power and speed
requirements.

The inner radius r3 and outer radius r¢ of the H-type
stator pole can be expressed by

r4—;r5 ~kyre
by 3)

1. I

7‘3:](2 42 5

where r4 and r5 represent the inner radius and outer
radius of the H-type stator yoke, respectively, k; and
ky denote proportional coefficients, typically ranging
from 0.4 to 0.7 based on RSRM’s design experience. In
this design, k; = 0.5 is selected to balance the slot fill
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factor and magnetic circuit length, k, = 0.5 is selected
to ensure the yoke flux density remains within the satu-
ration limit while maintaining sufficient winding space.

The equation for calculating the thickness / of an
H-type stator yoke satisfies

I=(1.1~13)(d+m), 9)

where d and m represent the widths of the upper and
lower pole teeth of the H-type stator, respectively.

Additionally, when determining the values for the
stator inner radius r; and rotor outer radius rg, it is
important to note that excessively small values may
result in insufficient mechanical strength of the motor.
This could lead to fractures during operation, thereby
reducing the motor’s service life. Therefore, mechanical
strength must be considered when selecting these values.
Simultaneously, while ensuring mechanical strength, the
dimensions of the rotor yoke and stator yoke must
be maintained to satisfy the requirements for magnetic
circuit saturation.

Based on the theoretical derivation from equations
(7)—(9) and drawing upon established design practices
for conventional RSRMs, the initial values for key
structural dimensions of the proposed TLRSRM can be
preliminarily determined, as listed in Table 1.

Table 1: Structure parameters of the TLRSRM

Item Unit | Value
Mover inner radius/r; mm 13
Stator pole inner radius/r3 mm 16
Stator yoke inner radius/ry4 mm 26
Stator yoke thickness/ [ mm 14
Stator pole outer radius/rg mm 50
Rotary stator pole width/d mm 8.2
Linear stator pole width/m mm 5.3
Rotor outer radius/rg mm 58
Rotor pole width/w, mm 11
Rotor yoke thickness/ Ly, mm 4
Mover ring length/Ly, mm 10
Stator ring length/Ly mm 10
magnetic ring spacing width/L, | mm 25
Stator-rotor air gap length mm 0.3
Stator-mover air gap length mm 0.2
Core axial length mm 110

IV. 3D FINITE ELEMENT CALCULATION
OF TLRSRM
This study employed finite element analysis to sim-
ulate the electromagnetic performance of the designed
TLRSRM. In the simulation calculations, eddy currents
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within the core causing magnetic field disturbances are
not considered at this stage. For clarity, one phase of
the rotary winding and the single-phase linear wind-
ing within a single ferromagnetic ring structure are
selected as representative examples for analysis. By
applying independent excitation to each phase winding,
the magnetic field distributions of the stator, rotor, and
mover are obtained at both aligned and misaligned
positions (Figs. 5 and 6). Figure 5 (a) displays the three-
dimensional mesh partitioning diagram of the TLRSRM
in the finite element software, while Fig. 5 (b) presents
the vector diagram of the three-dimensional magnetic
flux paths. When the rotating rotor and linearly dis-
placing stator are in misaligned and aligned positions,
respectively, the TLRSRM exhibits four distinct posi-
tional states. Their magnetic flux density contour plots
are displayed in Fig. 6. Simulation results indicate
that, when the stator and rotor/mover are aligned, the
maximum magnetic flux density within the stator core
region occurs at the core edges where components meet
the air gap, reaching approximately 1.8 T. The rated
current for the rotating winding is 9 A, and the rated
current for the straight winding is 6 A. Figures 5 and 6
show the magnetic flux density contour plots under rated
operating conditions.
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Fig. 5. 3D finite element model: (a) finite element mesh
diagram and (b) magnetic flux density vector diagram.

In the proposed TLRSRM structure, the rotary
winding and linear winding are integrated within the
same set of stator modules. As shown in Fig. 3, the mag-
netic paths generated by the two motion modes overlap
at the stator yoke, inevitably inducing electromagnetic
coupling effects. Therefore, to analyze the impact of
this coupling effect, we examined the mutual influence
between linear motion and rotary motion under different
current directions and levels.

While maintaining the current of one phase of the
rotary winding at its rated value, the excitation state
and direction of the linear winding’s current were var-
ied. Figures 7 and 8 display the magnetic flux density
contour plots within the motor when the linear winding
operates under zero excitation, rated excitation, and
double overload excitation conditions.
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Fig. 8. Magnetic flux density contour map under reverse current excitation of different linear windings: (a) zero
excitation, (b) rated excitation, and (c) double rated excitation.

It can be observed that in Fig. 7, the magnetic flux
direction generated by the linear winding within the
stator yoke is identical to that of the rotary winding.
Consequently, the magnetic flux density in the stator
yoke approaches saturation. In Fig. 8, the magnetic flux
direction generated by the linear winding in the stator
yoke is opposite to that of the rotating winding. Thus,
the magnetic fluxes in the stator yoke cancel each other
out, resulting in a low magnetic flux density.

Corresponding to these three operating states,
Fig. 9 (a) presents the static torque waveform generated
by rotational motion when the magnetic fluxes of the
rotating and linear windings are in the same direction.
Figure 9 (b) shows the static torque waveform when
the magnetic flux directions of the rotating and linear
windings are opposite. It can be observed that regardless

of whether the linear winding current direction changes,
or when the current magnitude varies from zero exci-
tation to double excitation, the static torque waveform
exhibits only minor changes. The variation rate of the
static average torque value does not exceed 5%. This
data indicates that the electromagnetic coupling effect
is relatively small.

Additionally, Fig. 10 displays the dynamic response
waveform of the radial force exerted by the linear
winding excitation on the rotor during its movement
from a misaligned position to an aligned position. Anal-
ysis reveals that throughout the entire motion process,
the fluctuation amplitude of the radial force remains
relatively limited, with its numerical variation consis-
tently within acceptable engineering tolerance ranges.
This phenomenon further confirms, from a mechanical
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characteristics perspective, that the TLRSRM topology
proposed in this paper exhibits weak electromagnetic
coupling effects between different motion modes and
possesses excellent decoupling characteristics.

To further analyze the fundamental magnetic flux
and torque characteristics of the proposed TLRSRM
structure, the static characteristics as a function of cur-
rent are presented for both rotational and linear motion
modes. It should be noted that these baseline curves
are evaluated under independent excitation conditions;
that is, when analyzing the static characteristics of one
motion mode, the supply current of the other motion
mode is strictly held at zero. The magnetic flux curve is
shown in Fig. 11, while the static torque and static thrust
curves are depicted in Fig. 12.
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Fig. 11. Flux linkage curve: (a) rotary motion and
(b) linear motion.
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Fig. 12. Static torque and static thrust curves: (a) rotary
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It can be observed that in the non-aligned state, the
magnetic flux and current maintain an approximately
linear relationship, reflecting a larger air gap and higher
magnetic resistance in the magnetic circuit at this time,
with the core material consistently operating in the
non-saturated region. At the alignment position, the
magnetic flux exhibits linear growth at lower currents;
when the current increases significantly, the growth rate
slows markedly, demonstrating typical nonlinear satu-
ration characteristics. This phenomenon arises because
at alignment, magnetic flux concentrates through the
stator and rotor/armature, forming a low-magnetic-
resistance path. This causes the local magnetic flux
density in the core to rapidly increase into the satura-
tion region, reducing magnetic permeability and thereby
diminishing the magnetic flux’s ability to increase with
current.

V. CONCLUSION

This study designed and validated a tubular linear-
rotary switch reluctance motor employing a modular
stator configuration. Through three-dimensional electro-
magnetic field simulation and static characteristic analy-
sis, the magnetic field distribution patterns of this topol-
ogy and its coupling characteristics under compound
motion conditions were systematically evaluated. Sim-
ulation data indicates that electromagnetic interference
from the linear motion unit to the rotational unit remains
at a low level: under rated conditions, torque fluctua-
tions induced by the linear winding excitation exhibit
limited amplitude, with static average torque deviation
consistently controlled within 5%. Concurrently, radial
force fluctuations generated during motion fall within
engineering application standards. These characteristics
fully demonstrate that the proposed motor structure
exhibits excellent electromagnetic decoupling perfor-
mance when achieving combined rotational and linear
motion, providing an effective technical solution for
multi-degree-of-freedom drive systems.

Building on these static results, future work will
focus on constructing a prototype for experimental vali-
dation. Subsequent research will also explore optimizing
the stator dimensions to maximize power density, along
with developing dynamic control strategies for the linear
and rotary motions.
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