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Comparative Analysis of a Novel Linear Rotary Switch Reluctance Machine
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Abstract — This paper proposes a novel tubular linear
rotary switch reluctance machine (TLRSRM) with mod-
ular stator and rotor designs and studies its electromag-
netic characteristics. Firstly, the topology and operating
mechanism of the two-degree-of-freedom machine are
presented. based on the proposed motor design pro-
cess, the structural dimensions are initially determined,
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and the 3D finite element model (FEM) with its flux
density distribution is provided. Secondly, a sensitivity
analysis of critical structural parameters is conducted
by using a parameter sweep method to investigate their
influence on torque performance. Finally, to evaluate the
motor’s static characteristics — including flux linkage,
inductance, and torque/thrust — comparison analysis is
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performed between two TLRSRM variants featuring
different winding configurations. Simulation results val-
idate the feasibility of the proposed topology.

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

I. INTRODUCTION

Against the backdrop of deepening industrial intel-
ligence and rapid development of integrated marine
energy systems — such as combined offshore wind and
wave power generation — diverse application scenarios
demand higher levels of integration and multidimen-
sional motion control capabilities from drive equipment.
Traditional single-degree-of-freedom motors increas-
ingly reveal limitations such as restricted functionality,
complex system structures, and wasteful space utiliza-
tion, making them ill-suited for efficient drive demands
under complex operating conditions. Against this back-
drop, multi-degree-of-freedom motor technology has
emerged as a frontier research direction in the field
of electric motors, owing to its integrated compact
structure, highly consolidated functionality, and flexi-
ble motion control methods. Particularly, the switched
reluctance motor (SRM) demonstrates broad applica-
tion prospects in multi-degree-of-freedom drive systems
due to its advantages of simple structure, solid robust-
ness, and outstanding adaptability to harsh environments
[1-4].

As anovel motor with potential market applications,
the dual-degree-of-freedom linear-rotary SRM enables
simultaneous coordinated control of rotational and linear
motion within a single unit. This capability unlocks
significant engineering potential in systems requiring
compound motion, such as high-end intelligent man-
ufacturing and marine power generation installations.
Currently, academic research and engineering practice
remain largely focused on enhancing the performance of
traditional single-degree-of-freedom reluctance motors.
Research on dual-degree-of-freedom linear-rotary reluc-
tance motors is still in its preliminary exploratory phase.
The theoretical and methodological frameworks for
aspects such as topological configuration design and
electromagnetic coupling mechanism analysis require
further establishment and refinement [5-7].

References [8—10] proposed a structurally simple
rotary linear switched reluctance motor (RLSRM). The
motor can generate motion in two degrees of freedom:
the same shaft can undergo both linear rotation and dis-
placement. It can be used in various advanced automo-
tive applications where available space is limited. Ref-
erence [11] introduced a novel structure for a RLSRM.
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It is primarily designed for engaging and disengaging
rotary gears. The motor comprises a three-phase 6/4
rotary SRM and a two-phase transverse flux linear
SRM. Experimental validation confirms the constructed
motor’s performance and applicability. Reference [12]
proposes a novel direct-drive RLSRM. This motor offers
advantages including robust mechanical structure, low
manufacturing cost, and capability to operate in harsh
environments. Reference [13] presents a linear SRM
configuration for wave energy converters (WECs) with
a segmented core structure, aiming to achieve higher
force and efficiency. Reference [14] discusses an axial
flux permanent magnet synchronous generator for buoy-
type WECs. To enhance the performance of underwater
WEC generators, [15] proposes a linear rotating axial
flux modulator generator. To enable efficient, low-cost
utilization of offshore renewable energy, [16] proposes a
permanent magnet linear-rotary generator (LRG) system
with a novel topology for direct-drive wave-wind hybrid
energy conversion. The optimization process encom-
passes initial design, sensitivity analysis of optimization
parameters, determination of weight factor for opti-
mization objectives, and final decisionmaking. Results
demonstrate that the proposed design and optimization
effectively enhance the performance of the LRG.

The aforementioned literature has contributed vari-
ous types of SRM structures, with corresponding elec-
tromagnetic simulations and experimental studies con-
sistently validating the feasibility and effectiveness of
these designs in achieving specific motion functions.
Despite the clear performance advantages of these multi-
degree-of-freedom structures, dual-degree-of-freedom
motors capable of simultaneously outputting rotational
and linear motion face inherent structural disadvan-
tages compared to traditional single-degree-offreedom
motors. The complexity of their motion mechanisms
often introduces structural redundancy, leading to higher
iron core material consumption and resulting in larger
overall weight and volume for the motor’s effective mov-
ing parts. To leverage the power density enhancement
advantages of modularization, this paper innovatively
proposes a novel modular linear-rotary switched reluc-
tance machine based on the research foundation of [17].

Compared to conventional integrated cores, adopt-
ing a modular stator and rotor topology presents several
distinct physical and electromagnetic advantages crucial
for multidimensional drive systems. First, the segmented
design eliminates redundant iron core materials, thereby
substantially reducing the inertial mass of the moving
components and enhancing the dynamic response speed.
Second, the discrete spatial arrangement of the mod-
ules creates an open physical structure, which signifi-
cantly minimizes air resistance and windage losses dur-
ing high-speed operations. Ultimately, these structural



benefits synergistically reduce the overall motor weight
and optimize the spatial magnetic circuit layout,
culminating in a remarkable improvement in both torque
density and power density. Its segmented stator-rotor
structure significantly reduces motor weight, thereby
improving power density. In summary, the lightweight,
high-power-density motor solution proposed herein
holds promise for industrial applications requiring com-
posite motion, offering dual competitive advantages in
both economic cost and overall performance.

Specifically, the research presented in this paper
focuses on the conceptual design and theoretical mod-
eling of the novel modular tubular linear rotary switch
reluctance machine (TLRSRM) topology. The scope of
the current work is limited to the systematic verification
of the electromagnetic principles and modeling accuracy
through 3D finite element analysis.

II. STRUCTURE AND OPERATING
PRINCIPLE OF TLRSRM

The 3D structural model of the proposed TLRSRM
is shown in Fig. 1. It can be seen that the proposed
TLRSRM consists of segmented stator and rotor compo-
nents. Its core structural feature lies in the configuration
where 12 U-shaped stator modules and eight U-shaped
rotor modules, uniformly distributed along the circum-
ference, collectively form the motor’s magnetic circuit
and moving assembly. Each U-shaped stator module is
equipped with a bipolar winding set, where the two
coils wound on the same module possess an identical
number of turns but are wound in opposite directions
to establish contrary magnetic polarities. A key aspect
of the winding configuration is that coils from four
stator modules, which are spatially separated by 90
degrees mechanically, are connected in series to con-
stitute one phase winding. This specific interconnection
pattern is repeated to form a complete and symmetrical
three-phase armature winding system, which is essential
for generating the requisite rotating or travelling mag-
netic fields for dual-degree-of-freedom operation. The
motor’s magnetic circuit core (stator and rotor excita-
tion sections) is laminated from 50DW470 silicon steel
sheets to optimize magnetic permeability and control
core losses. Collectively, this segmented and modu-
lar construction bestows several critical advantages. It
substantially reduces the inertial mass of the moving
components (primarily the rotor), which is pivotal for
improving dynamic response. Furthermore, the open and
segmented nature of the structure significantly dimin-
ishes air resistance or windage losses during high-speed
rotation. These inherent benefits — weight reduction,
lower windage loss, and optimized magnetic circuit —
synergistically provide the foundational support neces-
sary for achieving superior torque and power density
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outputs, which are paramount performance metrics for
advanced motion control applications.

Linear
unit

Rotary

Winding

Fig. 1. 3D view of proposed TLRSRM model.

Additionally, as shown in Fig. 1, when the armature
winding is energized, a distinct magnetic flux path is
established within the motor. This path originates at one
end of the energized U-shaped stator pole tooth. After
traversing the stator pole tooth, the magnetic flux crosses
the air gap radially and enters the corresponding rotor
salient pole. Subsequently, the magnetic flux flows along
the circumferential closed path of the U-shaped rotor
core, reaching the rotor salient pole on the opposite side.
It then again traverses the air gap radially, entering the
adjacent stator pole. Finally, the magnetic flux forms a
closed circuit through the stator back yoke, returning to
the initial stator pole.

This magnetic circuit topology forms the core phys-
ical foundation for achieving dual-degree-of-freedom
motion. To further clarify the dual-degree-of-freedom
operating mechanism, the motion of the proposed
TLRSRM is determined by the specific excitation pat-
terns applied to the three-phase windings. For rotational
motion, the phases are energized sequentially (e.g.,
A, B, C), generating an asymmetrical magnetic pull
force circumferentially that acts on the salient poles
to produce torque. Conversely, for pure linear motion,
all three phases are excited simultaneously. Under this
condition, the symmetrical radial forces cancel each
other out entirely. The predominant axial magnetic flux
then interacts with the rotor modules, generating purely
axial electromagnetic forces that drive the components
linearly. A summary of these phase excitation patterns is
presented in Table 1.

This modular magnetic circuit and structural design
offers significant advantages. First, it optimizes the mag-
netic path, substantially shortening the effective travel of
the main magnetic flux and reducing the total magnetic
resistance of the circuit.
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Table 1: Phase excitation patterns for different motion
types

Motion Excitation Phase Primary

Type Strategy Excitation Force
Pattern Generated

(Example)

Rotational Sequential A-B-C Circumferential

Motion Torque

(Forward)

Rotational Sequential A-C-B Circumferential

Motion Torque

(Reverse)

Linear Motion Simultaneous A,B,C Axial Thrust

Coupled (Spiral) | Sequential (while A-B-C Torque + Axial

Motion axially offset) Thrust

Second, the compact magnetic circuit design allows
for the arrangement of more efficient magnetic materials
within the same volume, achieving miniaturization and
weight reduction. The direct benefits include reduced
hysteresis and eddy current losses in the core material
and enhanced energy conversion efficiency, ultimately
manifested as a comprehensive improvement in both
torque density and power density of the motor.

( Model construction of the new TLRSRM

><7

No

Adjusting structural parameters to
satisty slot fill factor and mechanical
configuration constraints?

( Finite element solver settings )

(Analysis of motor magnetic flux density dislribution)

Do electrical and magnetic loads
satisfy design requirements?

( Exporting motor structural parameters )

End

Fig. 2. Design flowchart for the new TLRSRM structure.

The initial design flowchart for the novel TLRSRM
structure described in this paper is shown in Fig. 2,
where the current density is no greater than 6 A/mm?,
and the slot fill factor is below 50%. Based on con-
ventional design experience and the parameter selection
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criteria in Fig. 2, the initial dimensional parameters for
the TLRSRM are selected and listed in Table 2.

¥
L,
LR
R
Lsrp

Fig. 3. Structural dimension drawing.

The main structural parameters of the DSSRM are
illustrated in Fig. 3.

Table 2: Structure parameters of the TLRSRM

Parameter Unit | Value
Stator outer diameter/ry mm 310
Stator inner diameter/r3 mm | 150.8
Rotor outer diameter/r; mm 150
Rotor inner diameter/r; mm 80
Rotor pole arc/f, deg 9
Stator pole width/w, mm 25
Stator yoke thickness/Ly, mm 25

Stator/Rotor axial length/Ly,, | mm 90
Stator/Rotor slot length/1 mm 38

Rotor slot depth/d mm 10
Air gap length mm 0.5
Number of turns per phase / 160

To preliminarily validate the magnetic pathway
and operational principles of the TLRSRM, based on
the design parameters provided in Table 1, this study
constructed a finite element analysis model of the
TLRSRM within the ANSYS simulation environment
and conducted a systematic evaluation of its electro-
magnetic performance. The mesh partitioning of the
minimal repeating unit structure of TLRSRM is shown
in Fig. 4 (a), and the B-H curve for the silicon steel
material used is shown in Fig. 4 (b). Figure 5 provides a
comprehensive view of the finite element model (FEM)
of this motor and its magnetic field distribution charac-
teristics during a static parameter scan with a constant
current applied, specifically when a 15 A excitation
current is applied to the stator winding of Phase A.
Figures 5 (a) and (b) show magnetic flux density contour
plots for rotational and linear motion at the misaligned
position. Figure 5 (c) shows magnetic flux density
contour plots for both types of motion at the aligned
position. The simulations are conducted in ANSYS
Maxwell 3D software using the Magnetostatic solver



to evaluate the static electromagnetic characteristics. To
balance computational accuracy and speed, the gap size
in the air gap is set to 1 mm, while the size of the core
section is set to 10 mm.

Observation of the contour distributions indicates
relatively uniform magnetic flux density across the tooth
and yoke regions of both stator and rotor cores, with
no significant localized saturation observed. Notably,
peak flux density areas are concentrated at the pole tips
near the air gap, consistent with the physical principles
governing magnetic field distribution. Simulation data
indicates that, throughout the entire operating cycle, the
maximum magnetic flux density in the core material
remains consistently below 1.8 tesla. This result not
only demonstrates the full utilization of the magnetic
material but also validates the rationality and feasibility
of the proposed motor structure from an electromagnetic
design perspective.

Permeability x(mH/m)

Magnetic flux density B(T)

) . . --dg
“10 100 1000 10000
Magnetizing force H(A/m)

(b)

Fig. 4. Finite element mesh diagram: (a) grid division
and (b) material B-H curve.
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Fig. 5. FE model and magnetic field distribution of
TLRSRM: (a) unaligned position in rotary motion, (b)
unaligned position in linear motion, and (c) aligned
position in rotary/linear motion.
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III. SENSITIVITY ANALYSIS OF TLRSRM

In rotary and linear motion, electromagnetic torque
and electromagnetic thrust are among the core perfor-
mance metrics. Here, we present the theoretical formula
using rotary motion as an example. Based on the static
torque obtained at different angles through the finite
element method, the average static torque of the motor
can be derived from the following equation:

1
Tavg =

0
TemdO 1
o, Jy Tem?® (D

where 6, denotes the rotor pole pitch in radians and Tep,
is the electromagnetic torque. Average static torque is
a key indicator for evaluating a motor’s static torque
output capability.

Considering that the proposed TLRSRM structure
must simultaneously satisfy requirements for high aver-
age torque and low torque ripple, two objectives average
static torque and static torque smoothness coefficient —
are selected as optimization targets. Three parameters —
rotor pole arc angle f;, stator/rotor slot length [, and
rotor slot depth d — are chosen as design variables for
the optimized design of the TLRSRM. During sensitivity
analysis of each structural parameter, the values of the
remaining parameters under analysis remain constant,
and the motor operates under rated conditions. Single-
parameter sensitivity analysis for this section is shown
in Fig. 6.

[
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ENE \ 2200 ya
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B £C)
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Fig. 6. Sensitivity analysis results under different rotor
pole arc f; : (a) rotary motion and (b) linear motion.

As shown in Fig. 6, the relationship curve between
the average torque/thrust of the MLRSRM and the rotor
pole arc angle B; indicates that, in the rotational motion
mode, the mean electromagnetic torque exhibits a non-
monotonic variation pattern — first increasing and then
decreasing — as the f; angle decreases, reaching its
peak at 27° of B;. For the linear motion mode, the
average electromagnetic thrust exhibits a continuously
increasing trend with increasing f;. Beyond a certain
critical value, the rate of increase gradually converges.
Considering all factors, 10° is ultimately determined as
the optimal design parameter for the rotor pole arc.
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As shown in Fig. 7, the relationship curve between
the average torque/thrust of the MLRSRM and the
stator/rotor slot length [/ indicates that, in rotational
motion mode, as [ increases, the average electromagnetic
torque exhibits a decreasing trend, while the average
electromagnetic thrust shows an increasing trend. After
comprehensive consideration of all factors, 38 mm is
ultimately determined as the optimal design parameter
for the stator/rotor slot length.
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Fig. 7. Sensitivity analysis results under different sta-
tor/rotor slot length [ : (a) rotary motion and (b) linear
motion.
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Fig. 8. Sensitivity analysis results under different rotor
slot depth d : (a) rotary motion and (b) linear motion.

It can be seen from Fig. 8 that the relationship curve
between the average torque/thrust of the MLRSRM and
the stator/rotor slot depth d indicates: in the rotational
motion mode, as d increases, the average electromag-
netic torque shows a decreasing trend, while the average
electromagnetic thrust first increases and then decreases.
After comprehensively considering all factors, 5 mm
was ultimately determined as the optimal design param-
eter for the stator/rotor slot depth.

It should be emphasized that identifying the final
structural parameters entails a critical compromise
between the rotary and linear motion capabilities.
Because parameters optimal for the rotational torque
frequently conflict with those optimal for the linear
thrust, optimizing a single metric inevitably leads to
the severe degradation of the other. Consequently, the
final parameter selection adopts a balanced optimization
strategy aimed at maximizing the overall dual degree
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of freedom performance. Specifically, the chosen val-
ues represent the optimal intersection points where the
rotary torque is maintained near its peak value while the
linear thrust reaches a stable high-performance plateau.
This balancing philosophy ensures that the proposed
motor delivers robust and symmetrical multidimensional
driving forces under complex operational conditions.
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Fig. 9. Performance comparison before and after opti-
mization: (a) static torque waveform and (b) static thrust
waveform.

Based on the sensitivity analysis of the aforemen-
tioned key design parameters, Fig. 9 illustrates the
comparison of the electromagnetic performance of the
TLRSRM before and after parameter optimization. This
is specifically demonstrated through the static torque
and static thrust characteristic curves at different rotor
positions. Analysis of the data in Fig. 9 reveals that
the optimized motor exhibits significantly enhanced per-
formance: its peak static torque increased by 21.6%
compared to the original design, while the peak static
thrust improved by 36.6%.

IV. PERFORMANCE COMPARISON OF
DIFFERENT TLRSRM STRUCTURES

P

[

Fig. 10. Comparison of TLRSRM 3D models: (a) T-1
type and (b) T-1I type.

To fully evaluate the electromagnetic performance
of the proposed TLRSRM structure, this section con-
ducts a comparative analysis of two TLRSRM designs
with distinct winding configurations. The 3D models of
both structures are shown in Fig. 10, namely the baseline
T-1 type (originally presented in Fig. 1) and the proposed



T-1I type. In the T-I type, the winding coils are wound on
adjacent teeth of the U-shaped stator, while in the T-II
type, the winding coils are wound on the stator yoke. For
a fair comparison, both structures have the same number
of winding-turns per phase, as well as identical motor
volume and rated conditions.

--------- Unaligned of T-I —— Aligned of T-I ... Unaligned of T-1 —— Aligned of T-I
- Unaligned of T-IT Aligned of T-IT - Unaligned of T-II Aligned of T-1I

T

Flux linkage(Wb)
Flux linkage(Wb)
=]
[

0 10 20 30 40 f; 10 20 30 40
Current(A) Current(A)

(a) (b)

Fig. 11. Flux linkage curve: (a) rotary motion and (b)
linear motion.
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Fig. 12. Inductance curve: (a) rotary motion and (b)
linear motion.

The core electromagnetic characteristics of SRMs
are primarily reflected in key parameters such as mag-
netic flux linkage, inductance, and output torque. Fig-
ures 11 and 12 illustrate the variation patterns of mag-
netic flux linkage and inductance with current for a
single stator pole in non-aligned and aligned positions
under rotational and linear motion modes for two con-
trasting structures.

During the low-current excitation phase, magnetic
flux in both positions increases approximately linearly
with excitation current, while corresponding inductance
values remain largely constant. This indicates the motor
magnetic circuit operates within the linear region of
the core material’s magnetization curve. However, once
the current exceeds a specific saturation threshold,
the magnetic flux growth rate at the aligned position
noticeably slows, exhibiting nonlinear saturation char-
acteristics, while its inductance value simultaneously
decreases significantly. In stark contrast, the magnetic
flux and inductance characteristics at the non-aligned
position show no significant changes across the entire
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current range, consistently maintaining a good linear
relationship.

The fundamental cause of this difference lies in the
varying magnetic resistance within the circuit. At the
aligned position, magnetic flux concentrates through the
stator and rotor poles, forming a low-resistance path that
rapidly increases local magnetic flux density in the core.
When current increases to saturate the silicon steel lami-
nations (typically within the 1.8-2.0 T range), the mate-
rial’s permeability decreases and magnetic resistance
increases, triggering nonlinear changes in magnetic flux
linkage and inductance. In the nonaligned position, how-
ever, the air gap magnetic resistance remains dominant,
resulting in a lower magnetic flux density level in the
core. Consequently, it is difficult for the core to reach
saturation.

30 350

—T-II —T-II
25 - —T-1 300 TI
g g2
Z 20 Z 250
2 Z 200
g1s c
e = 150
2 g
E 10 S 100
(72} 175
5 50
0+ 0+
0.0 75 15.0 225 0 5 10 15 20 25 30 35
Position(°) Position(mm)
(a) (b)

Fig. 13. Static torque/thrust curve: (a) rotary motion and
(b) linear motion.

Figure 12 shows the static torque/thrust variation
waveforms for the T-I and T-II structural types at a rated
current of 15 A. The static torque and thrust for TI
are 15.8 Nm and 213 Nm, respectively; T-II exhibits
higher static torque and thrust values of 17.6 Nm and
240 Nm. The data indicates that T-II exhibits an 11.52%
increase in static torque and a 12.68% increase in
static thrust, compared to T-I. These results demonstrate
that the structure with windings wrapped around the
stator yoke exhibits superior electromagnetic perfor-
mance compared to the structure with windings wrapped
around the stator pole positions. The ripple percentage
(Krippie) 1s defined and calculated as follows:

Xmax - Xmin

x 100%, )
Xuvg

Kripple =

where Xqx, Xinin, and X, tepresent the maximum,
minimum, and average values of the electromagnetic
torque (or thrust) over the effective conduction interval.

To address the critical aspect of motion stability,
this section further evaluates the static smoothness coef-
ficient for both structural types. Because the proposed
analysis focuses on static characteristics, the static
torque ripple of the output torque and thrust over the
effective conduction zone is adopted as the smoothness
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metric. Analyzing the flat-top region spanning from 5° to
17.5° for the rotary mode, the T-II configuration yields a
smaller static torque ripple of 42.2% compared to the
64.0% of the T-I configuration. Similarly, within the
linear conduction interval from 3 mm to 17.5 mm, the
extended high thrust plateau of the T-II structure results
in a reduced static thrust ripple of 54.5% contrasting
with the 85.7% of the T-1 design. The data indicates
that winding the coils around the stator yoke effectively
diminishes output fluctuations, thereby providing supe-
rior motion smoothness for complex multidimensional
drive applications.

V. CONCLUSION

This paper proposes a novel TLRSRM employ-
ing a modular stator-rotor design. Its electromagnetic
characteristics and structural parameter sensitivity were
systematically investigated through three-dimensional
finite element analysis. Simulation results demonstrate
that this topology effectively achieves dual-degree-
offreedom rotational and linear motion, with a rational
magnetic field distribution and core magnetic flux den-
sity consistently maintained within safe limits. Param-
eter sensitivity analysis identified optimal solutions
for critical dimensions such as rotor pole arcs. Post-
optimization, static torque and thrust increased by 21.6%
and 36.6%, respectively. Further comparison of two
winding configurations (T-I and T-II) revealed that the
T-1I structure with yoke windings outperformed the T-
I type with pole windings in both static torque and
thrust, achieving improvements of 11.52% and 12.68%,
respectively. The proposed TLRSRM structure demon-
strates significant advantages in integration, power den-
sity, and output performance, offering a viable new
solution for high-performance multi-degree-of-freedom
drive systems.
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