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Electric Energy production, especially from renewable fonts, together with transport electrification is one the key
factors in the agenda for sustainable development.

This special issue brings together nine contributions on electrical machines, also considering examples of related
power converters, for energy generation and electric transportation. Their shared focus is the relationship between
electromagnetic design, operational flexibility, and reliability, addressing the demands of compact renewable energy
converters and efficient electric drives.

Three studies investigate tubular linear–rotary switched reluctance machines, with potential applications in inte-
grated actuation and marine energy systems. A comparative investigation combining geometric sensitivity analysis
with alternative winding arrangements, identifying improvements in torque, thrust, and output smoothness is carried
on in the first study. A second contribution considers H-shaped modular stators that accommodate rotary and linear
magnetic circuits with limited electromagnetic coupling. A third examines a two-degree-of-freedom topology through
static field analysis and dynamic simulations, clarifying saturation behavior and the interaction between motion
modes. Together, these studies support the development of integrated electromechanical systems relevant to combined
wind and wave energy conversion.

Thermal management represents an important performance index in renewable generation too. A lumped-
parameter thermal network for a Dual-Stator Single-Mover Permanent-Magnet linear–rotary generator accounts for
convection under helical motion and partial axial overlap. Comparison with three-dimensional finite element analysis
identifies critical winding temperatures and informs cooling design.

The fifth contribution presents a 12-pole single-phase transverse-flux tubular switched reluctance linear motor.
Its U-shaped modular stator shortens magnetic paths and improves iron core utilization. Prototype measurements
support the modeling approach and the feasibility of the design for high-performance linear electric drives.

A further modeling contribution develops unified three-dimensional analytical models for surface-mounted Per-
manent Magnet axial flux machines with odd/even piece Halbach arrays. Accounting for air-gap fringing and slot-
ting, the approach supports electromagnetic optimization of compact machines relevant to both generation and
transportation.

As for electric drives, modularity is the common feature of two devices. The first is an E-type stator switched
reluctance motor, whose performance in terms of manufacturability and continued operation under winding open-
circuit faults are considered. The analysis of a modular double-stator motor shows how NSNS and NSSN winding
polarities alter magnetic paths, revealing application-dependent trade-offs between torque production and efficiency.

At the converter level, the last contribution considers a dual-port integrated switched reluctance drive which com-
bines flexible power supply arrangements with multilevel excitation and regenerative braking. Simulations investigate
motoring and different braking intensities, linking converter reconfiguration to torque capability and energy recovery
in electric vehicles.

Collectively, the papers offer analytical and simulation-based foundations for more integrated energy conversion
systems. Prototype validation, thermal management, and coordinated machine–converter control remain essential
steps toward practical deployment in renewable generation and electric transportation.

© 2026, The Applied Computational Electromagnetics Society
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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,

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 a novel 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.

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
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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

outputs, which are paramount performance metrics for
advanced motion control applications.

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.



491 ACES JOURNAL, Vol. 41, No. 6, June 2026

Table 1: Phase excitation patterns for different motion
types
Motion Excitation Phase Primary
Type Strategy Excitation Force

Pattern Generated
(Example)

Rotational
Motion
(Forward)

Sequential A-B-C Circumferential
Torque

Rotational
Motion
(Reverse)

Sequential A-C-B Circumferential
Torque

Linear Motion Simultaneous A, B, C Axial Thrust
Coupled (Spiral)
Motion

Sequential (while
axially offset)

A-B-C Torque + Axial
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.

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/mm2,
and the slot fill factor is below 50%. Based on con-
ventional design experience and the parameter selection

criteria in Fig. 2, the initial dimensional parameters for
the TLRSRM are selected and listed in Table 2.

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/r4 mm 310
Stator inner diameter/r3 mm 150.8
Rotor outer diameter/r2 mm 150
Rotor inner diameter/r1 mm 80

Rotor pole arc/βr deg 9
Stator pole width/ws mm 25

Stator yoke thickness/Lsy mm 25
Stator/Rotor axial length/Lsrp mm 90

Stator/Rotor slot length/l 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
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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.

         
(a)                                   (b) 

Fig. 4. Finite element mesh diagram: (a) grid division
and (b) material B-H curve.

(a)                                   (b) 

 
(c) 

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.

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:

Tavg =
1
θr

∫︂
θr

0
Temdθ , (1)

where θr denotes the rotor pole pitch in radians and Tem
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 βr, stator/rotor slot length l, 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.

 
(a)                                           (b) 

Fig. 6. Sensitivity analysis results under different rotor
pole arc βr : (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 βr indicates that, in the rotational motion
mode, the mean electromagnetic torque exhibits a non-
monotonic variation pattern – first increasing and then
decreasing – as the βr angle decreases, reaching its
peak at 27◦ of βr. For the linear motion mode, the
average electromagnetic thrust exhibits a continuously
increasing trend with increasing βr. 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 l indicates that, in rotational
motion mode, as l 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.

  
(a)                                           (b) 

Fig. 7. Sensitivity analysis results under different sta-
tor/rotor slot length l : (a) rotary motion and (b) linear
motion.

 
(a)                                           (b) 

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

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.

  
(a)                                      (b) 

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

 
(a)                                    (b) 

Fig. 10. Comparison of TLRSRM 3D models: (a) T-I
type and (b) T-II 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-I type (originally presented in Fig. 1) and the proposed
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T-II 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.

(a)                                           (b) 

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

 
(a)                                           (b) 

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

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.

 
(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
(Kripple) is defined and calculated as follows:

Kripple =
Xmax −Xmin

Xavg
×100%, (2)

where Xmax,Xmin, and Xavg represent 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-I 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-II 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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Abstract – This paper proposes a novel modular stator
6-pole tubular linear rotary switch reluctance machine
(TLRSRM). The proposed structure employs circum-
ferentially distributed H-shaped stator modules, with
each module’s four poles wound with concentrated

windings. The outer stator pole windings and outer
rotor form a three-phase radial magnetic circuit driving
rotational motion, while the inner stator pole windings
and inner rotor constitute a single-phase transverse mag-
netic circuit driving linear motion. This paper elucidates
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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

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
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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.

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 50DW470 silicon steel sheets
with excellent magnetic permeability. Figure 1 displays

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 Lr) 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

(a)                                                                   (b)                                                          (c) 

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

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

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]:

Us = ikR+
dψk

dt
, (1)

where Us is winding voltage, ik and Ψk 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)

ψk(i,θ) = Lk(i,θ)ik, (2)

where θ is the position of the rotor and Lk 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

ψ = Lai = BspAspNph, (3)

where La is inductance at the alignment position, Bsp 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 Nph 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

Wm(i,θ) =
∫︂ i

0
ψ(i,θ)di. (4)

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

T (i,θ) =
∂Wm(i,θ)

∂θ

⃓⃓⃓⃓
i=const

. (5)

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 Fz can be calculated by taking the partial
derivative of the magnetic co-energy with respect to the
linear displacement z

Fz(i,z) =
∂Wm(i,z)

∂ z

⃓⃓⃓⃓
i=const

. (6)

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

P
cosϕn

(7)

where r6 is the outer radius of the stator, Ld is the
axial length of the stator, P is the power of the rotary
part, cosϕ is the power factor, n 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/m3. In this design, C = 1 kW · min/m3

is selected according to the rated power and speed
requirements.

The inner radius r3 and outer radius r6 of the H-type
stator pole can be expressed by⎧⎪⎪⎨⎪⎪⎩

r4 + r5

2
= k1r6

r3 = k2
r4 + r5

2

, (8)

where r4 and r5 represent the inner radius and outer
radius of the H-type stator yoke, respectively, k1 and
k2 denote proportional coefficients, typically ranging
from 0.4 to 0.7 based on RSRM’s design experience. In
this design, k1 = 0.5 is selected to balance the slot fill
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factor and magnetic circuit length, k2 = 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 l of an
H-type stator yoke satisfies

l = (1.1 ∼ 1.3)(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 r1 and rotor outer radius r8, 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/r1 mm 13
Stator pole inner radius/r3 mm 16
Stator yoke inner radius/r4 mm 26
Stator yoke thickness/ l mm 14
Stator pole outer radius/r6 mm 50
Rotary stator pole width/d mm 8.2
Linear stator pole width/m mm 5.3
Rotor outer radius/r8 mm 58
Rotor pole width/wr mm 11
Rotor yoke thickness/ Lry mm 4
Mover ring length/Lm mm 10
Stator ring length/Ld mm 10
magnetic ring spacing width/Lr 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

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.

 
(a)                                                          (b) 

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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(a)                                          (b)                                       (c)                                          (d) 

Fig. 6. Magnetic flux density contour map: (a) rotor and mover at unaligned position, (b) rotor at unaligned position,
and stator at aligned position, (c) rotor at aligned position, and stator at unaligned position, and (d) rotor and stator at
aligned position.

                 (a)                                                     (b)                                                      (c) 

Fig. 7. Magnetic flux density contour map under positive current excitation of different linear windings: (a) zero
excitation, (b) rated excitation, and (c) double rated excitation.

                 (a)                                                     (b)                                                      (c) 

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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(a) 

 
(b) 

Fig. 9. Static torque waveforms under different lin-
ear winding current excitation: (a) positive current and
(b) reverse current.

 
(a) 

(b) 

Fig. 10. Radial force waveform under different linear
winding current excitation: (a) positive current and
(b) reverse current.

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.

 
(a)                                           (b) 

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

(a) 

(b) 

Fig. 12. Static torque and static thrust curves: (a) rotary
motion and (b) linear motion.
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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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Abstract – A novel two-degree-of-freedom tubular
linear-rotary switched reluctance machine (TLRSRM)
is proposed, and its electromagnetic characteristics are
investigated. First, based on energy conversion prin-
ciples, the topology and working mechanism of the
TLRSRM are explained. Structural dimensions are

determined using conventional motor design experience.
Next, a 3D finite element model (FEM) and a structural
validation process are established to verify the electro-
magnetic feasibility of the topology. The magnetic field
distributions are compared between the unaligned and
aligned positions. Furthermore, parameter sweeping is
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applied to systematically analyze static electromagnetic
characteristics. These include the nonlinear variation of
inductance, flux saturation behavior, and electromag-
netic force output in a twodimensional position-current
parameter space. Finally, the multi-degree-of-freedom
coupling mechanism is quantitatively analyzed. Simu-
lation results of both static and dynamic performances
successfully confirm the structural feasibility of the pro-
posed topology, thereby establishing a solid theoretical
framework for subsequent optimization and control.

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

I. INTRODUCTION
The increasing demand for drive system integration

and multi-degree-of-freedom motion control in the fields
of intelligent manufacturing, wind-wave co-generation
system and other ocean energy utilization, the traditional
single-degree-of-freedom motors have been unable to
meet the requirements of efficient drive under complex
working conditions due to the limitations of single func-
tion, high system complexity, and low space utilization.
In this context, multi-degree-of-freedom motors have
become a research hotspot in the field of motors due to
their advantages of compact structure, high integration,
and flexible motion control. Among them, switched
reluctance motors (SRMs) show great potential in the
application of multi-degree-of-freedom drive systems by
virtue of their simple structure, high fault tolerance, and
high environmental adaptability. However, the existing
research on multi-degree-of-freedom SRMs still faces
technical bottlenecks such as complex electromagnetic
coupling, large torque pulsation, and imperfect design
theory, which urgently need to realize performance
enhancement through topological innovation and theo-
retical breakthroughs [1–4].

As an emerging topology, the two-degree-of-
freedom tubular linear-rotary switched reluctance
machine (TLRSRM) can realize the cooperative control
of rotary and linear motions at the same time, which
is of significant application value in the fields of
automated robotic arms and intelligent conveyor
systems. Currently, most of the related research focuses
on the performance optimization of single-degree-of-
freedom SRMs, while the research on TLRSRMs is
still in its infancy, and its topology design methodology,
electromagnetic coupling mechanism, and performance
optimization strategy are yet to be explored in depth
[5–7].

The magnetic circuit structure, TLRSRM can be
composed mainly of rotary and linear magnetic circuits,
so its structure can be studied from conventional radial

switched reluctance motor (RSRM) and linear switched
reluctance motor (LSRM). LSRM include various con-
figurations tailored for various industrial applications.
Among them, tubular linear switched reluctance motor
(TLSRM) represent a special topology characterized by
a cylindrical structure. The TLSRM offers two distinct
advantages over single- and double-sided LSRMs that
enhance its performance and utility. The coaxial arrange-
ment of the tubular stator sleeve and tubular actuator
allows the TLSRM to achieve a higher force density
ratio (thrust output per unit volume) than conventional
LSRM designs. This geometric configuration optimizes
the flux path and promotes more efficient electromag-
netic coupling, thereby maximizing thrust generation
capability within a compact envelope [8–11].

Reference [12] provides an optimal design method
for RSRMs through 2D finite element electromagnetic
analysis and finite element thermal analysis, which
improves the performance and reduces the manufactur-
ing cost of RSRMs. Reference [13] performed a multi-
objective optimization of a bilateral SRLM applied for
wave power generation. A single-phase tubular perma-
nent magnet linear generator (TPMLG) with a novel
structure is presented in [14], the mover parts move in
a reciprocating linear motion by the leaf springs. A two-
degree-of-freedom double-stator linear-rotary SRM for
an industrial robot is proposed in [15]. It can perform
individual rotary motion, linear reciprocating motion,
and helical motion.

Due to the limited literature on two-degree-of-
freedom (2DOF) SRMs, this paper proposes a novel
TLRSRM topology to achieve simultaneous linear and
rotary motion. Based on energy conversion principles
and established motor design methodologies, a structural
design model of the proposed machine is developed.
Furthermore, considering its unique structural features,
a 3D finite element analysis (3D FEA) is performed
via simulation software. The electromagnetic character-
istics – including magnetic flux density, flux linkage,
inductance, and static torque – are thoroughly investi-
gated. The results validate the rationality and feasibility
of the proposed topology.

II. STRUCTURE AND OPERATING
PRINCIPLE OF TLRSRM

The proposed TLRSRM 3D structural model is
shown in Fig. 1. This motor innovatively integrates
rotational and linear drive functions into a single unit,
with the topological design of its rotary and linear
sections forming the core of the system. The rotary
section employs a three-phase concentrated winding
with a 12/10 stator-rotor pole configuration. Utilizing
a conventional axial flux disc motor structure, it offers
significant advantages such as a flat, compact profile



LIU, CHEN, WARDACH, TOSHOV, ET AL.: ELECTROMAGNETIC ANALYSIS OF A NOVEL TWO-DEGREE-OF-FREEDOM TLRSRM 514

and short axial dimensions, making it suitable for space-
constrained applications. Simultaneously, the concen-
trated winding structure reduces winding copper losses
by shortening end lengths, thereby improving motor
efficiency. The stator of the linear section comprises
four pairs of tooth poles extending radially from the
stator yoke of the rotary section’s axial motor. Opposite-
polarity windings are applied to each pair of tooth poles,
generating transverse flux perpendicular to the direction
of motion of the moving element. By alternately ener-
gizing windings at different phases, reluctance torque is
induced between the moving element and stator tooth
poles, driving the moving element to perform linear
motion along the axial direction. This design effectively
mitigates lateral leakage flux issues, reduces end-effect
influences, and ensures the stability and precision of
linear motion. Furthermore, the symmetrical distribution
of the stator pole structure helps balance electromagnetic
forces, which minimizes vibration and noise during rotor
operation.

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

Additionally, the red dashed lines in Fig. 1 represent
magnetic flux paths. It can be observed that the rotating
section adopts an axial flux disc structure, where the
rotor poles and axially symmetric stator teeth form the
main magnetic circuit. This circuit closes through the
stator yoke, achieving a uniform axial magnetic field
distribution. The interaction between the three-phase
concentrated windings and the rotor poles generates
electromagnetic torque to drive rotation. The linear sec-
tion operates similarly to conventional transverse flux
motors. Magnetic flux lines originate from the stator
yoke, traverse the stator poles and air gap, and form

a radially closed circuit through the rotor ferromag-
netic ring. The reverse winding generates an alternating-
polarity magnetic field, establishing multiple indepen-
dent magnetic circuits in the radial plane. These closed
magnetic circuits run parallel to the stator cross-section
and perpendicular to the rotor’s direction of motion.

When the windings are energized, electromotive
forces (EMF) are simultaneously induced on both the
rotor and stator surfaces of the TLRSRM, thereby estab-
lishing independent current loops. These loops generate
rotational torque and axial thrust concurrently. This
integrated electromechanical design allows the motor to
execute combined rotary-linear motion in both motoring
and generating operational modes.

Based on the design experience of conventional
axial flux SRMs and radial switched reluctance linear
motors [16], the structural parameters of the TLRSRM
of this paper are shown in Table 1.

Table 1: Structure parameters of the TLRSRM

Item Unit Value
Rated power kW 1.5
Mover outer diameter/Dmo mm 360
Mover inner diameter/Dmi mm 300
Stator yoke outer diameter/Do mm 230
Stator yoke inner diameter/Di mm 101
Linear stator pole width/wL mm 40
Linear stator pole length/Lm mm 20
Stator stack length/Ls mm 74
Motor stack length/Lt mm 94.8
Rotor pole arc/βr deg 25
Linear mover pole arc/βL deg 45
Linear stator tooth pitch/βs deg 30
Linear air gap thickness mm 0.5
Rotary air gap thickness mm 0.8
Winding conductor diameter mm 2

III. STATIC ANALYSIS OF TLRSRM
In this paper, the flowchart of 3D modeling and

analysis of the TLRSRM system using finite element
software ANSYS is shown in Fig. 2 with the following
steps.

• A geometric model of the TSRLM is established
based on the pre-determined geometric dimension
table. The geometric parameters in the model
were configured according to the motor dimension
specifications, ensuring precise mapping of the
physical structure into the digital model.

• Physical properties of the TSRLM are set, includ-
ing mechanical properties, material properties,
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Fig. 2. Flow chart of finite element analysis.

and winding excitation of each component of the
TSRLM.

• A customized mesh dissection of the TSRLM is
performed and the geometric properties, physical
properties, and dissection of the finite element
model (FEM) are examined.

• A suitable solver (e.g., Maxwell 3D
static/dynamic solver) is configured to perform
electromagnetic field calculations on the meshed
model. Then 3D magnetic flux distribution is
analyzed to evaluate whether the designed electric
load (current density, J ≤ 6A/mm2) and magnetic
load (core flux density) meet design specifications.
Specifically, the stator/rotor core flux density is
checked against the saturation threshold (typically
≤1.8 T for silicon steel) to avoid excessive iron
loss and magnetic nonlinearity, ensuring the motor
operated within the optimal magnetic working
range.

• After obtaining a well-designed motor structure,
the FEM of TSRLM is analyzed for static perfor-
mance and the data obtained from the simulation
is processed in the next step.

Equal scale 3D FEM of the TLRSRM proposed in
this paper from point to line and surface is performed
according to the structural dimension in Table 1. The
results of the mesh dissection of the 1/4 geometric
model of the TLRSRM are shown in Fig. 3. It can be

observed that the mesh density in the FEM is custom
adjusted according to the magnetic field distribution
characteristics. Specifically, regions with complex mag-
netic field gradients (including stator pole tips, edges
of the kinematic yoke, and air gap) are assigned fine
meshes to capture rapid spatial variations in magnetic
flux density and magnetic force. These critical regions,
which are prone to magnetic saturation and field dis-
tortion, require high-resolution discretization to ensure
accurate electromagnetic field calculations. In contrast,
regions with relatively uniform or low magnetic field
strengths (e.g., unsaturated cores and mechanical sup-
ports) employ coarser meshes to balance computational
efficiency and solution accuracy.

Fig. 3. Mesh sections for the 1/4 model of the TLRSRM.

In rotary motion, when one of the phase windings
is energized, the rotor position goes from unaligned to
aligned, rotating one cycle in the angular range of (0◦,
18◦). In linear motion, excited by current from a single-
phase winding, the actuator travel can be −20 mm to
0 mm or 0 mm to 20 mm, defining the position where the
actuator’s ferromagnetic ring and stator are fully aligned
as the 0 mm position. The −20 mm position is the point
at which the movable element moves negatively in the
axial direction by 20 mm, and the movable element
ferromagnetic ring and stator are perfectly misaligned
when the movable element is in this position.

 
(a)                                       (b) 

Fig. 4. TLRSRM in aligned position: (a) magnetic flux
density map and (b) flux linkage distribution.

Figures 4 and 5 show the magnetic field distribution
in the aligned and unaligned positions of the motor at
rated operating conditions. Included here are the stator
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(a)                                       (b) 

Fig. 5. TLRSRM in unaligned position: (a) magnetic
flux density map and (b) flux linkage distribution.

and rotor in rotational motion, and the stator and mover
in linear motion. It can be seen that, when in the aligned
position, there is less air leakage and the magnetic chain
passes almost entirely through the rotor/motor. The air
gap and the stator poles to form a closed loop, at which
time the magnetic induction intensity in all parts of the
TLRSRM reaches its maximum value. The motor has a
high magnetic flux density, especially in the stator tooth
poles and the magnetically conductive yoke section of
the mover, with a high degree of core saturation. The
maximum value of stator-rotor magnetic density is about
1.7 T, which meets the design requirements. From the
same direction of flux flow at the air gap in Fig. 4 (b), it
can be seen that the stator and rotor are more saturated
at the air gap contact area, which is due to the smaller
contact area. From Fig. 5, it is clearly observed that the
overall core of the motor is less saturated with magnetic
density, which is due to the inability of the flux path
generated by the windings to form a closed path in the
core. In linear motion, the area of the stator and the
mover in the air gap contact area is almost zero, and
there is more air leakage. In rotary motion, the air gap
length between neighboring rotor blocks is too large, and
the reluctance is larger.

 
(a)                                           (b) 

Fig. 6. Static characteristics of rotary motion: (a) flux
linkage at critical locations and (b) inductance at critical
locations.

Figures 6 and 7 illustrate the variations in mag-
netic flux linkage and phase inductance of the motor at
two critical rotor positions: the unaligned and aligned
configurations. For these measurements, a representative

(a)                                           (b) 

Fig. 7. Static characteristics of linear motion: (a) flux
linkage at critical locations and (b) inductance at critical
locations.

phase winding was selected for the rotating component,
while a pair of stator pole windings was chosen for
the linear section. At low excitation currents, the flux
linkage exhibits a linear increase with current, and
the inductance remains approximately constant at both
positions, indicating that the magnetic circuit operates
within the linear region of the core material’s B-H curve.
However, as the current exceeds the saturation threshold,
the flux linkage at the aligned position begins to deviate
from linearity, and the inductance gradually decreases.
In contrast, the unaligned position shows no significant
change in either parameter, maintaining linear behavior
even at higher currents. This discrepancy arises because
the aligned position experiences higher magnetic flux
density in the stator and rotor cores, leading to localized
saturation as the current increases. Once the core mate-
rial reaches its saturation point (typically 1.8–2.0 T for
silicon steel), the rate of change of magnetic flux with
respect to current diminishes, resulting in the observed
nonlinearity in flux linkage and inductance.

To comprehensively analyze the static characteris-
tics across all rotor positions, Figs. 8 and 9 present 3D
surface plots of inductance and flux linkage as functions
of both current and rotor position, using the rotational
motion as a case study. These plots reveal that the flux
linkage exhibits a consistent trend with respect to rotor
position across different current levels, indicating that
the spatial distribution of the magnetic field is preserved
despite variations in excitation magnitude.

Based on 3D finite element static simulations,
the electromagnetic output characteristics of the two-
degree-of-freedom TLRSRM are systematically ana-
lyzed as functions of rotor/stator position and excitation
current, with the results presented in Figs. 10 and 11.
Regarding the rotary motion characteristics, the static
torque curve indicates that, as the rotor rotates from
the unaligned to the aligned position, the electromag-
netic torque exhibits a typical nonlinear pattern, initially
rising and then falling. Specifically, at a rotor position
angle of 18◦, where the rotor pole centerline coincides
with the stator slot centerline, the rate of change of
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(a)                                           (b) 

Fig. 8. Variation of inductance characteristics in rotary
motion: (a) 2D variation curve and (b) 3D variation
curve.

(a)                                           (b) 

Fig. 9. Variation of flux linkage characteristics in rotary
motion: (a) 2D variation curve and (b) 3D variation
curve.

inductance reaches its peak and the magnetic reluctance
is maximized, resulting in the maximum electromag-
netic torque. Conversely, at the 0◦ position, complete
alignment between the stator and rotor poles minimizes
the magnetic reluctance, causing the electromagnetic
torque to drop to zero. This behavior is consistent with
the fundamental operating principle of SRMs.

Fig. 10. Static torque curve for rotary motion.

In terms of linear motion characteristics, the static
thrust curve shows a similar trend to that of rotary
motion, which verifies the consistency of the electro-
magnetic force generation mechanism of this motor
under multi-degree-of-freedom motion. Thanks to the

Fig. 11. Static thrust curves for linear motion.

accurate modeling of the motor end effect by the 3D
finite element method, the static electromagnetic force
results obtained from the simulation have high accu-
racy and reliability. Further parametric analysis shows
that, with the increase of the excitation current, the
curve shape of the electromagnetic force with respect
to the position remains stable, but its amplitude tends
to increase significantly. It is worth noting that when
the excitation current exceeds a certain threshold, the
growth rate of the electromagnetic force with the current
gradually slows down due to the gradual saturation of the
motor core, which is a characteristic that needs to be paid
attention to in practical engineering design to avoid the
performance degradation brought about by the saturated
core. The above results not only reveal the changing
law of electromagnetic force of TLRSRM under multi-
degree-of-freedom motion, but also provide an impor-
tant theoretical basis for the optimization design of the
motor and the development of control strategies.

To further investigate the coupling effect between
the linear and rotary windings on the motor’s torque per-
formance, the influence of energized linear windings on
rotary motion is analyzed as an example. Figure 12 (a)
shows the static torque variation when only the linear
windings are supplied with rated current and the mover
is in the aligned position. Figure 12 (b) illustrates the
average static torque of the rotary motion under differ-
ent excitation states of the linear windings, including
no excitation, double excitation, and reverse excitation.
Additionally, Fig. 12 (c) presents the electromagnetic
torque variation of the rotary motion when the linear
windings are supplied with rated current while the rotary
windings are not excited.

As can be seen from Fig. 12 (a), the rotary torque
waveform generated by the rotary windings remains
almost unchanged regardless of whether the linear wind-
ings are excited. Additionally, it can be observed that
under the excitation of the linear winding current and
with no excitation applied to the rotary winding, the
peak-to-peak value of the rotary torque is approximately
12 µNm. Therefore, when only the linear winding is
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(a) 

(b) 

 
(c) 

Fig. 12. Flux density distribution of TLRSRM: (a) static
torque waveform, (b) static average torque variation with
different currents, and (c) static torque of the linear
winding under rated excitation with the rotary winding
de-energized.

supplied with the rated current and the mover is in the
aligned position, the influence of the linear winding on
the rotary motion is minimal, indicating a low coupling
effect.

IV. DYNAMIC PERFORMANCE ANALYSIS
OF TLRSRM

To further evaluate the transient driving capabilities
and multi-degree-of-freedom operational performance

of the proposed TLRSRM, a comprehensive dynamic
system model is established in MATLAB/Simulink. To
retain the highly non-linear electromagnetic characteris-
tics of the machine while ensuring computational effi-
ciency, two-dimensional look-up tables (2D LUTs) of
the non-linear flux linkage and static electromagnetic
forces (torque and thrust) obtained from the prior analy-
sis are implemented into the dynamic solver.

(a) 

(b) 

Fig. 13. Dynamic performance of rotary motion at 600
r/min: (a) phase current waveform and (b) torque wave-
form.

(a) 

(b) 

Fig. 14. Dynamic performance of rotary motion at 1000
r/min: (a) phase current waveform and (b) torque wave-
form.

The transient dynamic performance of the rotary
motion is investigated under two typical control modes,
namely current chopping control (CCC) and single pulse
control (SPC). Under the CCC mode, the machine
operates at a low rotational speed of 600 r/min with
a preset rated chopping current of 15 A, and the cor-
responding transient phase current and dynamic torque
waveforms are illustrated in Fig. 13. Under the high-
speed SPC mode, the machine runs at 1000 r/min under
an adjustable load torque of 4 N·m, where the phase
current exhibits a typical single-pulse waveform shape
due to the elevated back EMF, as shown in Fig. 14. For a
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(a) 

(b) 

Fig. 15. Fig. 15. Dynamic performance of linear motion
at 0.05 m/s: (a) phase current waveform and (b) thrust
waveform.

(a) 

(b) 

Fig. 16. Dynamic performance of linear motion at 0.1
m/s: (a) phase current waveform and (b) thrust wave-
form.

fair comparison, both operational modes are configured
with a DC bus voltage of 96 V and identical turn-on
and turn-off angles. The simulation results demonstrate
that the dynamic torque effectively tracks the command
values with acceptable ripples, verifying the excellent
rotational drive capability.

Similarly, the transient dynamic characteristics of
the linear motion are evaluated at different mover trans-
lation speeds of 0.05 m/s and 0.1 m/s. For both speed
configurations, a DC bus voltage of 96 V and identi-
cal turn-on and turn-off positions are maintained. Fig-
ures 15 and 16 display the transient single-phase current
and dynamic thrust waveforms, respectively. It can be
observed that a reliable and robust dynamic thrust output
is consistently maintained, which proves the feasibility
of the linear actuation.

V. CONCLUSION
This study investigates the electromagnetic charac-

teristics of a novel two-degree-of-freedom TLRSRM.
By combining 3D finite element parameter sweeps with

system-level Simulink dynamic simulations, the struc-
tural feasibility and operational rationality of the pro-
posed topology are comprehensively verified. Under low
excitation, the inductance and flux linkage exhibit near-
linear behavior, whereas localized magnetic saturation
under high currents introduces distinct nonlinear charac-
teristics at the aligned position. Furthermore, the electro-
magnetic cross-coupling effect between the rotary and
linear sections is quantitatively analyzed.

The dynamic performance further demonstrates the
robust driving capabilities of the machine under typical
control schemes. In the rotary mode, the phase currents
and dynamic torque effectively track the operational
demands under both CCC (600 r/min, 15 A) and SPC
(1000 r/min, 4 N·m) modes with identical turn-on and
turn-off angles. In linear mode, reliable and stable
dynamic thrust outputs are consistently maintained at
translation speeds of 0.05 m/s and 0.1 m/s under a
96 V DC bus voltage. Characterized by a compact
structure and efficient electromagnetic performance, this
TLRSRM framework provides a solid theoretical foun-
dation for subsequent optimization and shows significant
potential in advanced applications such as marine energy
utilization.
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Abstract – Mover-permanent magnet linear-rotary gen-
erators (MPMLRGs) with dual-stator topology and two
degrees of freedom (2-DOF) have attracted growing
interest due to their high integration and compactness,
enabling coupled linear-rotary motion for direct-drive
energy conversion and multifunctional actuation sys-
tems. However, the coupled linear-rotary motion and
unsymmetric dual-stator topology lead to complex ther-
mal behaviors, and the associated thermal characteristics
remain insufficiently investigated compared to electro-
magnetic studies. In this paper, a lumped-parameter
thermal network (LPTN) model is developed for a dual-
stator MPMLRG to accurately capture its asymmetric
heat transfer and temperature rise under helical motion.
A novel approach is proposed to determine the air-
gap convective heat transfer coefficients under coupled
linear-rotary operation, along with a time-weighted cor-
rection method to account for the partial axial over-
lap of stator-mover surfaces. The thermal model is
validated against 3-D thermal finite element analysis
(FEA), showing good agreement while significantly
reducing computational effort. The results provide use-
ful insights into the thermal management of the dual-
stator MPMLRG and establish a foundation for future
design optimization and cooling enhancement.

Index Terms – Dual-stator topology, lumped-
parameter thermal network, permanent magnet linear-
rotary generator, thermal analysis.

I. INTRODUCTION
Permanent-magnet linear-rotary generators

(PMLRGs) have attracted increasing attention in
compact directdrive electromechanical conversion sys-
tems, such as wind-wave combined energy conversion
(WWCEC), advanced manufacturing, and robotic
actuation [1–5]. Linear-rotary integration enables
high torque/thrust density with reduced transmission

complexity, which is particularly attractive for marine
energy applications requiring high integration and
reliability [6]. However, offshore environments are typ-
ically characterized by strong reciprocating loads, high
humidity and salinity, and limited cooling capability,
where excessive temperature rise may cause irreversible
permanent-magnet demagnetization and accelerated
insulation aging, thus threatening long-term operational
reliability [7, 8]. Therefore, thermal modeling and
temperature prediction are critical for mover-permanent
magnet linear-rotary generators (MPMLRGs) design
and safe operation.

Although the electromagnetic performance of
PMLRGs has been extensively investigated, studies on
their thermal behaviors remain relatively limited. Rep-
resentative configurations, such as dual-stator and dual-
rotor PMLRGs employing alternately arranged toroidal
and arc-shaped permanent magnets, have been reported
in [9, 10], demonstrating the feasibility of compact
linear-rotary integration. However, for MPMLRGs, the
coupled helical motion and asymmetric structure lead to
time-varying air-gap convection and nonuniform heat-
transfer paths, posing significant challenges to accurate
temperature prediction and thermal design.

Thermal analysis of electrical machines is com-
monly performed using computational fluid dynamics
(CFD), the finite element method (FEM), and lumped-
parameter thermal network (LPTN) models [11–13].
CFD is often used to evaluate convective heat transfer
coefficients, while FEM provides accurate temperature
distributions but is computationally expensive for rapid
design iterations and optimization studies [14]. In con-
trast, LPTN offers a practical balance between accu-
racy and efficiency and has been widely used for fast
thermal evaluation. Most existing LPTN studies, how-
ever, focus on conventional single degree-of-freedom
(1-DOF) rotary or linear machines, and their extension
to two degrees of freedom (2-DOF) linear-rotary gener-
ators (LRGs) has rarely been addressed. For instance,
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equivalent thermal networks have been established
for various machine types, including flux-switching
permanent-magnet double-rotor machines [15], brush-
less doubly-fed generators [16], surface-mounted and
interior permanent magnet synchronous motors [17],
oil-cooled segmented-stator machines [18], and dual-
radial-ventilated permanent magnet synchronous gener-
ators [19]. Despite these advances, an LPTN framework
that explicitly captures motion-coupled air-gap convec-
tion and asymmetric overlap-induced heat-transfer vari-
ation for dual-stator MPMLRG is still lacking. Different
from conventional air-gap thermal models that assume
pure rotational motion and full axial overlap, the pro-
posed LPTN explicitly incorporates the coupled linear-
rotary kinematics and the timevarying effective air-gap
exposure unique to dual-stator MPMLRG.

To bridge this gap, this paper develops an LPTN
model for a dual-stator MPMLRG that explicitly
accounts for coupled helical motion and asymmetric
air-gap geometry. In particular, the proposed model
improves temperature prediction accuracy by incorpo-
rating motion-coupled air-gap convection and the effec-
tive heat-transfer variation induced by partial axial over-
lap between the mover and stator surfaces. The main
contributions of this work are summarized as follows:

1. A method is proposed to determine air-gap convec-
tive heat transfer coefficients under coupled helical
motion by extending classical empirical correlations
to the 2-DOF operating condition.

2. A time-weighted correction approach is introduced
to account for the partial axial overlap between the
mover and stator surfaces caused by structural asym-
metry.

3. The proposed LPTN model is validated against
3-D transient thermal finite element analysis (FEA),
demonstrating close agreement with significantly
reduced computation time.

The remainder of this paper is organized as follows.
Section II introduces the machine structure and material
data. Section III presents the loss models. Section IV
describes the LPTN modeling process, including the
proposed air-gap heat transfer coefficient calculation and
timeweighted correction method. Section V presents the
LPTN results and the 3-D FEA verification. Section VI
concludes the paper and discusses potential future work.

II. TOPOLOGY OF THE DUAL-STATOR
MPMLRG

A. Structure
The configuration of the dual-stator MPMLRG is

shown in Fig. 1. The machine consists of an outer stator,
a shared mover, and an inner stator, enabling integrated

rotary and linear energy conversion in a compact struc-
ture. Permanent magnets are mounted on both the outer
and inner surfaces of the mover, classifying the machine
as a moverpermanent-magnet topology.

The outer stator and mover outer surface form the
rotary generation unit (RGU), while the inner stator and
mover inner surface constitute the linear generation unit
(LGU). Both units adopt a 15-slot/20-pole configuration
and are mechanically coupled through the common
mover yoke. Concentrated windings are employed in
the outer stator for rotary generation, whereas ring-
shaped windings are arranged in the inner stator for
linear generation. Correspondingly, arc-shaped and ring-
shaped permanent magnets are radially magnetized with
alternating polarities on the mover surfaces.

This dual-armature, dual-winding architecture pro-
vides improved integration, enhanced fault tolerance,
and flexible control capability while maintaining struc-
tural compactness. The key geometric and electrical
parameters are summarized in Table 1.

Fig. 1. Structure of the MPMLRG.

B. Materials
The material properties of the MPMLRG signifi-

cantly affect both electromagnetic and thermal behav-
iors. The permanent magnets are N48, and the stator
and mover cores are made of laminated silicon steel
50W470. Both the RGU and LGU stator cores employ
axially laminated silicon steel sheets. Although axial
lamination may not be optimal for all magnetic flux
paths in tubular linear machines, it is adopted in this
study, and its influence on the thermal model is reflected
through the anisotropic thermal conductivities assigned
to the laminated cores. A discussion on the influence of
lamination orientation in tubular linear machines can be
found in [20].

Thermal modeling of the stator slots is nontrivial
due to the composite winding region. Therefore, an
equivalent thermal conductivity approach is adopted to
represent the anisotropic heat conduction of the slot
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Table 1: Key parameters of the MPMLRG

Parameter Symbol Value
RGU Outer diameter of outer stator Dso1 150 mm

Inner diameter of outer stator Dsi1 86 mm
Outer diameter of mover Dmo 84 mm
Length of outer stator los 150 mm
Outer stator pole height hsp1 22.5 mm
Outer stator yoke height hsy1 3.7 mm
Air-gap thickness lair-gap 1 1 mm
Rated speed ω 300 rpm
Number of turns per phase Nph1 175(d = 2.0 mm)

Resistance of phase winding Rph1 0.468Ω

LGU Outer diameter of inner stator Dso2 36 mm
Inner diameter of inner stator Dsi2 10 mm
Inner diameter of mover Dmi 39 mm
Length of inner stator lis 262.5 mm
Inner stator pole height hsp2 6 mm
Inner stator yoke height hsy2 22 mm
Air-gap thickness lair-gap2 1.5 mm
Rated speed v 1 m/s
Number of turns per phase Nph2 125(d = 1.5 mm)

Resistance of phase winding Rph2 0.167Ω

Table 2: Material thermal data
Model Region Thermal Conductivity (W/(m·K)) Density (kg/m3) Specific Heat (J/(kg·K))

Direction X Direction Y Direction Z
Stator slots of RGU 0.23 0.23 276.06 5514.34 405.9
Stator slots of LGU 273.05 273.05 0.19 6411.22 403
Permanent magnet 9 9 7 7500 400
Lamina ted core 35 35 2 7650 450
Support rod 47 47 47 7850 470
Housin g 90 90 90 2700 900
End cap 0.3 0.3 0.3 920 1900
Note: X, Y, and Z denote the local radial, circumferential, and axial directions, respectively.

los

Dsi1

Dso1hsp1

hsy1

st ss

los

hsp1

hsy1

st ss

Dsi1

Dso1

Fig. 2. Dimensions of the RGU stator slot: (a) individual
slot geometry and (b) equivalent slot model.

region. As shown in Figs. 2 and 3, the slot region
is homogenized by combining the copper conduc-
tors, insulation, impregnation materials, wedges, and

Dsi2

Dso2

hsy2

hsp2

lis

hsy2

hsp2

Dsi2

Dso2

lis

Fig. 3. Dimensions of the LGU stator slot: (a) individual
slot geometry and (b) equivalent slot model.

slot fillers into an equivalent anisotropic medium. The
homogenized slot regions correspond to the equivalent
stator-slot materials used in the thermal model. Owing
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to the different winding configurations, the RGU and
LGU stator slots exhibit different principal thermal
conductivity directions. The RGU winding is mainly
arranged along the axial direction, whereas the annular
winding of the LGU provides higher equivalent ther-
mal conductivity within the plane of the winding lay-
ers. The equivalent conductivities are determined from
the slot geometry, material fractions, and a standard
series model. Consequently, the detailed material dis-
tribution inside each slot is represented by an equiv-
alent homogeneous anisotropic region in the thermal
model.

The thermal conductivities, densities, and specific
heats used in the transient thermal analysis are summa-
rized in Table 2.

III. LOSS MODELS
Accurate loss estimation is essential for thermal

analysis because the losses act as heat sources. In this
section, the losses of the MPMLRG under different
operating conditions are analyzed using both FEM and
analytical methods.

A. Copper loss
The MPMLRG operates at relatively low electrical

frequencies (50 Hz for RGU and 41.67 Hz for LGU
under rated conditions). Therefore, only DC resistance
is considered, and copper loss is calculated as follows:

P = mI2
phRph, (1)

where m is phase number, Iph and Rph are phase current
(RMS) and phase resistance, respectively.

B. Core loss
According to the Steinmetz formula, the core loss

can be expressed as [21]:

PFeH =
∫︂

Vc

(︄
N

∑
n=1

CH(nωs)B2
n

)︄
dV, (2)

PFeE =
∫︂

Vc

(︄
N

∑
n=1

CE(nωs)
2B2

n

)︄
dV, (3)

where PFeH and PFeE represent the hysteresis and eddy-
current losses (W/kg), Vc is the volume of the laminated
iron core, Bn is the amplitude of the nth harmonic flux
density, N is the total number of harmonics, ωs denotes
the fundamental electrical angular frequency (rad/s), the
angular frequency of the nth harmonic is nωs, and CH
and CE are the hysteresis and eddy-current loss coef-
ficients. In this study, CH = 183.674 and CE = 1.224,
which were obtained by nonlinear fitting of the loss data
for 50W470 silicon steel.

C. Permanent magnet eddy current loss
The magnetic field in the MPMLRG can be divided

into two components: the main field, generated by
the mover-mounted permanent magnets, which rotates
and translates synchronously with the mover and is
therefore approximately stationary in the permanent
magnet reference frame, contributing negligibly to the
permanent magnet eddy-current loss; and the harmonic
field, which lacks such synchronism and consequently
induces electromotive force (EMF), eddy currents, and
associated losses in the permanent magnets of both the
RGU and the LGU. The eddy-current loss in the mover-
permanent magnets, resulting from harmonic compo-
nents of the air-gap magnetic field, is quantified by (4)
over one alternating-magnetization period, as described
in [22]:

Pe =
1
Te

∫︂ Te

0

Ne

∑
e=1

J2
e

1
σr

∆eladt (4)

where Pe denotes the rotor eddy current loss [W], Je is
the current density in each element [A/m2], ∆e is the
element area [m2], la is the mover axial length [m], σr is
the conductivity of the eddy current zone [S/m], and Te
is the time corresponding to an alternating magnetization
period in each element.

D. Heat generation
To evaluate the thermal behavior of the 2-DOF

MPMLRG under helical motion, five representative
operating cases are considered by simultaneously vary-
ing the rotational and translational speeds of the mover
around the rated condition. The volumetric heat gener-
ation rates of major components are given in Table 3.
Case 1 corresponds to the rated speeds of 300 rpm
and 1.0 m/s, while in Cases 2–5 the rotational speed
is increased in steps of 50 rpm and the linear speed
in steps of 0.2 m/s. For all cases, the RGU and LGU
load resistances are set to 5 Ω and 1 Ω, respectively.
The resulting losses are converted into volumetric heat
generation rates and applied as heat sources in the LPTN
and FEA models.

Table 3: Volumetric heat generation rates of major com-
ponents

Motor Part Heat Generation (W/m3)
Case 1 Case 2 Case 3 Case 4 Case 5

Stator of RGU 10513.53 12085.01 13861.75 15418.34 16588.97

Winding of RGU 165496.42 201620.49 241031.21 266156.82 290465.48

PM of RGU 2437.40 3335.63 4595.64 5772.04 6974.32

Mover 42.49 59.29 80.92 100.64 108.76

PM of LGU 670.24 961.91 1028.13 1060.38 1066.33

Stator of LGU 207225.95 302137.07 415043.91 560906.21 692365.80

Winding of LGU 39518.48 55733.89 75263.31 99711.47 124060.68
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IV. LUMPED PARAMETER THERMAL
NETWORK MODEL

To facilitate numerical analysis, the motor structure
is discretized into thermal nodes based on material prop-
erties and geometry. Thermal resistances between nodes
are calculated according to their spatial arrangements
and heat pathways. Losses from components are propor-
tionally distributed to corresponding nodes. Steady-state
and transient heat transfer equations are formulated and
solved using MATLAB to obtain the temperature at each
node.

To simplify the three-dimensional temperature field
while maintaining sufficient accuracy, the following
assumptions are adopted: (i) circumferential temperature
symmetry is assumed; (ii) heat transfer is dominated
by conduction, whereas radiation and skin effects are
neglected; and (iii) the short end windings of the RGU
are ignored.

Based on these assumptions, the machine is parti-
tioned into representative thermal regions, each modeled
as a thermal node located at its geometric center. Heat
exchange between nodes is represented by thermal resis-
tances. The resulting LPTN is illustrated in Fig. 4, where
nodes are assigned to the stator yoke, stator slots, stator
teeth, permanent magnets, mover yoke, air gaps, support
rod, housing, end caps, and internal air regions of both
the RGU and LGU.

Fig. 4. Key thermal nodes of the MPMLRG cross-
section.

A. Steady-state and transient thermal network
method

The steady-state thermal behavior of the motor
is modeled by formulating a linear algebraic system
derived from the nodal energy balance equations. In
this framework, the motor is discretized into multiple
thermal nodes, each corresponding to a specific struc-
tural region. The inter-nodal heat conduction is cap-
tured by a global thermal conductance matrix Gs [23],
constructed as the inverse of the thermal resistances
between physically connected nodes. The internal heat
generation due to electromagnetic losses is represented

by a source vector Qs, uniformly distributed across
the corresponding nodes. The steady-state temperature
distribution Ts is then obtained by solving:

Gs ·Ts = Qs, (5)

where Ts denotes the vector of steady-state nodal tem-
peratures. Owing to the localized heat-transfer paths,
Gs is symmetric and sparse, and its conductance topol-
ogy (Fig. 5) provides an efficient representation of the
steady-state thermal behavior of the MPMLRG.

Fig. 5. Thermal conductance network between different
components.

The transient thermal model describes the time-
dependent temperature evolution by incorporating both
internodal thermal conductance and thermal capaci-
tance, the latter determined by material density, specific
heat, and volume. The resulting dynamic thermal behav-
ior is governed by the following first-order differential
equation:

Ct ·
dTt

dt
+Gt ·Tt = Qt(t), (6)

where Ct is the diagonal thermal capacitance matrix,
Gt is the thermal conductance matrix, Tt(t) represents
the instantaneous nodal temperature vector, and Qt(t)
denotes the time-dependent heat generation vector. This
formulation captures both heat diffusion across compo-
nents and energy accumulation due to thermal inertia.

B. Thermal resistance and thermal capacitance
Thermal resistance in electric machines can be cat-

egorized into two types: conduction thermal resistance
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and convection thermal resistance. Conduction thermal
resistance occurs within the solid components of the
machine. As shown in Fig. 6, based on the fundamental
law of heat conduction, the thermal conduction resis-
tances of the two models are derived as follows [24].

The thermal resistance of the flat plate conduction
model is given by:

R =
∆T
Q

=
L

λS
. (7)

The thermal resistance of the cylindrical conduction
model is given by:

R =
∆T
Q

=
∫︂ r2

r1

dr
2λπrL

=
1

2πλL
ln

r2

r1
, (8)

where L is the length along the direction of heat flow
[m], λ denotes the thermal conductivity of the material
[W/(m ·K)], and S represents the cross-sectional area for
heat conduction [m2].

S

L

T
c

r2

r1

L

T

Fig. 6. Two types of conduction resistance models.

Thermal capacitance C can be given as:

C = mcp, (9)

where m denotes body mass and cp is specific heat
capacity.

As shown in Fig. 7, the nodes denote different
components of the MPMLRG interconnected along the
actual heat-transfer paths to establish the simplified
LPTN. Based on well-established lumped-parameter
thermal modeling theory, the thermal resistances and
thermal capacitances of each node are determined from
the corresponding geometry and material properties,
and only the general formulation is presented here for
conciseness.

C. Air gap heat transfer coefficient
The convective heat transfer within the air gap is

evaluated through the following approach. For unified
expression, the outer and inner boundaries of each cylin-
drical air gap are denoted as r1 and r2. Initially, the air-
gap Taylor number Tag, defined using the mean radius
rg = (r1 + r2)/2, and the geometry factor Fg [25] are
calculated by:

Tag = ωr0.5
g (r1 − r2)

1.5/vair, (10)

Tambient

Tambient

Tambient

Tambient

Fig. 7. Simplified LPTN for the MPMLRG.

and

Fg =
π2

41.19
√

S

(︃
1− r1 − r2

2rg

)︃−1

, (11)

where ω denotes the mover’s angular velocity and vair is
the kinematic viscosity of air. The structural parameter S
is given by:

S = 0.0571×
[︃

1−0.652×
(r1 − r2)/rg

1− (r1 − r2)/(2rg)

]︃

+0.00056×
[︃

1−0.652×
(r1 − r2)/rg

1− (r1 − r2)/(2rg)

]︃−1

.

(12)

Subsequently, the air-gap Nusselt number Nug is
obtained as a function of (Tag/Fg)

2, as shown in (13).
When (Tag/Fg)

2 < 1700, thermal convection is negli-
gible, and heat transfer across the air gap is dominated
by conduction. For 1700 < (Tag/Fg)

2 < 104, the flow in
the gap becomes laminar with vortex formation, while
for 104 < (Tag/Fg)

2 < 107, turbulent flow governs the
convective heat exchange.

Nug =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

2(r1 − r2)/rro

ln[1+(r1 − r2)/rro]
, for

Ta2
g

F2
g

< 1700

0.128(Ta2
g/F2

g )
0.367, for 1700 <

Ta2
g

F2
g

< 104

0.409(Ta2
g/F2

g )
0.241, for 104 <

Ta2
g

F2
g

< 107.

(13)
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Based on the calculated Nusselt number, the air-gap
convective heat transfer coefficient hg can be derived
accordingly as:

hg = kair
Nug

2g
. (14)

Referring to (11) and the dimensional parame-
ters listed in Table 1, the geometry factor of outer
and inner airgap for the analyzed MPMLRG at rated
speed is calculated to be F(RGU)

g = 1.01190 ≈ 1 and
F(LGU)

g = 1.041667 ≈ 1, respectively. The air’s kine-
matic viscosity is taken as vair = 1.5 × 10−5 and the
air-gap thermal conductivity is kair = 0.023 W/(m ·K).
According to (10), the corresponding air-gap Taylor
numbers under the operating condition of a mover
speed of n = 300 rpm are calculated as: Ta(RGU)

g =

13.65382,Ta(LGU)
g = 16.66085.

Since (Ta(RGU)
g )2/(F(RGU)

g )2 ≈ 180 < 1700, and
(Ta(LGU)

g )2/(Fg
(LGU))2 ≈ 243 < 1700, heat transfer

within the air gap is dominated by thermal conduction
rather than convection. As a result, the air-gap convec-
tive heat transfer coefficient is calculated as: h(RGU)

g =

46.54556 W/(m2 · K),h(LGU)
g = 31.92737 W/(m2 · K).

In this regime, Nug ≈ 1, and the resulting hg represents
the conduction-dominated equivalent heat-transfer coef-
ficient across the air gap (i.e., hg ≈ kair/δ ). It should
be noted that this formulation represents an equivalent
heat-transfer coefficient across the air gap, which is com-
monly adopted in electrical machine thermal modeling
when the air flow remains weak.

By substituting the thresholds (Ta(RGU)
g )2/(F(RGU)

g )2

and (Ta(LGU)
g )2/(Fg

(LGU))2 = 1700,104, and 107 into
(13), the corresponding boundary mover speeds for the
RGU and LGU are determined to be 916, 2223, and
70308 rpm, and 793, 1923, and 60828 rpm, respectively,
which indicates that the analyzed operating range is well
within the conduction-dominated regime.

However, in the case of MPMLRG, the mover
undergoes both rotational and translational motions
simultaneously, resulting in a helical trajectory. To more
accurately represent the convective flow driven by such
compound motion, an effective air-gap velocity can be
defined as:

ue f f =
√︂

u2
θ
+u2

z , (15)

where uθ = ωrgap is the tangential velocity and uz is the
linear velocity of the mover. According to forced con-
vection theory, the convective heat transfer coefficient is
proportional to velocity raised to a power n, typically
n = 0.8 for turbulent forced convection of gases:

h ∝ un. (16)

Consequently, the original convective coefficient
can be corrected as:

hg,new = hg ·
(︃

ueff

uθ

)︃0.8

. (17)

This correction allows the model to incorporate the
enhancement in heat transfer caused by the superim-
posed translational motion of the mover.

To further explore the influence of motion parame-
ters on air-gap heat transfer performance, the same five
operating conditions (Cases 1–5) introduced in section
III part D are adopted. These include the rated operat-
ing condition (Case 1) and four additional cases with
increased rotational and linear speeds. In each case, the
corresponding Taylor number and Nusselt number are
calculated, and the convective heat transfer coefficients
of both the air gaps of RGU and LGU are evaluated
accordingly.

As shown in Fig. 8, the convective heat transfer
coefficients of both air gaps increase with speed due to
enhanced forced convection.

Fig. 8. Air-gap convective heat transfer coefficients.

Due to the dual-stator configuration of the
MPMLRG, the outer and inner stators have axial lengths
of 150 mm and 262.5 mm, respectively, whereas the
mover spans a total of 400 mm. During operation,
the mover undergoes a compound motion consisting
of rotation and linear translation, resulting in a helical
trajectory along the axial direction. Because of the mis-
match in axial dimensions, not all portions of the mover
surface are continuously enclosed by the stator cores.
This partial air-gap exposure is illustrated schematically
in Fig. 9, where the helical motion path and bidirectional
travel of the mover are shown. Specifically, only a
segment of the mover’s outer surface forms an active
air gap with the outer stator, while the rest is exposed
to ambient air. A similar condition applies to the inner
air gap.

To accurately represent this intermittent contact
during motion, the convective heat transfer coefficients
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Fig. 9. Relative positions between the mover and stator
during reciprocating motion: (a) left stroke limit and (b)
right stroke limit.

of the inner and outer air gaps are modified using a time-
weighted approach, expressed as:

h̄g = η ·hg +(1−η) ·hair, (18)

where η is the effective contact ratio determined by the
axial coverage of the stator relative to the mover and
hair is the natural convection heat transfer coefficient for
the exposed surfaces. This method ensures the thermal
model reflects realistic boundary conditions during cou-
pled motion.

V. LPTN MODEL SOLVING AND 3-D FEA
VERIFICATION

The proposed LPTN model predicts the average
temperature of lumped components rather than detailed
spatial distributions. Therefore, a 3-D thermal FEA
model is established to obtain the temperature field and
to validate the accuracy of the LPTN predictions. The
heat transfer coefficients used in the FEA are consistent
with those derived from the thermal network modeling
in section IV.

A. Establishment of finite element model
The temperature distributions obtained from the

3-D thermal model implemented in ANSYS Workbench
are shown in Fig. 10. The ambient temperature is set to
22◦C.

At the rated operating condition, thermal behaviors
are observed in the RGU and LGU. In the RGU, the
stator iron and windings exhibit the highest tempera-
tures, whereas the mover and permanent magnets remain
significantly cooler due to partial exposure to ambient
air. Similarly, in the LGU, the stator and windings

Fig. 10. 3-D temperature distribution and cross-section
of MPMLRG @ five operating cases.

experience higher temperature rise, while the permanent
magnets remain at relatively low temperatures. Although
the LGU winding generates higher losses, its temper-
ature is comparable to that of the RGU owing to the
annular winding configuration, which enhances heat
conduction to the stator core. However, the enclosure of
the inner stator by the mover restricts heat dissipation,
leading to a slightly higher temperature rise.

With increasing operating speed, the temperatures
of both the RGU and LGU increase monotonically,
indicating that natural convection alone is insufficient
to offset the additional heat generation. At Case 5,
severe thermal stress is observed, particularly in the
stator windings, with the LGU inner winding becoming
the most thermally critical component. In contrast, the
mover and permanent magnets remain within a relatively
safe temperature range.

It should be noted that these results are obtained
under natural convection cooling only. At high operating
speeds, excessive winding temperatures may compro-
mise insulation reliability and reduce machine lifetime.
Therefore, enhanced thermal management measures,
such as winding impregnation or improved cooling
strategies, are required for practical applications.

B. Steady-state LPTN
As shown in Fig. 11, the computing results of

steady-state LPTN are compared with the results of
FEA.
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Fig. 11. Comparison of steady-state temperature of
major components in the MPMLRG predicted by the
LPTN and 3-D FEA: (a) RGU stator, (b) RGU winding,
(c) RGU PM, (d) LGU PM, (e) LGU stator, (f) LGU
winding, (g) mover, and (h) housing.

It can be observed that the results of the LPTN
calculation are in close agreement with those of the FEA,
confirming the accuracy of the proposed LPTN model
for the MPMLRG. The largest discrepancy is observed
in the winding of the RGU, which is mainly attributed
to the geometric simplifications adopted in the LPTN
model. Nevertheless, the overall agreement demon-
strates that the proposed model can provide reliable
temperature prediction for engineering applications.

VI. TRANSIENT LPTN
As shown in Fig. 12, the computing results of

transient LPTN are compared with the results of FEA.
It can be observed that the final steady-state results

of both methods are in good agreement; however, the

Fig. 12. Comparison of transient temperature of major
components in the MPMLRG predicted by the LPTN
and 3-D FEA: (a) RGU stator, (b) RGU winding,
(c) RGU PM, (d) LGU PM, (e) LGU stator, (f) LGU
winding, (g) mover, and (h) housing.

temperature predicted by the LPTN reaches steady-state
more slowly than that of the FEA. This discrepancy
mainly arises from the intrinsic modeling assumptions
of the LPTN. In the LPTN, multiple local heat-transfer
paths are represented by equivalent thermal resistances
and thermal capacitances. The spatial averaging smooths
local temperature gradients and increases the effective
thermal inertia of each thermal node, thereby slowing
the predicted heat diffusion process. In contrast, the
FEA explicitly resolves the distributed temperature field
and local heattransfer paths, allowing local regions to
respond more rapidly to thermal excitation. Conse-
quently, the LPTN exhibits a slightly slower transient
response while maintaining good agreement with the
FEA under steady-state conditions. This characteristic
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does not affect its suitability for thermal design and
steady-state temperature prediction.

VII. CONCLUSION
A lumped-parameter thermal network model for

the dual-stator MPMLRG was developed and validated
against 3-D FEA. Both methods reveal that stator wind-
ings are the most thermally critical components, with
the inner stator winding of the LGU exhibiting the
highest temperature due to limited heat dissipation.
The LPTN demonstrates good agreement with FEA in
steady-state prediction, though it slightly underestimates
transient dynamics owing to simplified thermal inertia
representation. At high operating speeds, winding over-
heating becomes significant, underscoring the necessity
of enhanced cooling strategies. Future work will inte-
grate advanced cooling methods and couple the LPTN
with dynamic electromagnetic loss models to support
reliability assessment and design optimization. Future
work will include experimental validation on a prototype
to further verify the proposed thermal model under
practical operating conditions.
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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) 

g1 g21 2

θ  

 
(c) 

U-shaped module statorWinding

Shaft

Mover ferromagnetic ring

Stator spacing ring

(d) 

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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Abstract – Considering the 3-dimensional (3D) air-gap
fringing field, unified 3D analytical models equivalent
to linear machines are proposed for surface-inserted
axial flux machines (SIAFMs) with odd-/even-piece
Halbach arrangements. The 3D scalar potential govern-
ing equations for several regions can be uniquely solved
according to Fourier decomposition coefficient matrixes
derived from field boundary conditions. Based on this,
the electromagnetic parameters can be derived. Predic-
tions indicate that, compared with the non-optimized
SIAFMs with three-/four-piece Halbach arrangements,
the optimized SIAFMs with three-/four-piece Halbach
arrangements exhibit excellent electromagnetic perfor-
mances. The 3D finite element (FE) and analytical
predictions for the SIAFM models are compared.

Index Terms – Odd-/even-piece Halbach arrange-
ments, surface-inserted axial flux machine, unified 3D
analytical model.

I. INTRODUCTION
Different from the non-optimized radial flux perma-

nent magnet (PM) machines, axial flux machines with
PMs have not only smaller volume but also higher torque
and power density although they may lead to larger
torque ripple [1, 2]. With the progress and develop-
ment of society, especially extensive use of rare earth
materials and improvement of control techniques, more
axial flux machines, which are used in fields like electric
vehicles, aerospace, and wind power [2–4], are needed.

A great variety of academic research on surface-
mounted axial flux machines (SMAFMs) with PMs is
carried out with the aim of improving their performance.
Halbach arrangements that not only weaken torque
ripple but also gather the magnetic field [4], are used
for SMAFMs in [4–9], and the combination of mag-
net circumferential displacement with various pole-arc

ratios and magnet axial shape design are utilized to
reduce pulsating torque in [10]. Surface-inserted axial
flux machines (SIAFMs) with different thickness Hal-
bach magnets and soft magnetic materials are proposed
in [11]. Axial flux machines combining surface-inserted
and surface-mounted magnets are analyzed in [7].

As a numeric solution approach, the 3-dimensional
(3D) finite element (FE) analysis takes a long com-
putation time, especially for optimization. In order to
reduce the computing time, a few approaches have
been presented. An approach with 2-dimensional (2D)
scalar potential equivalent to linear motor for SMAFM
is proposed in [5, 12, 13]. A 2D analytical model
with vector potential is presented for achieving the
magnetic field in SMAFMs with Halbach arrangements
in [14, 15], and a method with 2D vector potential
equivalent to linear machine is proposed in [4, 6, 16–
18]. However, these approaches, except [13, 17], ignore
the fringing effect in radial direction, and the methods
with correction coefficient proposed in [13, 17] still have
a degree of error. Then, 3D scalar potential techniques
based on Bessel function in [18–20] or virtual argument
Bessel function in [8, 9, 21] are presented. These 3D
techniques can only solve the fields in SMAFMs and
have non-negligible errors with the equivalent method
in [7]. In addition, an equivalent method with the 3D
scalar potential equivalent to linear motors has been
proposed in [22–25], but it cannot be used for SIAFMs.
The approach proposed in [26] only applies to surface-
inserted radial flux PM machines.

In this paper, unified 3D analytical models are
proposed for SIAFMs with odd-/even-piece Halbach
arrangements. By means of solving the Fourier decom-
position of boundary condition matrix in equivalent lin-
ear machines, the field governing equations in different
regions are solved. The stator slotting effect is taken into
account by Carter’s coefficient. Different from 2D radial
flux machines, the air-gap fringing effect for SIAFMs
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needs to be considered and the air-gap fringing field is
analyzed. According to the solved magnetic fields, the
electromagnetic performances are obtained. Computa-
tion results demonstrate that the optimized pieced Hal-
bach arrangement SIAFMs have better performance than
the corresponding non-optimized ones. A comparison of
3D FE and analytical predictions demonstrates that the
proposed 3D analytical model is valid.

II. 3D PHYSICAL MODEL FOR HALBACH
SIAFMS

A. Geometrical parameters for Halbach arrange-
ments

Figures 1 (a) and (b) show the design parameters of
the odd-/even-piece Halbach arrangements for SIAFMs.
For the odd/even-piece Halbach, α1, . . ., and αλ are the
arc ratios of all the magnet pieces. Regardless of odd-
or even-piece number, α is the proportion of polar arcs
between two rotor teeth, α0 is the arc ratio of all the
N or S magnets. For both odd- and even-piece Halbach
arrangements, the magnetization angles between the
axial symmetric axis and the magnetization directions
are defined as θ1, . . ., and θλ+1. In particular, for the
odd-piece Halbach, θ1 = 0◦. If θ1 is equal to zero
for the even-piece Halbach, the even-piece Halbach is
equivalent to the odd-piece Halbach.
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Fig. 1. Design parameters of surface-inserted odd-/even-
piece Halbach arrangements: (a) odd-piece Halbach and
(b) even-piece Halbach.

Figure 2 clearly exhibits the 3D structure of single
rotor and double stator SIAFM with three-piece Halbach
arrangements. In the cylindrical coordinate systems, the
3D analytical equations of SIAFM models can be hardly
solved. As a consequence, for easy solution of the 3D
field distributions in SIAFMs with Halbach arrange-
ments, the cylindrical coordinate system is converted to
the spatial Cartesian one. However, due to the difference

Stator iron
Windings

Rotor iron
Halbach

Fig. 2. 3D structure of SIAFM with three-piece Halbach
arrangements.

Rotor 
tooth iron

Permanent 
magnet

Rin

Rout

Fig. 3. Top view of SIAFM.

between inner and outer diameters, the unfolded ring
cannot be strictly equivalent to a rectangle. In order
to ensure the rigor and accuracy of the equivalent
calculation, the PMs can be divided into nt (an odd
number) circular cylinder slices with unequal inner and
outer radii but equal differences between inner and outer
radii. From inside to outside, the circular cylindrical
regions are numbered as 1, . . . , j, . . ., and nt . Therefore,
the average radius of the j-th circular cylinder can be
computed as

R j = Rin +( j−1)
Rout −Rin

nt
+

1
2

Rout −Rin

nt
, (1)

where Rin and Rout are the inner and outer radii, respec-
tively, as shown in Fig. 3.

B. Magnetization parameters for Halbach arrange-
ments

The double Fourier decomposition of magnetiza-
tion by trigonometric functions are one key point of
the analytical model. However, because of the special
circumstances of the rotor teeth, polar distance cannot
be used as half a cycle of magnetization components.
Through the mirror method, the length between the rotor
teeth can be considered as half a cycle of the magneti-
zation components. In the spatial Cartesian coordinate
system, the three magnetization components in x-, y-
, and z-directions for odd-piece Halbach (given three-
piece Halbach as an example) between −l/2 to 3l/2 can
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be expressed as⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

M j
x =

Bre

µ0
sin(θ2) −α0l

2α
< x <−α1l

2α

M j
y = 0 −qnt

2
< y <

qnt

2

M j
z =

Bre

µ0
cos(θ2)

, (2)

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

M j
x = 0 −α1l

2α
< x <

α1l
2α

M j
y = 0 −qnt

2
< y <

qnt

2

M j
z =

Bre

µ0

, (3)

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

M j
x =−Bre

µ0
sin(θ2)

α1l
2α

< x <
α0l
2α

M j
y = 0 −qnt

2
< y <

qnt

2

M j
z =

Bre

µ0
cos(θ2)

, (4)

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

M j
x =−Bre

µ0
sin(θ2) −α0l

2α
+ l < x <−α1l

2α
+ l

M j
y = 0 −qnt

2
< y <

qnt

2

M j
z =−Bre

µ0
cos(θ2)

,

(5)⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

M j
x = 0 −α1l

2α
+ l < x <

α1l
2α

+ l

M j
y = 0 −qnt

2
< y <

qnt

2

M j
z =−Bre

µ0

, (6)

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

M j
x =

Bre

µ0
sin(θ2) −α1l

2α
+ l < x <

α0l
2α

+ l

M j
y = 0 −qnt

2
< y <

qnt

2

M j
z =−Bre

µ0
cos(θ2)

, (7)

⎧⎪⎪⎨⎪⎪⎩
M j

x = 0

M j
y = 0

M j
z = 0

others, (8)

⎧⎪⎪⎨⎪⎪⎩
l =

απR j

p

q =
Rout −Rin

nt

, (9)

where M j
x ,M

j
y , and M j

z are x-, y-, and z-axis components
of the j-th group of magnets, Bre is PM remanence, µ0
is vacuum permeability, p is pole-pair number, and h is
PM length in the axial direction.

Using double Fourier decomposition, the magneti-
zations in regions Q0(−1/2 ≤ x ≤ 3/2 and qnt ≤ z ≤
qnt ) are expressed by⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

M j
x =

∞

∑
m=0

∞

∑
i=1,3,5

M j
xmi sin(ω j

i x)cos
{︃

ω
j

m

[︃(︃
y+

(︃
j− nt +1

2

)︃
q
]︃}︃

M j
y = 0

M j
z =

∞

∑
m=0

∞

∑
i=1,3,5

M j
zmi cos(ω j

i x)cos
{︃

ω
j

m

[︃(︃
y+

(︃
j− nt +1

2

)︃
q
]︃}︃ ,

(10)
where i is an odd number, m is a nonnegative integer, and
ω

j
m and ω

j
i can be given as

⎧⎪⎪⎨⎪⎪⎩
ω

j
m =

mπ

Rout −Rin

ω
j

i =
ip

αR j

, (11)

where M j
zmi and M j

xmi are the Fourier decomposition
coefficients and can be written as

M j
xmi =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

1
lqnt

∫︂∫︂
Q

M j
x sin(ω j

i x) m ̸= 0

cos
{︃

ω
j

m

[︃(︃
y+

(︃
j− nt +1

2

)︃
q
nt

]︃}︃
dxdy,

1
2lqnt

∫︂∫︂
Q

M j
x sin(ω j

i x)dxdy m = 0

,

(12)

M j
zmi =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

1
lqnt

∫︂∫︂
Q

M j
z cos(ω j

i x)

cos
{︃

ω
j

m

[︃(︃
y+

(︃
j− nt +1

2

)︃
q
nt

]︃}︃
dxdyy, m ̸= 0

1
2lqnt

∫︂∫︂
Q

M j
z cos(ω j

i x)dxdy, m = 0

.

(13)

III. 3D ANALYTICAL MODEL FOR
HALBACH SIAFMS

A. Slotless 3D field prediction
In order to ensure the feasibility of 3D field calcula-

tion, several assumptions are made: infinite permeability
for the stators and rotor, linear demagnetization property
for PM, and neglected eddy current.

The whole 3D solution domain consists of air region
Q1(−q/2 < y < q/2 and h < z < h + g) and magnet
region Q2(−l/2+ l/α ≤ x ≤ 3l/2+ l/α,−q/2 < y <
q/2 and 0 < z < h). The 3D governing equations in these
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two regions are written as⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
∂ 2ϕ

j
1

∂x2 +
∂ 2ϕ

j
1

∂y2 +
∂ 2ϕ

j
1

∂ z2 = 0, in Q1

∂ 2ϕ
j

2
∂x2 +

∂ 2ϕ
j

2
∂y2 +

∂ 2ϕ
j

2
∂ z2 =

1
µr

∂M j
x

∂x
, in Q2

, (14)

where µr is relative permeability of PMs, ϕ is scalar
potential, subscript numbers denote the region, super-
script j means j-th group of magnets, and g is axial
length of air gap. In the linear analytical model, per-
meability of the magnet is generally considered as a
constant.

In a Cartesian coordinate system, according to the
symmetry and period boundary conditions, with setting
a zero scalar potential value on the interface, the 3D
scalar potential equations are expressed as⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

ϕ
j

1(x,y,z) =−ϕ
j

1(x+πR j/p,y,z)

ϕ
j

2(x,y,z) =−ϕ
j

2(x+απR j/p,y,z)

ϕ
j

1,2(x,y,z) = ϕ
j

1,2(x,y+2Rout −2Rin,z)

ϕ
j

1(x,y,h+g) = ϕ
j

2(x,y,0) = 0

. (15)

On the basis of (15) and the separation of variables,
general solutions of 3D scalar potential equations for
(14) are⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ϕ
j

1 =
∞

∑
m=0

∞

∑
n=1,3

A j
1mn(e

k j
1z − e2k j

1h+2k j
1g−k j

1z)cos(ω j
nx)

× cos
{︃

ω
j

m

[︃(︃
y+

(︃
j− nt +1

2

)︃
q
]︃}︃

ϕ
j

2 =
∞

∑
m=0

∞

∑
i=1,3

[︄
A j

2mi(e
k j

2z − e−k j
2z)−

ω
j

i M j
xmi

µrk
j2

2

(1− e−k j
2z)

]︄

× cos(ω j
i x)cos

{︃
ω

j
m

[︃(︃
y+

(︃
j− nt +1

2

)︃
q
]︃}︃

,

(16)⎧⎪⎨⎪⎩k j
1 =

√︂
ω

j2
m +ω

j2
n

k j
2 =

√︂
ω

j2
m +ω

j2
i

, (17)

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

ω
j

m =
mπ

Rout −Rin

ω
j

n =
np
R j

ω
j

i =
ip

αR j

, (18)

where A j
1mn and A j

2mi are unknown coefficients of the j th
group of magnets depending on the boundary conditions
and n is an odd number.

Moreover, in the 3D spatial Cartesian coordinates,
the relationships between scalar potential, magnetic field
intensity, and flux density are⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

Hx =−∂ϕ

∂x

Hy =−∂ϕ

∂y

Hz =−∂ϕ

∂ z

, (19)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

Bx =−µ0µr
∂ϕ

∂x
+µ0Mx

By =−µ0µr
∂ϕ

∂y
+µ0My

Bz =−µ0µr
∂ϕ

∂ z
+µ0Mz

, (20)

For the unique solution of undetermined coefficients
in (16), the 3D boundary conditions between two differ-
ent regions are applied as{︄

H j
1x,y(x,y,h) = H j

2x,y(x,y,h)

B j
1z(x,y,h) = B j

2z(x,y,h)
, (21)

where subscript numbers denote the region, and sub-
script letters denote the x-, y-, and z-axis components.

Because of the rotor teeth being in the magnet
region, Fourier decompositions are made for the bound-
ary conditions. Separate Fourier decomposition coef-
ficients need to be in agreement. Thus, (21) can be
expanded as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∫︂ l
2α

− l
2α

∫︂ qnt
2

− qqt
2
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n x)
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j
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y+

(︃
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2

)︃
q
]︃}︃
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=
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2

∫︂ qnt
2

− qnt
2

H j
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(︁
ω

j
n x
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× cos
{︃

ω
j

m

[︃(︃
y+

(︃
j− nt +1

2

)︃
q
]︃}︃

dxdy

∫︂ l
2

− l
2

∫︂ qnt
2

− qnt
2

B j
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(︂
ω

j
i x
)︂

× cos
{︃

ω
j

m

[︃(︃
y+

(︃
j− nt +1

2

)︃
q
]︃}︃

dxdy

=
∫︂ l

2

− l
2

∫︂ qnt
2

− qnt
2

B j
2z(x,y,h)cos

(︂
ω

j
i x
)︂

× cos
{︃

ω
j

m

[︃(︃
y+

(︃
j− nt +1

2

)︃
q
]︃}︃

dxdy

. (22)

According to (16)–(20), both the magnetic field
intensity components H j

1x and H j
2x and the flux density



555 ACES JOURNAL, Vol. 41, No. 6, June 2026

components B j
1z and B j

2z in (22) are the superposition of
multiple harmonics. Therefore, considering the orthogo-
nality of trigonometric functions, (22) can be simplified
to a matrix equation as[︄

A j
1m

A j
2m

]︄
=

[︄
C j

m D j
m

E j
m F j

m

]︄−1

·

[︄
G j

m

H j
m

]︄
, (23)

where A j
1m is a matrix with (nmax + 1)/2 × 1,A j

2m is
a matrix with (imax + 1)/2 × 1, C j

m is a matrix with
(nmax + 1)/2× (nmax + 1)/2 related to m and n, D j

m is
a matrix with (nmax + 1)/2× (imax + 1)/2 related to m,
i and n, E j

m is a matrix with (imax +1)/2× (nmax +1)/2
related to m, i and n,F j

m is a matrix with (imax + 1)/2×
(imax + 1)/2 related to m and i,G j

m is a matrix with
(nmax + 1)/2 × 1 related to m, i and n, and H j

m is a
matrix with (imax+1)/2×1 related to m and i. Note that
the elements in G j

m are the superposition of different i
values. In fact, for different values of m, the left term
with unknown coefficients in (23) is rewritten as[︄

A j
1

A j
2

]︄
=

⎡⎣A j
1m=0 A j

1m=1 . . . A j
1m=m j

max

A j
2m=0 A j

2m=1 . . . A j
2m=m j

max

⎤⎦ , (24)

where A j
1m is a matrix with (nmax + 1)/2×m,A j

2m is a
matrix with (imax+1)/2×m, and subscript max denotes
the maximum value.

Once the field due to j-th group of magnets is
calculated, the total flux densities are the superposition
of flux density generated by multiple groups of magnets
and are given as ⎧⎪⎪⎪⎨⎪⎪⎪⎩

B1sum =
nt

∑
j=1

B j
1

B2sum =
nt

∑
j=1

B j
2

. (25)

B. Slotted 3D field prediction
Considering the slotting influence, an equivalent

approach is brought in. Figure 4 shows five flux paths
denoted (a)–(e), where γ is an angle and x1,x2,x3,x4,xrb,
xrc, and xrd are length parameters. Accounting for the
shortest magnetic circuit principle, it is worth noting that
there exist at most five paths. The expressions of these
flux paths are given as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ηa = g

ηb = g+
πxrb

2

ηc = g+ x3 +2πxrc ·
γ +90

360

ηd = g+ x4 · tanγ +
πxrrd

2
+ x3

ηe = g+ x1 − x2

. (26)

The magnetic conductance expressions of five
paths are⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Λa = µ0

∫︂
Sa

1
ηa

dS =
µ0Sa

g

Λb = µ0

∫︂
Sb

1
ηb

dS =
2µ0 (Rout −Rin)

π
ln
(︃

1+
πxα

2g

)︃
Λc = µ0

∫︂
Sc

1
ηc

dS =
µ0 (Rout −Rin)

kp

× ln

[︄
1+

kp
(︁
xβ − xα

)︁
g+ x3 + kpxα

]︄

Λd = µ0

∫︂
Sd

1
ηd

dS =
2µ0 (Rout −Rin)

π

× ln

[︄
1+

π
(︁
xδ − xβ

)︁
kt +πxrd

]︄

Λe = µ0

∫︂
Se

1
ηe

dS =
µ0Se

g+ x1 − x3

,

(27)
where Sa,Sb,Sc,Sd, and Se are the areas of five paths, xα ,
xβ , and xδ are the specific values for the equal lengths for
paths (b) and (c), those for paths (c) and (d) and those for
paths (d) and (e), respectively. In addition, kp and kt are
written as ⎧⎪⎨⎪⎩kp =

π(γ +90)
180

kt = 2g+2x4 · tanγ +2x3

. (28)

Instead of the slotted stator, the equivalent area S f ,
the air gap length η f , and the magnetic conductance Λ f
for the slotless stator are given as⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

S f = π
(︁
R2

out −R2
in
)︁ 1

2Ns

η f = g f

Λ f = µ0

∫︂
S f

1
η f

dS =
µ0S f

g f

. (29)

With the same total magnetic conductance, the
equivalent air gap can be written as

g f =
µ0S f

Λa +Λb +Λc +Λd +Λe
=Cs ·g, (30)

where CS is Carter’s coefficient and is computed by

CS =
µ0S f

g · (Λa +Λb +Λc +Λd +Λe)
. (31)

For a period of one slot with 2lc = 2π(Rout +
Rin)/2Ns, the coefficient C′

s related to CS can be defined
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as

C′
s =

⎧⎨⎩Cs
π

Ns

Rout +Rin

2
−β < x <

π

Ns

Rout +Rin

2
+β ,

1 others
(32)

where β is the circumferential length of one half of slot
and Ns is the stator slot number.

In order to predict the slotted model, using Fourier
decomposition, the coefficient is expressed as

C′
s =

∞

∑
ncs=0

csn cos
(︃

ncs
πx
lc

)︃
, (33)

where ncs is a nonnegative integer and csn can be
defined by

Csn =

⎧⎪⎪⎨⎪⎪⎩
1
lc

∫︂ 2lc

0
C′

s cos
(︃

ncs
πx
lc

)︃
dx ncs ̸= 0

1
2lc

∫︂ 2lc

0
C′

sdx ncs = 0
. (34)

Thus, the slotted flux density in the air-gap is
calculated as

B1slotted =
B1sum

C′
s

. (35)

As shown in Fig. 2, considering the winding end
being in the 3D solution region, the air-gap fringing
effect for SIAFMs needs to be considered. As shown in
Fig. 5, there exists the air-gap fringing magnetic field.
The air-gap fringing field coefficient is defined as

Cfr = 1+
π(2|y|−qnt)

4g
. (36)

In order to calculate the back-EMF, according to
(16), (19), (20), and (25), the slotless flux density in the
axial direction at z = h+g can be written as

B1z|h+g =−2µ0

nt

∑
j=1

∞

∑
m=0

∞

∑
n=1,3

A j
1mnk j

1ek j
1(h+g) cos(ω j

nx)

× cos
{︃

ω
j

m

[︃(︃
y+

(︃
j− nt +1

2

)︃
q
]︃}︃

, (37)

where A j
2mi and B j

2mi are the undetermined coefficients
in the region of the layer magnets near the air-gap.

And the ranges of region Q3 influencing the back
EMF of the s-th slot are W − R jαcp/2 < x < W +
R jαcp/2 and q < y < q

W =W (t) = R j[−ωrt +αcp(s−1)], (38)

αcp =
2π

Ns
, (39)

ωr =
2πne

60
, (40)

where ne is the rated rotational speed.

Therefore, the slotted flux density in the axial direc-
tion at z = h+g can be expressed as

B′
1z|h+g =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
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(41)

Then, using the slotted flux density, the flux linkage
for the s-th coil with N-turn is written as

Ψ = NΦ = N
∫︂∫︂

Q3

B′
12|h+gdS. (42)

In addition, the back EMF of each coil can be
obtained as

es =−∂Ψ/∂ t = 4Nu0

nt

∑
j=1

+∞

∑
m=0

+∞

∑
n=1,3

×A j
1mnk j

1ek j
1(h+g)

ωrR j · Int(t) · Int, (43)
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Fig. 5. Air-gap fringing magnetic field for SIAFMs.

where

Int(t) = sin{ωnR j[−ωrt +αcp(s−1)}

×
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(46)

Figure 6 exhibits the stator coil distribution and
the current directions of a 20-pole/ 24-slot SIAFM.
The instantaneous balanced three phase back-EMFs are
written as⎧⎪⎨⎪⎩

eA = 2(−e1 + e2 + e7 − e8 − e13 + e14 + e19 − e20)

eB = 2(e3 − e4 − e9 + e10 + e15 − e16 − e21 + e22)

eC = 2(−e5 + e6 + e11 − e12 − e17 + e18 + e23 − e24)

,

(47)
where eA,eB, and eC are the three-phase back-EMFs,
and the subscripts 1,2, . . . ,24 are the coil numbers.
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Fig. 6. Coil distribution and current directions of 20-
pole/24-slot SIAFMs.

Therefore, the electromagnetic torque for SIAFMs
is

Te =
eAiA + eBiB + eCiC

ωr
, (48)

where iA, iB, and iC are the instantaneous three-phase
currents.

Table 1: Design parameters of SIAFMs

Symbol Parameter Value
R1/R2 Inner/outer radii of rotor iron 52/68
r1/r2 Inner/outer radii of magnets 52/68
p/Ns Numbers of pole-pairs and slot 20/24

I Rated phase current 4 A
N Number of coil turns 16
α0 Arc ratio of whole pole magnets 0.7
α Arc ratio of distance between 0.7
g Air gap length 1 mm
h Magnet thickness 5 mm

Bre/µr Magnet property 1.1
ne Rated rotational speed 3000
PN Rated power 270 W

IV. OPTIMIZATION RESULTS AND FE
VALIDATION

Table 1 lists the main design parameters of 20-pole/
24-slot SIAFMs. In order to obtain the relatively bet-
ter performance of the SIAFMs, optimization is made.
The optimization object with the maximum average
electromagnetic torque and the optimization constraint
conditions are written as⎧⎪⎨⎪⎩

Max{Average[Te(α1, . . . ,αλ ,θ1, . . . ,θλ+1)]}

Subject to.

{︄
0 ≤ α1, . . . ,αλ ≤ α0 ≤ 1

0◦ ≤ θ1, . . . ,θλ+1 ≤ 90◦
. (49)
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Based on the parameter scanning technique, Fig. 7
shows the analytically obtained average electromagnetic
torque against two optimization variables (magnetiza-
tion angle and pole-arc ratio) for the three-piece Hal-
bach arrangements, and Fig. 8 shows that against three
optimization variables (two magnetization angles and
pole-arc ratio) for the four-piece Halbach arrangements,
respectively.

Table 2: Optimized parameters for three-/four-piece Hal-
bach
Optimized Parameters Three-Piece Four-Piece

α1 0.29 0.39
θ1 / 17.1◦

θ2 53.0◦ 60.0◦

Tmax(Nm) 0.847 0.862

According to Figs. 7 and 8, for the three-/four-
piece Halbach SIAFM, the optimization variables and
the largest average value of electromagnetic torque are
given in Table 2.

Fig. 7. Analytically obtained average electromagnetic
torque against pole-arc ratio and magnetization angle for
three-piece Halbach.

Fig. 8. Analytically obtained average electromagnetic
torque against pole-arc ratio and two magnetization
angles for four-piece Halbach.

Figure 9 shows a comparison of axial flux density
waveforms of SIAFMs with optimized three-/four-piece
Halbach arrangements at different radii by 3D FE and
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Fig. 9. Flux density waveform comparison of SIAFMs
with optimized three-/four-piece Halbach arrangements
at different radii in the radial direction and at 5.5 mm
(axial air gap center) in axial direction by 3D analytical
and FE models: (a) three-piece at 26 mm, (b) three-piece
at 30 mm, (c) four-piece at 26 mm, and (d) four-piece at
30 mm.
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(a) 

 
(b) 

Fig. 10. Magnetic flux density vector of SIAFMs with
optimized three-/four-piece Halbach arrangements in 3D
FE models: (a) three-piece and (b) four-piece.

analytical models to verify the feasibility of the method
by equivalent reluctance coefficients. It can be seen
that, independent of the radius, each two waveforms
calculated by two models are in great agreement.

Figure 10 shows the magnetic flux density vector of
air gap and slots in SIAFMs with optimized three-/four-
piece Halbach arrangements in 3D FE models. Figure 11
presents the comparison of no-load back-EMF wave-
forms for SIAFMs with optimized three-/four-piece Hal-
bach arrangements from 3D FE and analytical models. It
is clearly seen that great accuracy can be achieved with
the use of Carter’s coefficient and the air-gap fringing
field coefficient for SIAFMs.

Because the amplitude of reluctance torque for
SIAFMs is lower than 1 mNm, its waveform is not given.
Compared with the electromagnetic torque, its value can
be ignored. Figure 12 shows that the instantaneous elec-
tromagnetic torque waveforms for 3D FE and analytical
models are in good agreement for SIAFMs with both
three- and four-piece Halbach arrangements. Thus, the
proposed 3D analytical models are validated.
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Fig. 11. Comparison of back-EMF waveforms of
SIAFMs with optimized three-/four-piece Halbach
arrangements by 3D FE and analytical models: (a) three-
piece Halbach and (b) four-piece Halbach.

Due to the presence of the radial air gap edge
magnetic field, accuracy values of analytical models
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with/without air gap edge magnetic field are differ-
ent. For SIAFMs with optimized three-/four-piece Hal-
bach arrangements, the errors in back-EMF amplitude
reduce from 9.22%/8.97% to 1.61%/1.34%, respec-
tively. In terms of the average electromagnetic torque,
the errors decrease from 7.73%/8.03% to 0.06%/0.35%,
respectively.
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Fig. 12. Comparison of electromagnetic torque wave-
forms of SIAFMs with optimized three-/four-piece Hal-
bach arrangements for 3D FE and analytical models: (a)
three-piece Halbach and (b) four-piece Halbach.

V. OPTIMIZATION RESULTS AND FE
VALIDATION FOR SMAFMS

Similarly, Figs. 13 (a) and (b) show the PM design
parameters of 2D cross section for the proposed surface-
mounted odd-/even-piece Halbach arrangements, and
the PM design parameters are same as those for surface-
inserted odd-/even-piece Halbach arrangements. In par-
ticular, if α = 1, the SIAFMs are equivalent to the
SMAFMs.

Figure 14 shows a comparison of axial flux density
of slotted SMAFMs with optimized three-/four-piece
Halbach arrangements by FE and 3D analytical models.

It can be seen that the waveforms calculated by the two
models referred to above are in great agreement.
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Fig. 13. Design parameters of surface-mounted odd-
/even-piece Halbach arrangements: (a) odd-piece Hal-
bach and (b) even-piece Halbach.
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Fig. 14. Flux density waveform comparison of SMAFMs
with optimized three-/four-piece Halbach arrangements
by FE and 3D analytical models: (a) three-piece and (b)
four-piece.

Figure 15 presents a comparison of no-load back-
EMF waveforms of slotted SMAFMs with optimized
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Fig. 15. Comparison of back-EMF waveforms of
SMAFMs with optimized three-/four-piece Halbach
arrangements by FE and 3D analytical models: (a) three-
piece Halbach and (b) four-piece Halbach.
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Fig. 16. Comparison of electromagnetic torque wave-
forms of SMAFMs with optimized three-/four-piece
Halbach arrangements by FE and 3D analytical models:
(a) three-piece Halbach and (b) Four-piece Halbach.

three-/four-piece Halbach arrangements from FE and 3D
analytical models. It can be clearly seen that the use
of Carter’s coefficient and the air-gap outside leakage
magnetic field coefficient for slotted SMAFMs exhibit
great computation accuracy.

Figure 16 shows that instantaneous electromagnetic
torque waveforms from FE and 3D analytical models are
in excellent agreement for SMAFMs with both three-
and four-piece Halbach arrangements. Thus, the 3D
analytical models proposed above are validated.

VI. ANALYTICAL COMPARISON WITH
NON-OPTIMIZED HALBACH SIAFMS
To analyze the effects of the optimized variables

and methods mentioned in section IV, this section com-
pares the traditional Halbach array with the optimized
Halbach array in terms of back EMF, harmonics, and
electromagnetic torque. Figures 17 (a) and (b) show
the PM design parameters of the non-optimized three-
/four-piece Halbach arrangements for SIAFMs, and the
detailed parameter values are listed in Table 3.

Table 3: PM parameters for non-optimized SIAFMs with
three-/four-piece Halbach arrangements

Symbol Three-Piece Four-Piece
Combination 1 Combination 2

α 0.7 0.7 0.7
α0 0.7 0.7 0.7
α1 7/30 0.35 0.35

θ1(
◦) 0 30 45

θ2(
◦) 45 45 60
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Fig. 17. Design parameters of non-optimized three-
/four-piece Halbach arrangements for SIAFMs: (a)
three-piece Halbach and (b) four-piece Halbach.

The prediction shows that for four-piece Halbach,
the performance of combination 1 is better than that
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of combination 2. Therefore, combination 1 is chosen
for the comparison with the optimized results. Fig-
ure 18 exhibits and compares the back-EMF for the
non-optimized/optimized 3D SIAFM models with three-
/four-piece Halbach arrangements.
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Fig. 18. Comparison of back-EMF waveforms for
SIAFMs with non-optimized/proposed three-/four-piece
Halbach.
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Fig. 19. Comparison of fundamental component of back-
EMF with respect to speed for SIAFMs with non-
optimized/proposed three-/four-piece Halbach.

Figure 19 exhibits and compares the differences of
fundamental component of back-EMF with respect to
speed for SIAFMs with non-optimized/optimized three-
/four-piece Halbach. Tables 4 and 5 list the back-EMF
harmonics, total harmonic distortion (THD), and funda-
mental amplitude (FA) for the non-optimized/optimized
SIAFMs with Halbach arrangements. It can be clearly
observed that the back-EMFs of the optimized 3D
SIAFM models have higher fundamental and less har-
monic components than those of the non-optimized
ones. Compared with the values of the electromagnetic
torque, it can be seen that the amplitudes of cogging
torque waveforms for both Halbach arrays are small and
can be ignored.

Figure 20 compares the instantaneous electromag-
netic torque for the 3D SIAFM models with non-
optimized/optimized Halbach arrangements. As far as
the electromagnetic torque values are concerned, the
optimized model parameters are much better.

Table 4: Back-EMF harmonics for non-optimized/
optimized three-/four-piece Halbach
Harmonic Three-Piece Four-Piece

Order Non-Optimized Optimized Non-Optimized Optimized
1 100.00% 100.00% 100.00% 100.00%
3 10.71% 9.49% 9.96% 9.73%
5 0.05% 0.13% 0.09% 0.12%
7 0.26% 0.04% 0.16% 0.03%
9 0.43% 0.04% 0.31% 0.31%

11 0.17% 0.35% 0.20% 0.08%
13 0.22% 0.18% 0.21% 0.17%
15 0.04% 0.04% 0.03% 0.01%
17 0.01% 0.01% 0.01% 0.01%

Table 5: Back-EMF parameters for non-optimized/
optimized three-/four-piece Halbach

Three-Piece Four-Piece
Non-Optimized Optimized Non-Optimized Optimized

FA (V) 29.73 31.39 31.01 31.94
THD 10.58% 9.50% 9.97% 9.74%
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Fig. 20. Comparison of torque waveforms for SIAFMs
with non-optimized/optimized three-/four-piece Hal-
bach.
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piece Halbach.

Figure 21 shows the cogging torque for the 3D
SIAFM models with proposed three-/four-piece Hal-
bach. Figure 22 exhibits the efficiency of the machine
over whole speed and torque range for the 3D SIAFM
models. When the 3D SIAFM models are in constant
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power operation, the current and speed are inversely
proportional. Therefore, as can be seen from the Fig. 22,
the efficiency increases with the increase of speed.
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Fig. 22. Efficiency of SIAFMs over whole speed and
torque range.

VII. DISCUSSION
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Fig. 23. Manufacturing process of one Halbach magnet.

The manufacture of a Halbach magnet with specific
magnetization angle is difficult and time-consuming and
expensive. Taking one Halbach magnet segment with a
specific magnetization angle as an example, the manu-
facturing process is shown in Fig. 23. First, a relatively
large rectangular prism with parallel magnetization is
manufactured. Second, the required portion of magnet
is exactly cut out. Third, this magnet segment with a
specific magnetization direction is placed at the desired
position. Finally, all the magnet segments of Halbach
array are assembled using a kind of superglue. For mag-
net bonding, it is essential to choose a suitable adhesive,
depending on the magnet material, service environment,
and strength requirements. Epoxy resin adhesive is one
of the commonly used options, offering high strength,
heat resistance, and chemical resistance. However, it
requires mixing of two components (A and B) and has
a relatively long curing time (typically 24 hours). It is
often used for permanent bonding of neodymium (rare-
earth) magnets and ferrite magnets to metals or plastics.

A considerable part of each magnet segment is
redundant and wasteful. It can be also seen that the man-
ufacturing process is complex and expensive. Although
Halbach arrays possess excellent electromagnetic per-
formance, their practical implementation is restricted by
complicated and costly manufacturing techniques. This
work focuses on applying the 3D analytical model to
axial flux PM machines, using a rectangular coordinate
system for derivation to avoid the complicated calcula-
tions with Bessel functions in cylindrical coordinates.
It also unifies surface-mounted and surface-inserted
structures into one model to evaluate the application
value of Halbach arrays in axial flux PM machines.
Since our research focuses on analytical modeling and
design analysis rather than experimental prototyping, no
physical prototype is developed in this work.

VIII. CONCLUSION
Different from 2D radial flux machines, the air-

gap fringing effect for SIAFMs needs to be considered.
Accounting for the air-gap fringing field, unified 3D
analytical models are proposed for SIAFMs with odd-
/even-piece Halbach arrangements. In order to obtain the
correct analytical solution with high accuracy, the slot-
ting effect is taken into account by Carter’s coefficient.
Based on the proposed 3D analytical models, the con-
structed equations according to the interface conditions
between different regions are solved and the optimized
electromagnetic performances of SIAFMs with Halbach
arrangements are obtained. The comparison of 3D ana-
lytical and FE predictions shows good agreement. The
proposed 3D analytical models can be applied for design
and optimization of SIAFMs with any-piece Halbach
arrangements.
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Abstract – This study proposes a modular switched
reluctance motor (SRM), featuring an E-shaped stator
core structure, suitable for high-reliability applications.
The stator comprises six independent E-shaped cores
with windings mounted on the core yokes. A two-
dimensional simplified model evaluates static perfor-
mance, including torque, magnetic flux (MMF), and
inductance under both normal and winding fault condi-
tions. Simulation results demonstrate the high reliability
of the designed SRM.

Index Terms – E-type stator, reliability, stator modular-
ization, switched reluctance motor, winding fault.

I. INTRODUCTION
Switched Reluctance Motors (SRMs) have gained

widespread application in industrial fields and high-
reliability scenarios due to their simple structure, cen-
tralized and independent windings, good heat dissipa-
tion performance, strong geometric adaptability, high
fault tolerance, the absence of windings and permanent
magnets in the rotor, and superior rotor temperature
resistance. However, these motors also have issues such
as low torque density, large torque pulsation, and signif-
icant noise and vibration, which limit their further pro-
motion in industry. To enhance the industrial appeal of
SRMs, various effective approaches have been proposed
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in research, including optimizing the conventional motor
structure [1, 2], improving control strategies [3, 4], and
using active materials such as piezoelectric actuators [5].
In recent years, many scholars have also been dedicated
to exploring special rotor or stator structures with spe-
cific properties to further improve the comprehensive
application performance of SRMs.

In reference [6], a new type of single-pole wind-
ing segmented rotor SRM was studied. This structure
can significantly increase the magnetic flux (MMF) per
revolution of the motor, thereby greatly enhancing the
torque density. Compared with the traditional SRM, its
average torque has increased by 40%. Based on this,
reference [7] further proposed a 12/16-pole dual rotor
single stator axial flux segmented rotor SRM for electric
vehicles. This design has more rotor segments than
stator slots, thereby increasing the torque density while
reducing the end length of the windings, achieving the
compactification of the motor structure.

In 2010, a single-phase C-type iron core hybrid
magnetic circuit SRM for wind power generation was
successfully developed [8]. This motor, based on the
traditional SRM, achieved better controllability, stronger
fault tolerance, and a lighter rotor weight, and there
was no mutual coupling between the phase windings.
In the literature [9, 10], a new type of two-phase E-
type iron core SRM composed of two segmented stator
cores was proposed. In this configuration, the MMF
path formed by the phase excitation is shorter, thus
reducing the required MMF for driving. Compared with
the traditional two-phase SRM, it significantly reduces
copper loss and iron loss, and has higher efficiency
and average torque. The literature [11] introduced a
new structure of disc-type SRM for high torque density
applications. This motor adopts a double-sided stator
design, which improves output torque and noise control
compared to traditional small-sized SRM. Additionally,
based on the innovative concept of non-circular stator
pole, the literature [12] proposed a new stator pole
structure aimed at further increasing the average torque.
In the literature [13], a new SRM using stator and rotor
core winding was studied. Analysis shows that, under
the same output torque, this motor can achieve a higher
speed than traditional SRM. The literature [14] proposed
a simple stator SRM based on C-type iron core, and the
research results show that this structure performs well
in terms of torque and efficiency, and provides greater
flexibility for winding design; however, this study only
provides analytical results and did not conduct prototype
experiments for verification. To reduce torque pulsation
and improve efficiency, the literature [15] proposed a
stator pole surface design with non-uniform air gap
and added pole shoes on the rotor pole side. The liter-
ature [16] introduced a double-layer phase-segmented

isolated SRM for high torque and low flux applica-
tions. This motor consists of three independent magnetic
modules and has higher starting torque and efficiency
than traditional SRM, suitable for key fields such as
aerospace. The literature [17] proposed a π-type iron
core permanent magnet-assisted SRM for electric vehi-
cle traction. Its stator adopts a segmented isolated iron
core structure, shortening the MMF path and effectively
reducing core loss. Compared with traditional SRM, this
π-type structure motor’s average torque increased by
23%, and torque pulsation decreased by 41%.

This paper presents a modular E-type iron core
stator type of new SRM suitable for high-reliability
applications. This structure provides a larger slot space,
making the winding process more convenient. Addition-
ally, each E-type stator unit is independent, facilitating
the separate manufacturing and winding through an
automated process, thereby significantly reducing the
winding manufacturing cost. Moreover, the abundant
slot space also offers greater flexibility for the design
of the MMF of the turns and phases, helping to achieve
higher torque output.

II. E-TYPE STATOR SWITCHED
RELUCTANCE MOTOR STRUCTURE
The E-type stator SRM is a special type of machine.

Figure 1 shows the modular E-type stator structure of the
SRM machine. The stator is composed of six indepen-
dent modular E-type sections. Both the stator and rotor
of the motor are manufactured by laminating silicon
steel sheets. Two winding coils are wound together in
each left yoke frame and right yoke frame of each
E-type stator. The two opposite E-type modular stators
form one phase in the motor. The four coils in one
phase are connected in series to form a single-phase
winding, as shown in Fig. 2. It can also be divided into
two phases (A1 and A2) and connected to two power
converters as two separate channels, which can be used
for fault-tolerant applications. In this motor, since the
stator modules are independent and evenly distributed, it
can effectively shorten the MMF path and improve the
efficiency.

To clearly explain the working principle of the pro-
posed modular E-type stator SRM, the terms “alignment
position” and “non-alignment position” are first defined.
As shown in Fig. 1, when a rotor segment is perfectly
aligned with the centerline of the left (or right) pole of
the E-type iron core module, the inductance reaches its
maximum value, and this position is called the alignment
position; when the rotor segment is located between two
adjacent stator modules and is completely offset from
the stator pole, the inductance is at its minimum, and
this position is called the non-alignment position.
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The generation of positive torque requires applying
current to the ascending region of the inductor, which is
the process from the non-aligned position to the aligned
position. For the 18/12-pole structure in this paper, the
ascending region of the inductor for each phase (formed
by two opposite E-type modules connected in series)
corresponds to a mechanical angle of 15◦. To fully utilize
the ascending region of the inductor and avoid entering
the descending region, the conduction angle is set as
the non-aligned position of phase A (mechanical angle
0◦), and the turn-off angle is set as 30◦ mechanical
angle. Commutation sequence: Phase A conducts from
0◦ to 30◦, Phase B conducts from 30◦ to 60◦, Phase C
conducts from 60◦ to 90◦, and then the cycle repeats.
Commutation timing: Phase A conducts from 0◦ to 30◦,
Phase B conducts from 30◦ to 60◦, Phase C conducts
from 60◦ to 90◦, and then the cycle repeats. The current
conduction angle (30◦ mechanical angle) corresponds to
an electrical angle of 90◦, and the current pulse is strictly
synchronized with the rotor position. This commutation
logic ensures that each phase generates positive torque
within its inductor ascending region.

Fig. 1. Stator and rotor structure of the motor.

Fig. 2. Diagram of phase A winding connection.

III. DESIGN OF MAIN DIMENSIONS OF
E-TYPE STATOR SWITCHED

RELUCTANCE MOTOR
In order to ensure that the rotor has the self-starting

capability for forward and reverse rotation, when the sta-
tor and rotor teeth are completely aligned, it is necessary
to ensure that there is a certain overlap between adjacent
stator and rotor teeth of the same phase. Therefore, the
pole arc needs to meet the relevant necessary conditions,
as shown in equation (1):⎧⎪⎪⎨⎪⎪⎩

min(βr,βs)≥
2π

qNr

βr +βs ≤
2π

Nr

, (1)

where βs and βr represent the stator pole arc and the rotor
pole arc, respectively. The slender shape of the motor is
as shown in equation (2):

l =
la
Da

, (2)

where la represents the core length and Da represents the
rotor diameter. When the value of l is relatively small,
the motor takes on a short and thick shape, resulting in
a higher copper consumption during the manufacturing
process; the motor’s rotational inertia is larger, and it is
easier for heat to dissipate inside the motor. Based on
the design experience of SRM, the value of l generally
ranges from 0.5 to 3. In this paper, the value of l is
set at 1.

Based on the design experience of SRM, the range
of the ratio of the outer diameter of the rotor to the
stator is:

Da

Ds
= 0.5 ∼ 0.55. (3)

The electromagnetic power equation of the motor is:⎧⎪⎨⎪⎩
Pe = qUImKd

Im = KmI/Ki

Kd = Nrθd/2π

, (4)

where Im represents the current amplitude, Ki is the
peak current coefficient, Km is the square wave current
coefficient, U represents the voltage, Kd is the load
coefficient, and θd is the current conduction angle during
the rising phase of the winding inductance.

Ignoring the resistance of the windings on the stator,
the maximum MMF can be expressed by the average
MMF density of the stator poles:

ψm = NphΦ ≈ NphBpsDa sin
βs

2
lδ , (5)
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where lδ is the calculated length of the armature and Bps
is the average MMF density of the stator poles. Ignoring
leakage flux, by combining equations (4) and (5), we can
obtain:

D2
alδ =

60KiPem

πNrKmABpsnsinβs/2
. (6)

The other parameters of the E-type modular stator
SRM include the outer diameter of the stator (Ds), the
outer diameter of the rotor (Da), the yoke height between
the stator and the rotor (hcs and hcr), and the length of the
core (la). Based on the determination of Da and la, other
parameters can be calculated. According to equation (1),
the sub-pole arc βs is initially set at 10◦ and the rotor
pole arc βr is set at 10.65◦. The remaining parameters
can be calculated using the following equations:

Stator pole width:

bps = (Da +2g)sin
βs

2
. (7)

Rotor pole width:

bpr = Da sin
βr

2
. (8)

Stator yoke height:

hcs = (0.5 ∼ 0.75)bps. (9)

Rotor yoke height:

hcr = (0.5 ∼ 1)bpr. (10)

Based on the aforementioned calculation method,
the initial design flowchart for the motor described in
this paper is shown in Fig. 3. Using the calculated
data and parameter selection criteria, the parameters for
each section of the SRM were determined, as shown in
Table 1.

IV. FINITE ELEMENT SIMULATION
CALCULATIONS AND PERFORMANCE

COMPARISON
In the design of SRMs, fault tolerance is a critical

characteristic. Analysis is conducted using the software
Maxwell 2D. Bearing failures in SRMs can be elim-
inated through regular maintenance schedules, while
the primary failures in these motors center on wind-
ing faults. Consequently, the impact of short-circuit or
open-circuit faults in SRM windings on torque perfor-
mance warrants significant attention. This paper ana-
lyzes torque data variations under missing excitation
faults in windings and explores the mechanism enabling
continued motor operation.

Fig. 3. Motor structural design flowchart.

Table 1: Specific parameters of the designed motor

Definition Value
Number of stator poles 18
Number of rotor segments 12
Outer stator outer diameter 120 mm
Inner stator outer diameter 69 mm
Stator teeth slot width 6.088 mm
Stator pole length 16.5 mm
Stator yoke length 9 mm
Rotor pole pitch coefficient 0.5
Rotor pole length 12.3 mm
Air gap length 0.5 mm
Winding turns per teeth 50

The finite element simulation adopts the commuta-
tion angle setting described in section II. Taking phase
A as an example, the current excitation is applied within
the rotor mechanical angle range of 0◦ to 30◦ (with the
non-aligned position of phase A set as the 0◦ reference).
The torque-rotor position curves shown in Fig. 4 (normal
operation) and Fig. 5 (winding A1 failure) are obtained
under this conduction scheme. For instance, when the
rotor position angle is 5◦ and the current is 5 A, the
normal torque is 0.01676 N · m (as shown in Fig. 4)
and, at this time, the inductance is still in the rising
zone, so the torque is positive. If the current is applied
beyond 30◦ (i.e., entering the inductance decline zone),
a negative torque will be generated. This is avoided
through the correct commutation logic. Therefore, the
clear relationship between the current time (i.e., the
conduction angle interval) and the rotor position is the
core for generating positive torque. The results from
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Figs. 4–8 jointly verify that the proposed E-type stator
SRM can stably output positive torque under the above
commutation logic.

In the fault-tolerant research of SRM, the winding
faults are mainly classified into open-circuit faults and
short circuit faults. This paper focuses on open-circuit
faults (i.e., the winding is disconnected from the power
supply, and the excitation current is zero). The reason for
choosing open-circuit faults is that this fault mode can
most directly verify the magnetic circuit independence
and the continued operation capability of the remaining
healthy windings in the modular E-type stator SRM
proposed, and it can be simulated and analyzed without
additional protective hardware.

Fig. 4. Normal torque characteristic curve.

Fig. 5. Torque characteristic curve when winding A1 is
faulty.

During normal operation, the A1 and A2 windings
are energized, generating independent and symmetrical
MMF loops within the E1 and E2 modules. The two

magnetic paths are not coupled in space. When the
A1 winding experiences an open-circuit fault, the E1
module has no energizing current and the MMF is zero.
However, the A2 winding can still normally establish the
MMF, forming a complete circuit along the E2 module
and the corresponding rotor section, thereby providing a
continuous electromagnetic torque.

First, compare the torque data under normal oper-
ation and phase-loss fault conditions. From the data in
Figs. 4 and 5, it can be seen that in the case of fault in
winding A1, the torque values are generally lower than
the normal situation. For example, at the rotor position
angle of 0 degrees and current of 5 A, the normal
torque is 0.01676 Nm, while the phase-loss torque is
−0.03647 Nm, indicating that the phase-loss not only
reduces the torque output but also introduces a negative
torque region. Similarly, at different currents and posi-
tions, the amplitude of the phase-loss torque decreases
and the fluctuations increase. This is mainly because
the torque of the SRM is generated by multiple phase
windings together. When winding A1 is faulty, the total
torque synthesis decreases, and the torque pulsation
increases, resulting in a decrease in the average torque
and unstable operation.

The reason for the torque difference under the phase
loss fault lies in the working principle of the SRM.
During normal operation, each phase winding is excited
in sequence, and the magnetic resistance change caused
by the rotor position variation is utilized to generate
continuous torque. When phase A1 is missing, it does
not contribute to the torque, so the torque output depends
on the remaining phases. However, the excitation of the
remaining phases may not fully cover all rotor positions,
resulting in low torque or negative torque at certain
positions. Moreover, due to magnetic circuit coupling,
the phase loss may change the flux distribution, further
affecting the torque characteristics.

Despite the torque performance degradation caused
by phase loss, the motor can continue to operate. This
is because the designed SRM structure possesses inher-
ent fault tolerance. Each phase winding is relatively
independent in both electrical and magnetic circuits,
so a fault in winding A1 does not directly affect the
operation of other phases. The remaining phase wind-
ings can continue to generate torque, driving the rotor
rotation. Although output torque decreases and pulsation
increases, the motor can maintain operation in many
applications, especially if the load demands are not high
or the control system can adjust the current to compen-
sate for the torque loss. Furthermore, the designed SRM
features a simple structure and robustness that ensures
reliability under fault conditions.

To validate the magnetic circuit and operating prin-
ciple of the modular E-shaped core stator in the novel
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switch reluctance motor, a finite element analysis model
was constructed based on the motor structural parame-
ters provided in Table 1. This model was used to evaluate
the electromagnetic performance of the new SRM. Fig-
ure 6 illustrates the finite element model structure of the
modular novel motor and its magnetic field distribution
characteristics under excitation conditions.

Analysis of the MMF density distribution reveals
that the magnetic field distribution in the tooth regions
and winding areas of both the stator and rotor cores is
relatively uniform, with no significant localized satura-
tion observed. It should be noted that peak MMF density
is primarily concentrated near the pole tips adjacent
to the air gap, a distribution characteristic consistent
with the physical principles governing magnetic field
control. Simulation results indicate that, throughout the
entire operating cycle, the maximum MMF density in
the core material consistently remains below 1.01 T.
This data not only demonstrates the efficient utilization
of magnetic materials but also validates the rationality
and reliability of the proposed motor structure from an
electromagnetic design perspective.

From the MMF density distribution in Fig. 6, it can
be seen that the maximum MMF density of the iron
core of the motor in this study is 1.01–1.27 T, which is
significantly lower than the 1.5–1.7 T commonly used in
conventional motor designs. This choice was not acci-
dental but was based on the following considerations:
(a) to reserve magnetic circuit saturation margin for
the current increase of the remaining healthy windings
in case of open-circuit faults; (b) to reduce core loss
and improve efficiency; (c) to reduce radial magnetic
suction pulsation and suppress noise and vibration; (d) to
maintain the linearity of the magnetic circuit near the
normal operating point for easier control.

If higher requirements are imposed on volume and
weight, the iron core size can be reduced by increasing
the MMF density. For example, if the maximum MMF
density is raised to 1.5 T, the stator tooth width and
yoke height can be reduced accordingly, and the core
volume is expected to shrink by approximately 35%.
However, the cost is a significant increase in iron loss
(about 2.5 times), and the torque pulsation and noise
levels also increase. Therefore, the conservative MMF
density design adopted in this study is more suitable
for high-reliability and low-noise applications; for appli-
cations that require high power density, the motor can
be optimized for high MMF density in subsequent
work.

The core electromagnetic characteristics of SRMs
are embodied in key parameters such as MMF linkage,
inductance, and output torque. Figures 7 and 8 illustrate
the variation patterns of MMF linkage and inductance
across a single stator pole with current changes under

normal operating conditions and single-winding fault
conditions.

Figure 7 shows the flux-current curves for a single
stator pole at both aligned and non-aligned positions
during a winding A1 fault. As illustrated, at low cur-
rents, the flux at both positions increases approximately
linearly with current. As current continues to rise, the
flux growth at the aligned position slows significantly,
exhibiting a saturation trend, indicating that the pole
tip region enters a state of local magnetic saturation. In
contrast, the MMF at the non-aligned position maintains
a consistent linear relationship throughout the entire
current range. This comparison demonstrates that, under
winding fault conditions, the spatial distribution char-
acteristics of the motor’s MMF remain consistent with

Fig. 6. Finite element model and magnetic field distribu-
tion: (a) normal magnetic flux density map misaligned
position, (b) magnetic flux density cloud map during
A1 winding fault – misaligned position, (c) normal
magnetic flux density map – alignment position, and
(d) magnetic flux density cloud map during A1 winding
fault – alignment position.
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Fig. 6. (Continued).

normal operating conditions. The peak MMF density
remains concentrated near the air gap at the aligned
position, adhering to the fundamental physical princi-
ples of magnetic field distribution. This also indirectly
reflects that the motor structure retains a certain degree
of electromagnetic stability even under localized faults.

Figure 7 shows the pattern of the MMF as it varies
with the current. In the normal operating condition
(Fig. 7 (a)), the MMF at the aligned position (red line)
linearly increases in the low current region. When the
current exceeds 2 A, it enters the saturation region, and
the slope of the curve gradually decreases. The MMF
at the non-aligned position (black line) remains linear
throughout the current range and is much lower than
that at the aligned position (for example, at 2 A, the
MMF at the non-aligned position is only 25% of that
at the aligned position). This is in line with the basic
characteristics of the SRM. When an A1 winding open-
circuit fault occurs (Fig. 7 (b)), due to the absence of
A1 winding excitation, the total phase MMF is halved,
resulting in a decrease of approximately 20.7% in the

MMF at the aligned position compared to the normal
operating state (at 5 A current, it drops from 0.0605 Wb
to 0.0480 Wb); while the MMF at the non-aligned
position is almost unaffected (because the magnetic path
at this position is mainly composed of air gaps, with a
large magnetic resistance, and the effect of halving the
number of windings can be ignored).

Fig. 7. Magnetic linkage curve diagram: (a) normal
operation (both A1 and A2 are in normal excitation
state) and (b) open-circuit fault in the A1 winding (A2 is
operating normally; the current in A1 is zero).

Figure 8 further compares the inductance-current
curves during normal operation and when winding A1
is faulty. During normal operation, the inductance at
the aligned position remains stable at low currents
but decreases significantly upon entering the satura-
tion region. The inductance at the non-aligned posi-
tion exhibits smooth variation across the entire current
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range. After the A1 winding failure, the overall trend of
the inductance curve remains unchanged. However, the
inductance value at the aligned position in the saturation
region slightly decreases, while the inductance char-
acteristics at the non-aligned position remain virtually
unaffected. These results indicate that the winding fault
did not alter the inherent saturation characteristics of
the motor’s magnetic circuit. The distinct response dif-
ferences between the aligned and non-aligned positions
remain clearly discernible. This further confirms that the
designed motor exhibits a certain degree of robustness
against localized faults at the electromagnetic parameter
level, providing a basis for analyzing the motor’s fault-
tolerant operation.

Fig. 8. Inductance curve graph: (a) normal operation
(both A1 and A2 are in normal excitation state) and
(b) open-circuit fault in the A1 winding (A2 is operating
normally; the current in A1 is zero).

As can be seen from Table 2, the analytical values
are in good agreement with the finite element values,
and all relative errors are within 3%. The errors mainly
result from the fact that the analytical model did not
take into account the non-linear saturation of the core
material and the edge effect of the tooth tips. This
verification result indicates that although the analytical
model contains certain approximations, its design accu-
racy is sufficient to meet the requirements of the initial
engineering design, and it also provides a reliable initial
size for the subsequent finite element optimization.

Table 2: Comparison of analytical calculation results
with finite element simulation results (5 A)

Performance Analysis Finite Relative
Indicators Calculation Element Error

Value Simulation
Values

Aligned
position
magnetic link

0.0595 Wb 0.0580 Wb 2.5%

Its position
inductance

12.4 mH 11.8 mH 2.5%

Non-aligned
position
inductor

2.78 mH 2.82 mH 1.4%

During the initial stage of excitation with lower
currents, the MMF at both positions increases approx-
imately linearly with the excitation current, while the
corresponding inductance values remain largely con-
stant. This indicates that the motor’s magnetic circuit
is operating within the linear region of the core mate-
rial’s magnetization curve. However, once the current
exceeds a specific saturation threshold, the MMF growth
at the aligned position slows significantly, exhibiting
nonlinear saturation characteristics, and its inductance
value decreases markedly. In contrast, the MMF and
inductance at the misaligned position exhibit smooth
variations across the entire current range, maintaining a
consistently good linear relationship throughout.

V. CONCLUSION
The E-type stator modular structure of the SRM is

relatively simple in terms of manufacturing and main-
tenance. The simulation results have proved the fault-
tolerant capability and reliability of the proposed SRM.
Even in the case of severe open-circuit faults in the
windings, it can still perform the task well. Of course,
in this situation, the torque pulsation of the SRM will
become larger, the speed will decrease, and the period
of low torque will be prolonged due to the increase
in the number of current pulses missing. In the future,
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studies will be conducted to reduce the torque pulsation
through an appropriate current control system, increase
the current in the remaining healthy windings of the
stator, and further improve the reliability of the SRM.
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Abstract – Modular double-stator switched reluctance
motors offer the advantages of high torque density,
low mutual coupling, and high reliability, making them
promising candidates for electrified transportation appli-
cations. The dual-winding configuration enables both
the inner and outer stator poles to be equipped with exci-
tation windings. Variations in the excitation direction of
these windings lead to distinct winding polarity distribu-
tions, thereby resulting in different magnetic flux paths
and electromagnetic characteristics. This paper presents
two typical polarity distributions for modular double-
stator switched reluctance motors, namely NSNS and
NSSN. Motor models are established in the finite ele-
ment software Altair Flux to analyze the flux path,
flux density, and static electromagnetic torque under
both winding polarities. In addition, dynamic perfor-
mance metrics including torque ripple, core loss, copper
loss, and efficiency are evaluated under various rotor
geometries and operating speeds. The influence of key
rotor geometric parameters on the torque and efficiency
characteristics of the two polarity configurations is also
investigated.

Index Terms – Electromagnetic performance, finite
element analysis, flux path, switched reluctance motor,
winding polarity.

I. INTRODUCTION
Owing to the absence of permanent magnet and

windings on the rotor, the switched reluctance motor
(SRM) boasts advantages such as simple and robust
construction, low manufacturing cost, and strong fault
tolerance [1, 2]. Consequently, it has found applications
in various fields including electric vehicles, electric
aircraft, and wind power generation [3, 4]. However, due
to its inherent reluctance torque nature, the torque and
power performance of SRMs still lag behind those of
permanent magnet motors and require improvement.

To enhance SRMs’ performance, several novel
motor structures, including double-stator SRM [5], seg-
mentedrotor SRM [6], axial-flux SRM [7], and hybrid
excitation SRM [8] configurations have been pro-
posed. Among these, the double-stator SRM (DSSRM)
improves the utilization of electromagnetic space and
is characterized by high torque density. Nevertheless,
the design process of its structural parameters often
involves large phase inductance values or a high ratio
of maximum to minimum inductance. The traditional
SRM features a fixed magnetic circuit and a single oper-
ational mode. This often results in a limited constant-
power speed range and a restricted operational region for
DSSRMs, even when they possess high torque density
characteristics. It is challenging to achieve both high
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torque density and a wide speed range simultaneously,
which limits their application in scenarios demanding
non-rare-earth motor systems that combine these two
features.

In other types of motors, variable-flux motor struc-
tures have become a current research hotspot. Variable-
flux motors enhance field-weakening capability, broaden
the constant-power range, and enable wide-speed oper-
ation by introducing an additional controllable mag-
netic flux regulation variable to alter the main air-gap
flux. Depending on the method of air-gap flux regula-
tion, adjustable-flux motors include hybrid excitation,
mechanical flux adjustment, variable stator winding con-
figuration, and variable flux memory motors [9–12].
For SRMs, some scholars have achieved flux regulation
by employing two separate sets of windings simultane-
ously. This approach aims to extend the motor’s speed
range while maintaining torque output capability at low
speeds [13–16]. However, this scheme faces shortcom-
ings such as a high slot fill factor, severe electromagnetic
coupling, and complex decoupling control, which hinder
the widespread adoption of this motor type.

Indeed, varying the energizing direction of the
winding coils leads to distinct winding polarity distri-
butions, which in turn affect motor performance. This
paper investigates the influence of the winding coil
energizing direction on the performance of modular
DSSRMs. First, the motor structure is described and the
feasible polarity configurations are identified. Second,
a two-dimensional finite element model of the motor
is developed in finite element software, and the flux
paths, flux density, torque, flux linkage, and inductance
characteristics under the two different winding polarities
are analyzed using the finite element analysis method.
Finally, the effect of rotor pole arc angle on the torque
characteristics of the motors with the two polarity distri-
butions is examined.

II. MOTOR STRUCTURE AND WINDING
POLARITY DISTRIBUTION

Figure 1 illustrates the structural schematic of the
modular double-stator switched reluctance motor. As
can be observed, the inner stator, rotor, and outer stator
are concentrically arranged from the innermost to the
outermost layers. Both the inner and outer stators adopt
the U-shaped modular structure, positioned on either
side of the segmented rotor, which itself features a
sector-shaped modular configuration. A total of eight
U-shaped outer stator modules, eight U-shaped inner
stator modules, and 14 sector-shaped rotor segments are
uniformly distributed along the circumferential direc-
tion. The tooth poles of both the inner and outer
U-shaped stators face the rotor. The pole numbers of the

inner stator, rotor, and outer stator are 16, 14, and 16,
respectively.

In addition, each tooth pole of both the outer and
inner stators is equipped with excitation windings. It is
worth noting that by varying the energizing directions
of the excitation windings on the inner and outer sta-
tors, different polarity distribution characteristics can be
achieved in the modular double-stator switched reluc-
tance motor. In this paper, a single stator unit is formed
by combining one U-shaped outer stator, the correspond-
ing U-shaped inner stator positioned opposite to it, and
the surrounding segmented rotor. When the excitation
windings on the inner and outer stators are energized in
the same direction, the polarity distribution of a single
stator unit is NSNS.

Fig. 1. Diagram of the modular double-stator switched
reluctance motor structure.

Figure 2 presents a schematic diagram of the wind-
ing energizing directions for both the entire motor cross-
section and a single stator unit under the NSNS polarity
distribution. It can be observed that the tooth polarities
of the outer U-shaped stator from left to right are N and
S, while those of the inner U-shaped stator from left to
right are also N and S. This indicates that the energizing
direction of the excitation windings on the inner stator is
identical to that on the outer stator.

Fig. 2. Diagram of winding coil connection under NSNS
polarity distribution: (a) cross-sectional view of the
whole motor and (b) single inner/outer stator unit.
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As can be seen, when the excitation windings on
the inner and outer stators are energized in the same
direction, corresponding to the NSNS polarity distribu-
tion, the magnetic flux forms a closed loop along the
adjacent segmented inner stator teeth, segmented rotor,
and segmented outer stator teeth, resulting in a relatively
long flux path. Figures 3 (a) and (b) depict the flux paths
at the rotor fully aligned and fully unaligned positions,
respectively, under this polarity, with arrows indicating
the direction of magnetic flux.

As shown in Fig. 3 (a), when the motor is at the
rotor unaligned position under the NSNS polarity, the
magnetic flux circulates through the segmented inner
stator teeth, the air gap between two adjacent segmented
rotor segments, and the segmented outer stator teeth,
forming a closed annular loop. At this position, the
motor exhibits the minimum inductance under this polar-
ity. In contrast, Fig. 3 (b) illustrates that when the motor
is at the rotor aligned position under the NSNS polarity,
the magnetic flux flows through the segmented inner
stator teeth, two adjacent segmented rotor segments,
and the segmented outer stator teeth, again forming a
closed annular loop. This corresponds to the position of
maximum inductance under this polarity.

Fig. 3. Diagram of the flux path under NSNS polarity
distribution: (a) rotor electromagnetic unalignment posi-
tion and (b) rotor electromagnetic alignment position.

When the excitation windings on the inner and outer
stators are energized in opposite directions, the polar-
ity distribution of a single stator unit becomes NSSN.
A schematic representation of the winding energizing
directions for both the full motor cross-section and a
representative stator unit under the NSSN configuration
is provided in Fig. 4.

As evident, the outer U-shaped stator teeth exhibit
N and S polarities from left to right, while the inner
U-shaped stator teeth display S and N polarities in
the same orientation. This indicates that the excitation
windings on the inner and outer stators are energized in
opposite directions. By reversing the current direction
in the inner stator windings, the proposed variable-flux-
path double-stator switched reluctance motor can realize
distinct magnetic flux path configurations. Under the

Fig. 4. Diagram of winding coil connection under NSSN
polarity distribution: (a) cross-sectional view of the
whole motor and (b) single inner/outer stator unit.

NSSN polarity distribution, where the inner and outer
stator excitations are opposing, the magnetic flux com-
pletes a closed loop via the adjacent segmented inner
stator tooth, the segmented rotor, and the segmented
outer stator tooth, forming a relatively short flux path.
The flux path distributions at the fully aligned and fully
unaligned rotor positions for this polarity are presented
in Figs. 5 (a) and (b), respectively.

Figure 5 (a) reveals that at the unaligned posi-
tion under NSSN polarity, the magnetic flux emanates
separately from the segmented inner and outer stator
teeth and cancels within the segmented rotor, thereby
establishing a closed circuit. This rotor position yields
the minimum inductance for this polarity. In contrast,
Fig. 5 (b) shows that at the aligned position under
NSSN polarity, the flux flows from the segmented inner
stator tooth, through the segmented rotor, and into the
segmented outer stator tooth, subsequently canceling
within the rotor to close the loop. This electromagnetic
alignment position corresponds to the maximum induc-
tance condition under the NSSN polarity.

Fig. 5. Diagram of the flux path under NSSN polarity
distribution: (a) rotor electromagnetic unalignment posi-
tion and (b) rotor electromagnetic alignment position.

A comparative look at Figs. 3 and 5 reveals that,
without any modification to the stator or rotor structure,
simply altering the excitation direction of the inner
stator windings enables two distinct magnetic flux paths.
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This difference in flux routing gives rise to varying
electromagnetic characteristics, which will be examined
in detail via finite element analysis in the following
section. It is worth noting that SNSN and SNNS repre-
sent additional feasible winding polarity configurations.
However, since SNSN produces magnetic circuit behav-
ior equivalent to that of NSNS, and SNNS mirrors the
effect of NSSN, these two distributions are not addressed
in the present study.

III. FINITE ELEMENT MODELLING AND
STATIC ELECTROMAGNETIC

PERFORMANCE ANALYSIS
To evaluate the performance of the modular double-

stator switched reluctance motor under different winding
polarity distributions, a two-dimensional finite element
model was developed using the commercial simulation
software Altair Flux 2020. The established finite ele-
ment model and its corresponding meshing results are
depicted in Fig. 6. Furthermore, the stator and rotor
cores are fabricated from 50DW470 silicon steel sheets.
The key structural parameters of the motor prototype are
summarized in Table 1.

Fig. 6. Comparison of non-eccentric and static eccentric
structures.

The static magnetic flux line and flux density behav-
iors are examined first. With the excitation magneto-
motive force set to 900 ampere-turns and the excitation
direction of the inner and outer stator windings set to be
identical, the flux line distributions at the rotor unaligned

and aligned positions under the NSNS polarity are
reported in Fig. 7. Figure 8 offers the corresponding flux
density contour maps for these two rotor positions.

As can be seen from Fig. 7, when the motor operates
under the NSNS polarity configuration, a closed long
flux loop is formed along the inner U-shaped segmented
stator, two adjacent segmented rotor blocks, and the
outer U-shaped segmented stator at the rotor aligned
position, i.e., the maximum inductance position. A simi-
lar closed long loop is likewise observed at the minimum
inductance position. The flux density contours presented
in Fig. 8 are consistent with the flux line distributions,
further confirming this behavior. These findings demon-
strate that when the inner and outer stator windings are
energized in the same direction, the magnetic flux path
within each stator unit assumes a closed annular shape.

Table 1: Parameters of the modular double-stator
switched reluctance motor

Motor Parameter Unit Value
Outer stator poles number / 16
Inner stator poles number / 16
Rotor poles number / 14
Outer stator outer diameter mm 200
Rotor outer diameter mm 151
Inner stator outer diameter mm 126
Outer stator yoke thickness mm 9
Inner stator yoke thickness mm 7
Outer stator pole arc angle ◦ 7
Inner stator pole arc angle ◦ 7
Rotor pole arc angle ◦ 14
Air-gap length mm 0.5
Stacking length mm 100

Additionally, by reversing the excitation directions
of the inner and outer stator windings while maintaining
the same magnetomotive force of 900 AT, the motor
operates under the NSSN polarity distribution. Figure 10
exhibits the corresponding flux density contour maps at
these two specific rotor positions.

As revealed in Fig. 9, under the NSSN polarity
configuration, a closed short flux loop is formed at the
rotor aligned position, i.e., the maximum inductance
position, with magnetic flux traveling along the inner
U-shaped segmented stator, the segmented rotor, and
the outer U-shaped segmented stator, ultimately cancel-
ing within the segmented rotor. A similar closed short
loop, also characterized by flux cancellation within the
segmented rotor, is observed at the minimum induc-
tance position. The flux density contours in Fig. 10
further corroborate these findings. This confirms that
when the inner and outer stator windings are energized
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Fig. 7. Magnetic lines distribution at rotor special posi-
tions under NSNS polarity distribution: (a) rotor elec-
tromagnetic unalignment position and (b) rotor electro-
magnetic alignment position.

Fig. 8. Magnetic density maps at rotor special positions
under NSNS polarity distribution: (a) rotor electromag-
netic unalignment position and (b) rotor electromagnetic
alignment position.

Fig. 9. Magnetic lines distribution at rotor special posi-
tions under NSSN polarity distribution: (a) rotor elec-
tromagnetic unalignment position and (b) rotor electro-
magnetic alignment position.

Fig. 10. Magnetic density maps at rotor special positions
under NSSN polarity distribution: (a) rotor electromag-
netic unalignment position and (b) rotor electromagnetic
alignment position.
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in opposite directions, the magnetic flux paths cancel
each other within the intermediate segmented rotor of
each stator unit. Then, the static electromagnetic torque
characteristics of the motor are subsequently evaluated.
In the finite element simulation, a fixed current was
injected into phase A, with the excitation magnitude
progressively increased from 20 A to 100 A, while
the rotor position was swept from 0 to 180 electrical
degrees. The resulting static torque profiles under the
NSNS and NSSN polarity distributions are presented in
Fig. 11. It can be observed that electromagnetic torque
is generated under both winding polarity configurations;
however, the torque waveforms exhibit distinct shapes.

Fig. 11. Static torque waveforms of the motor in two
winding polarity arrangement: (a) NSNS and (b) NSSN.

Table 2: Average torque values of the motor in two
winding polarity arrangement

Winding Polarity NSNS NSSN
20 A 2.893 Nm 0.723 Nm
40 A 9.074 Nm 2.757 Nm
60 A 15.154 Nm 5.642 Nm
80 A 20.476 Nm 9.144 Nm

100 A 25.027 Nm 13.035 Nm

To quantitatively assess the static torque output, the
average torque values were computed and are summa-
rized in Table 2. The results indicate that, under the cur-
rent electromagnetic dimensions, the static electromag-
netic torque produced by the NSNS polarity consistently

exceeds that of the NSSN polarity, irrespective of the
applied excitation current level.

It should be noted that the consistently lower static
torque output of the NSSN configuration observed in
Fig. 11 and Table 2 is obtained under the baseline rotor
pole arc angle of 14◦. Under this geometry, the short
flux path characteristic of the NSSN arrangement forces
the magnetic flux to concentrate within a limited rotor
region at the electromagnetically aligned position, as
illustrated in Figs. 9 and 10. As the excitation cur-
rent increases, this localized flux concentration causes
the rotor segments to saturate more rapidly, thereby
restricting the inductance variation ratio and limiting
the torque-producing capability. In contrast, the NSNS
configuration establishes a longer flux path that dis-
tributes the magnetic field over a larger iron core vol-
ume, alleviating local saturation and sustaining higher
torque generation. This saturation mechanism explains
the distinct torque gap between the two configurations
at the baseline rotor geometry.

However, as revealed by the preceding flux path
analysis, the magnetic fluxes generated by both the
inner and outer stators pass through the inner segmented
rotor. It is therefore necessary to investigate the influ-
ence of rotor dimensions on the static electromagnetic
torque characteristics. It should be noted that rotor
geometric parameters exert a significant influence on
the electromagnetic performance of switched reluctance
motors [17–20]. For the sector-shaped rotor employed
in this modular double-stator configuration, both the
rotor pole arc angle and the rotor radial thickness col-
lectively determine the overall rotor dimensions and
magnetic characteristics. To evaluate the sensitivity of
motor performance to these key rotor geometric param-
eters, this section investigates the influence of the rotor
pole arc angle and the rotor radial thickness on the
static torque characteristics under both winding polarity
configurations.

Firstly, parametric studies were conducted in the
finite element software by varying the rotor pole arc
angle from 10◦ to 20◦, to observe the corresponding
static torque behavior under the two winding polarity
distributions. The resulting torque profiles are presented
in Fig. 12. It is evident that the rotor pole arc angle exerts
a substantial influence on the electromagnetic torque
output. To further quantify the performance differences,
Table 3 provides a comparative summary of the average
static torque values under the two polarity configura-
tions. Notably, as the rotor pole arc angle increases,
the static electromagnetic torque under NSNS polarity
exhibits a decreasing trend, whereas that under NSSN
polarity increases progressively. When the rotor pole
arc angle βr is less than 19◦, the torque produced by
NSNS exceeds that of NSSN. However, once βr reaches
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20◦, the NSSN configuration yields higher torque than
NSNS.

The results in Figs. 12–13 and Table 3 further
reveal that the rotor pole arc angle exerts a pronounced
and opposite influence on the static torque of the two
winding configurations. As the rotor pole arc angle βr
increases, the NSNS configuration experiences a pro-
gressive decrease in static torque, whereas the NSSN
configuration exhibits a substantial torque increase. This
behavior can be understood through the saturation mech-
anism discussed above. A larger rotor pole arc angle
widens the rotor segment, which effectively reduces the
magnetic flux density within the short flux path region
of the NSSN configuration. The resulting alleviation of
local saturation enhances the inductance variation ratio
and boosts the torque-producing capability. Conversely,
for the NSNS configuration, an excessively large rotor
pole arc angle increases the overlap between adjacent
rotor segments and the stator poles in the long flux
path, which reduces the rate of change of inductance
and diminishes the torque output. This explains why the
torque ranking between the two configurations reverses
when the rotor pole arc angle exceeds a certain thresh-
old, underscoring the critical role of rotor geometry
in determining the performance characteristics of the
motor under each winding polarity configuration.

Fig. 12. Static torque waveforms variation with rotor
pole arc angle in the two winding polarity arrangement:
(a) NSNS and (b) NSSN.

Table 3: Average torque values variation with rotor pole
arc angle in two winding polarity arrangement

Winding Polarity NSNS NSSN
βr = 15◦ 25.751 Nm 7.053 Nm
βr = 16◦ 22.396 Nm 8.733 Nm
βr = 17◦ 19.531 Nm 10.326 Nm
βr = 18◦ 16.307 Nm 11.885 Nm
βr = 19◦ 13.416 Nm 13.296 Nm
βr = 20◦ 10.424 Nm 14.504 Nm

Fig. 13. Static torque waveforms variation with rotor
pole arc in two working modes of the motor.

Fig. 14. Static torque waveforms variation with rotor
thickness in the two winding polarity arrangement: (a)
NSNS and (b) NSSN.

Furthermore, the rotor radial thickness lr was varied
from 10 mm to 15 mm. Figure 14 presents the static
torque waveforms for both NSNS and NSSN winding
polarity configurations as a function of rotor radial
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thickness. It can be observed that for both configura-
tions, variations in rotor radial thickness produce only
minor changes in the static torque waveforms. This
behavior differs notably from the pronounced influence
of the rotor pole arc angle previously discussed. The
limited sensitivity to rotor radial thickness can be under-
stood from the saturation perspective established above:
the radial thickness primarily affects the rotor yoke
cross-sectional area along the radial direction, which is
not the dominant constraint on the main flux path in
either configuration. In the NSSN configuration, satura-
tion is predominantly governed by the circumferential
flux concentration within the rotor teeth region, while in
the NSNS configuration, the longer flux path inherently
distributes the magnetic field over a sufficient core
volume. Therefore, increasing the rotor radial thickness
within the investigated range contributes little to reliev-
ing the flux bottlenecks that limit torque production.
These results indicate that while rotor geometry does
affect the static performance of the motor, the rotor pole
arc angle exerts a considerably stronger influence than
the rotor radial thickness. To further evaluate the prac-
tical performance differences between the two winding
configurations, the dynamic electromagnetic character-
istics are investigated in the following section.

IV. DYNAMIC ELECTROMAGNETIC
PERFORMANCE ANALYSIS

While the static torque analysis in the previous
section reveals the inherent torque capability of the
two winding polarity configurations, a dynamic per-
formance assessment is essential for practical motor
evaluation. Accordingly, this section investigates the
dynamic torque response, torque ripple, and efficiency
characteristics under both NSNS and NSSN polarity
configurations across a range of operating speeds and
load torques.

As a representative operating point, the dynamic
torque behavior is first evaluated at a constant speed
of 600 r/min with a DC bus voltage of 48 V. The
drive was operated under single-pulse control (SPC)
mode, with a conduction angle ranging from 0◦ to 6.43◦.
The rotor pole arc coefficient βr was varied from 15◦

to 20◦. Figure 15 presents the dynamic electromag-
netic torque waveforms under both winding configu-
rations as a function of the rotor pole arc coefficient
for this operating condition. It can be observed from
Fig. 15 that as the rotor pole arc angle βr increases,
the dynamic torque waveform under the NSNS polarity
configuration exhibits a decreasing trend. In contrast,
the dynamic torque under the NSSN polarity configu-
ration is negatively correlated with the value of βr. To
provide a clearer qualitative and quantitative evaluation
of the dynamic performance of the motor under the

two winding configurations, the calculated results of
average torque, torque ripple, core loss, copper loss, and
efficiency are summarized in Table 4.

Fig. 15. Transient electromagnetic torque waveforms
variation with rotor thickness in the two winding polarity
arrangement: (a) NSNS and (b) NSSN.

Table 4: Results of the dynamic performance of the
motor at 600 r/min under two different winding polar-
ities
Winding Polarity NSNS NSSN
Rotor pole arc βr = 15◦ βr = 18◦ βr = 15◦ βr = 18◦

Average torque
(Nm)

9.19 7.23 4.45 5.12

Torque ripple (%) 119.8 117.2 114.0 136.3
Electromagnetic
power (W)

577.1 454.4 279.3 325.5

Power density
(W/kg)

70.38 55.41 34.06 39.70

Copper loss (W) 150.8 129.5 77.6 72.3
Iron loss (W) 55.0 47.2 28.3 26.4
Efficiency (%) 73.7 72.0 72.5 76.5

As indicated in Table 4, at a speed of 600 r/min, the
average torque values of the NSNS configuration at rotor
pole arc angles of 15◦ and 18◦ are 9.19 Nm and 7.23 Nm,
respectively. Under the same rotor pole arc angles, the
NSSN configuration yields average torque values of
4.45 Nm and 5.12 Nm, respectively. Consequently, the
NSNS configuration delivers higher average torque and
electromagnetic power than the NSSN configuration.
Nevertheless, the NSSN configuration exhibits relatively
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Fig. 16. Transient electromagnetic torque waveforms
variation with rotor thickness in the two winding polarity
arrangement: (a) NSNS and (b) NSSN.

lower copper loss and core loss. At a rotor pole arc
angle of 18◦, its operating efficiency reaches 76.5%,
which is superior to the 72.0% efficiency of the NSNS
configuration. It is also evident that the rotor pole arc
angle exerts a pronounced influence on the performance
of both winding configurations. When the rotor pole
arc angle is 15◦, the power density of the NSNS con-
figuration exceeds that of the NSSN configuration by
106.6%; when the rotor pole arc angle increases to 18◦,
the advantage of the NSNS configuration reduces to
only 39.6%. Subsequently, the speed was increased to
1500 r/min while maintaining the same applied voltage,
control mode, and phase conduction width. Figure 16
presents the dynamic torque waveforms for the two
winding configurations as a function of the rotor pole
arc angle βr. Similar to the trend observed in Fig. 15, the
dynamic torque waveform of the NSNS configuration
is positively correlated with the rotor pole arc angle
βr, whereas that of the NSSN configuration exhibits a
negative correlation with βr. The corresponding calcu-
lated results of average torque, torque ripple, losses, and
efficiency at 1500 r/min are listed in Table 5.

As shown in Table 5, at a speed of 1500 r/min and a
rotor pole arc angle of 15◦, the average torque values
of the NSNS and NSSN configurations are 2.24 Nm
and 1.65 Nm, respectively, indicating a higher torque
output for the NSNS configuration. However, at a rotor
pole arc angle of 18◦, the average torque of the NSNS

configuration is 1.48 Nm, which falls below the 1.72 Nm
produced by the NSSN configuration. This further con-
firms the significant influence of the rotor pole arc angle
on motor performance. Additionally, the NSSN configu-
ration exhibits relatively lower copper loss and core loss.
At a rotor pole arc angle of 18◦, its operating efficiency
reaches 84.1%, exceeding the 80.8% efficiency of the
NSNS configuration.

Table 5: Results of the dynamic performance of the
motor at 1500 r/min under two different winding
polarities
Winding Polarity NSNS NSSN
Rotor pole arc βr = 15◦ βr = 18◦ βr = 15◦ βr = 18◦

Average torque
(Nm)

2.24 1.48 1.65 1.72

Torque ripple (%) 108.6 116.4 152.1 174.9
Electromagnetic
power (W)

351.61 231.89 259.13 270.86

Power density
(W/kg)

42.88 28.28 31.60 33.03

Copper loss (W) 36.9 28.7 31.6 26.8
Iron loss (W) 33.6 26.2 28.8 24.4
Efficiency (%) 83.3 80.8 81.1 84.1

In summary, based on the comparison of dynamic
performance under different operating conditions, it
can be concluded that the two winding configurations
each possess distinct advantages. Generally, the NSNS
configuration can produce higher torque output, while
the NSSN configuration offers lower losses and higher
efficiency. Therefore, the appropriate winding configu-
ration should be selected according to the specific appli-
cation requirements. The NSNS configuration is better
suited for low-speed high-torque scenarios, whereas the
NSSN configuration demonstrates superior efficiency
under high-speed operating conditions. It should also be
emphasized that the rotor pole arc angle exerts a sub-
stantial influence on motor performance. To maximize
the potential of each configuration, a relatively small
rotor pole arc coefficient is recommended for the NSNS
configuration, while a larger rotor pole arc coefficient is
preferable for the NSSN configuration.

V. CONCLUSION
This paper investigated the influence of winding

polarity distribution on modular double-stator switched
reluctance motor performance. Two polarity configu-
rations, NSNS and NSSN, were realized by varying
the excitation direction of the inner and outer stator
windings. Finite element analysis was employed to
compare flux paths, static torque, and dynamic perfor-
mance including losses and efficiency. Results show that
the NSNS configuration yields higher torque output,
exceeding the NSSN configuration by 106.6% at 600
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r/min with 15◦ rotor pole arc angle. Conversely, the
NSSN configuration exhibits lower losses and achieves
an efficiency of 84.1% at 1500 r/min with 18◦ rotor pole
arc angle, outperforming the NSNS configuration by 3.3
percentage points. The rotor pole arc angle exerts oppo-
site influences on torque for the two configurations, with
NSNS torque decreasing and NSSN torque increasing
as the pole arc angle grows. These findings indicate that
the NSNS configuration is better suited for low-speed
high-torque applications, while the NSSN configuration
offers advantages in high-speed high-efficiency scenar-
ios. The appropriate winding configuration and rotor
pole arc angle should therefore be selected according to
specific application requirements.
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Abstract – As environmental protection increasingly
becomes a global focus, new energy vehicles have grad-
ually emerged as a rising star in the modern transporta-
tion sector. They not only represent technological inno-
vation but also carry the hope of achieving sustainable
mobility. This paper proposes a novel dual-port inte-
grated power converter, consisting of a front-end circuit
and a traditional asymmetric half-bridge converter. By
changing the operating state of the front-end circuit’s
switch transistors, different operating modes can be

switched. In the motoring state, there are single-power
supply mode and hybrid power supply mode, and the
converter is reconfigured into a five-level converter.
In the regenerative braking mode, there are moderate
braking mode and severe braking mode, and energy
recovery can be achieved in both modes, with the con-
verter being reconfigured into a four-level converter. The
power converter proposed in this paper can accommo-
date wide speed range regulation for both electric and
braking operations, while also recovering energy from
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regenerative braking. It has been simulated and verified
on a three-phase 12/8 switched reluctance motor, con-
firming its practicality and effectiveness.

Index Terms – Multilevel, regenerative braking,
switched reluctance motor.

I. INTRODUCTION
Against the backdrop of actively addressing climate

change and vigorously promoting energy transformation
worldwide, electric vehicles are like a rising star, rapidly
becoming the mainstream direction of the automotive
industry’s development with their significant advantages
of cleanliness, environmental protection, high efficiency,
and energy conservation, leading the transportation sec-
tor to accelerate towards a green, intelligent, and sus-
tainable future. As one of the components of the power
system of electric vehicles, the motor plays an extremely
important role. The strong magnetic field characteristics
of the permanent magnet in the permanent magnet syn-
chronous motor make its structure more compact and
capable of outputting greater power in a limited space,
which is very suitable for the lightweight and high power
needs of electric vehicles. However, its core cost lies
in the permanent magnet, which is greatly affected by
the high cost of rare earths. Thus, there is an urgent
need for a rare earth free motor, and switched reluctance
motors (SRMs) have received widespread attention in
this field. The rotor has no permanent magnets and
windings, and is made of stacked silicon steel sheets.
The stator winding structure is simple, with a low failure
rate and almost no maintenance required, which enables
it to be applied in scenarios such as high speed, high
temperature, and high torque.

SRM drive topology with multi-power supply and
multi-port has the characteristics of integration, high
reliability, and strong applicability, which has gradually
attracted the attention of scholars and engineers. In addi-
tion, in high-speed operation, the traditional SRM drive
system is usually limited by the constant DC bus voltage,
which makes the excitation and demagnetization voltage
fixed, and it is difficult to realize the rapid excitation
and demagnetization of the winding, thus affecting the
efficiency, output energy, and dynamic performance of
the motor system. A multilevel power conversion circuit
can realize the fast excitation and demagnetization of
windings, which is an effective scheme to improve the
driving performance of SRM [1].

Ali and Narimani suggested an eight-leg asym-
metric three-level power converter, which divides the
batteries into two groups and produces a similar working
mode as the traditional three-level asymmetric con-
verter. It has improved performance, reduced size, and

is different from the series connected single battery
pack. The proposed battery pack separate connection
provides flexible control and fault tolerance for SRM
driver [2]. Hu et al. proposed a SRM drive system
for electric vehicles based on battery/super capacitor.
The system has G2V and V2H/V2G functions. The
power circuit of the motor drive system is composed of
bidirectional two quadrant front-end DC/DC converter
and SRM asymmetrical bridge converter. Through rea-
sonable control and key parameter setting, good acceler-
ation/deceleration, reversible drive, and braking charac-
teristics are obtained [3]. A highly integrated modular
converter for SRM of extended range electric vehicle
is proposed by Xia and Bauman [4]. The converter
can be realized by a standard industrial switch module,
and can flexibly realize the energy conversion between
SRM, battery, generator, and external AC power supply
through front-end circuit. In the battery driven mode,
the capacitor in parallel with the generator is natu-
rally charged and discharged, which improves the phase
voltage, accelerates the excitation and demagnetization
process of SRM, and improves the torque capacity of
SRM. In the generator driven mode, the battery also
participates in the rapid excitation and demagnetization
of SRM.

Yu et al. suggested a simplified dual-port driver
for flux modulated SRM with flexible charging capa-
bility for electric vehicle applications in [5]. Using
modular three-phase converter and auxiliary battery, the
corresponding pulse width modulation (PWM) control
method was studied, and a current regulator based on
VPI was proposed, which further improved the perfor-
mance of the motor, realized flexible power control and
battery charging, and a variety of driving and charg-
ing modes. Phase current regulation of SRMs driven
by traditional asymmetric half-bridge power convert-
ers (AHB) is limited by the supply voltage. Thus an
improved capacitor voltage self-balancing active boost
power converter is proposed by Han and Chen in [6].
The problems of an AHB power converter in different
phases of each phase current were analyzed, the different
working modes of the converter were studied, and the
corresponding control strategies implemented.

A motor driver for a four-phase SRM with only
two current sensors is presented in [7]. The driver
uses an asymmetric half-bridge circuit, but each current
of the two windings is detected by a current sensor,
which enables the proposed SRM driver to provide addi-
tional charge/discharge functions without adding any
additional circuit elements. Additional current sensors,
implementation of the integrated driver, and proof of
the results is provided. A modular three-port converter
with simple structure is proposed in [8], which organ-
ically combines the generator, battery, and SRM. A
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bidirectional front-end circuit with a photovoltaic (PV)
power supply is designed in [9], which integrates the
electrical components into a converter and realizes six
driving modes and five charging modes to obtain mul-
tilevel voltage and increased torque capacity. A highly
integrated solar assisted SRM drive system, which has
the functions of electric drive reconfiguration of G2V
and V2G/V2L, realizes flexible and efficient multi-mode
energy transmission between SRM, battery pack, solar
PV panel, and AC grid in [10]. In order to extend the
driving range of electric vehicles, the use of PV panels
on vehicles helps to reduce the dependence on on-board
batteries. Based on the phase winding characteristics
of SRM, a three-port converter is used to control the
energy flow between PV cells, batteries, and SRMs
in [11].

This paper is structured as follows. Section II intro-
duces the components of the power converter. Section III
gives its various working states and characteristics.
Section IV is simulation verification, and section V
draws conclusions.

II. STRUCTURE AND PERFORMANCE
ANALYSIS OF THREE-PHASE SRM

The stator and rotor of SRM are of salient pole
structure and are laminated by silicon steel sheets
(reducing iron consumption). The rotor has no wind-
ings and permanent magnets, and the structure is sim-
ple and reliable. Single-phase, two-phase, three-phase,
and four-phase structures are common, and three-phase
SRM is the most widely used. The winding current
is a unidirectional pulse current, which is provided
by the power converter [12]. According to the law of
conservation of energy and the law of electromagnetic
induction, the voltage applied to each stator winding
is equal to the sum of the resistance voltage drop and
the induced electromotive force generated due to the
change of flux linkage, and the relationship between
the voltage, current, and flux linkage of phase k of the
motor is:

Us = ikR+
dψk
dt

. (1)

When the given excitation current is high, the elec-
tromagnetic characteristics will show nonlinearity due
to the saturation of the magnetic core. In general, for
the convenience of calculation, the mutual inductance
between the windings of SRM is often not consid-
ered. The magnetic circuit and inductance are func-
tions of current and rotor position. Flux linkage can be
calculated by the product of winding inductance and
current:

ψk = ψk(ik,θ) = Lk(ik,θ)ik. (2)

Combining Equations (1) and (2), there is an electric
potential balance equation:

Us =

(︃
Lk + ik

dlk
dik

)︃
dik
dt

+ ik
dlk
dθ

dθ

dt
+ ikR. (3)

Equation (3) reveals that the terminal voltage of
each phase winding in a SRM is balanced by three dis-
tinct voltage components within the circuit: the resistive
voltage drop, the transformer electromotive force, and
the motional electromotive force [13].

Given the magnetic circuit nonlinearity inherent
in SRMs, the electromagnetic torque at an arbitrary
operating point can be derived via the principle of virtual
displacement – specifically, as the partial derivative of
the magnetic co-energy with respect to the rotor posi-
tion – and is expressed by:

T (θ , i) =
∂W ′(θ , i)

∂θ
=

1
2

i2
dL
dθ

. (4)

Combined with the piecewise linear model of induc-
tance, the torque expression of each interval can be
further derived. In non-overlapping/aligned areas, dL

dθ
=

0. Torque is zero. In overlapping areas:

dL
dθ

=
Lmax −Lmin

θ2 −θ1
= C, (5)

where C is a constant and torque is proportional to
the square of the current. In addition, the equation of
mechanical motion of the motor is:

J
dω

dt
= Te −Hω −TL, (6)

where J,H,ω,Te, and TL are moment of inertia, vis-
cous coefficient, rotor angular velocity, electromagnetic
torque, and load torque, respectively [14].

Let us take the 12/8 three-phase SRM (12-pole
stator, 8-pole rotor, three-phase concentrated winding)
as an example (see Fig. 1). Its core advantages lie in
the stability of operation, fault tolerance, structural reli-
ability, and wide speed regulation range. The stepping
angle is 15◦ (half of 30◦ compared with 6/4 three-
phase SRM), torque superposition is more continuous,
fundamental frequency of torque ripple is increased,
and low-speed stepping sense is weakened, which is
conducive to improving the stability of operation and
reducing vibration and noise [15].

Figure 2 shows a 3D diagram of a 12/8 three-
phase SRM static flux linkage. The data in Fig. 2 is
obtained through simulation in ANSYS, in which the
current is simulated at the interval of 0 A to 100 A,
and the rotor position is simulated at the interval of 0◦

to 45◦. Intermediate data points are obtained by linear
interpolation method. As can be seen from Fig. 2, the
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Fig. 1. Three-phase 12/8 SRM structure.

minimum value of the flux linkage appears in the fully
misaligned position, while the maximum value appears
in the fully aligned position. Flux linkage increases
gradually in the range 0−22.5◦ and decreases gradually
in the range 22.5−45◦.

Fig. 2. Three-dimensional view of the static flux linkage
of 12-8 SRM.

Figure 3 shows a three-dimensional view of its
static torque. The data in Fig. 3 is obtained through
ANSYS finite element simulation, in which the current
simulation interval is 0 A to 100 A, the rotor position
simulation interval is 0◦ to 45◦, and the rotor angle cycle
is 45◦. It can be seen from Fig. 3 that the static torque
of SRM is positive in the range 0−22.5◦ and negative in
the range 22.5−45◦.

Figure 4 illustrates the variations in static torque and
flux linkage of the SRM under single-phase excitation,
with both parameters characterized across different rotor
angles and winding currents. It is evident that the flux
linkage magnitude of the SRM increases alongside the
winding current during the rotor’s movement from the
unaligned to the aligned position relative to the excited

Fig. 3. Three-dimensional view of static torque of 12/8
SRM.

Current (A) 
(a)  

Position (°) 
(b)  

Fig. 4. Phase torque and phase flux linkage at different
angles and currents: (a) static flux linkage line curve and
(b) static torque curve.

stator pole. In particular, flux linkage at the unaligned
position exhibits a linear relationship with the current,
which indicates that the motor operates in a magnetically
unsaturated state under this condition.
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III. DRIVING CHARACTERISTICS OF
DUAL-PORT INTEGRATED SRM POWER

CONVERTER
Figure 5 shows the topology of the dual-port inte-

grated SRM power converter proposed in this paper for
a three-phase 12/8 structure SRM. It is mainly composed
of front-end circuit and traditional AHB, taking into
account the electric and braking states of electric vehi-
cle operation, and can achieve energy recovery in the
braking state. The front-end circuit includes four switch
tubes, two diodes, a power supply, and a power battery.
By controlling the on and off of the front-end circuit
switch tubes, multiple functions and operating modes of
the electric vehicle can be achieved. The electric vehicle
power system based on SRM is shown in Fig. 6 [15].

DC T3

T4

LB

T5

T6

LC

T1

T2

LA

Battery

T7

T9
T10

T8

VD1

VD2

VD3

VD4

VD5

VD6

VD7

VD8

Fig. 5. Topology of dual-port integrated SRM converter.

The power converter proposed in this paper includes
electric mode, multilevel mode, and hybrid power mode
of power battery. Due to the addition of multilevel mode,
the output torque and load capacity of the motor have
been significantly improved. In the power drive mode,
the battery does not participate in power supply, but
rapid demagnetization can be achieved by increasing the
demagnetization voltage through series connection of
batteries. In hybrid driving mode, the motor is driven
in series by a power source and a battery to improve
its dynamic performance [16]. The power supply and
battery can be matched according to different working
conditions to improve dynamic performance. In addi-
tion, in the braking state, it is possible to achieve two
modes of braking while also considering energy recov-
ery. Moderate braking is excited by the power supply
alone, and the battery recovers energy. Heavy braking
is excited by both the power supply and the battery,
while the battery recovers energy, to cope with different
braking situations and achieve more flexible braking.

The proposed power converter has a total of six
working states: power excitation, power demagnetiza-
tion, hybrid excitation, hybrid demagnetization, zero
voltage demagnetization, and energy recovery. The elec-
tric mode includes five working states, and the braking
mode includes four working states. The components

Fig. 6. Electric vehicle power system.

used in the power converter proposed in this article are
shown in Table 1.

Table 1: Composition of power converter compo-
nents [17]

Component Type Number Quantity
Mosfet IRFP4668 10
Diode RURG8060 8

A. Single power drive mode
In single power drive mode, there are three states:

power excitation, zero voltage freewheeling, and power
demagnetization, as shown in Fig. 7. In the excitation
state of the power supply, the current passes through
the asymmetric half-bridge circuit, flows through the
negative pole of the power battery, and then forms
an excitation circuit through the reverse diode V D8
connected in parallel with the switching transistor T10,
and the current rises rapidly. The voltage applied to the
winding at this time is UDC, as shown by the red dotted
line in Fig. 7. Afterwards, by controlling the switching
tubes T1,T3, and T5 separately, the A, B, and C phase
windings are controlled for zero voltage freewheeling,
resulting in zero winding voltage, as shown by the blue
dotted line in the Fig. 7. In demagnetization mode, the
control switch tubes T8 and T0 are turned on, and the
phase current forms a demagnetization circuit through
the switch tubes T8 and T10. A reverse voltage −UDC is
applied to the winding for reverse demagnetization, as
shown by the green dotted line in the Fig. 7. Therefore,
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Fig. 7. Working status of power drive.
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in the electric single power supply mode, only the T8 and
T10 switching tubes need to be controlled to conduct.

B. Hybrid driving mode
In hybrid driving mode, there are three states:

hybrid excitation, zero voltage freewheeling, and hybrid
demagnetization, as shown in Fig. 8. In this mode, the
power supply is connected in series with the battery,
and both the excitation voltage and demagnetization
voltage are increased, achieving fast excitation and fast
freewheeling, improving the output capability of the
motor torque and enhancing the dynamic performance of
the motor. In excitation mode, current flows through the
switch T9 and the AHB converter to form an excitation
circuit, achieving fast excitation. The voltage applied to
the winding is the sum of the power supply voltage and
the battery voltage UDC +UB, as shown by the red dotted
line in the Fig. 8. We can control the A, B, and C phase
windings for zero voltage freewheeling by separately
controlling the switching tubes T1,T3, and T5, as shown
by the blue dotted line in Fig. 8. In demagnetization
mode, the current passes through the reverse diode V D7
of the switching tubes T8 and T9 to form a circuit for
demagnetization, achieving rapid demagnetization in the
reverse direction. The voltage applied to the winding
is −(UDC +UB), as shown by the green dotted line in
Fig. 8. Therefore, in the hybrid power supply mode of
electric state, only the two switching tubes T8 and T9
need to be controlled to conduct.
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Fig. 8. Working status of hybrid drive.

C. Moderate braking mode
During normal braking, the SRM speed is low and

the back electromotive force is small. A combination
of current chopping control (CCC) and PWM is used
to control the on-off of power devices through PWM
signals, stabilizing the braking current at the set value
and maintaining a constant braking torque. In normal
situations where braking is required, power excitation
can be used to apply voltage UDC to the winding during
the rise of the inductor, generating braking current. In
the decrease interval of the inductor, negative torque and
generating current can be generated to reduce the speed
and charge the battery. Due to the combination of front-
end circuit and traditional asymmetric half-bridge, phase

overlap can be achieved in the braking state. In normal
braking mode, when phase A recovers energy and phase
B excites, the phase overlap situation is shown in Fig. 9.
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Fig. 9. Phase overlap under moderate braking condi-
tions.

The blue dashed line in Fig. 9 indicates that the B-
phase winding is being excited, and the switching tubes
T3 and T4 are open, causing a rapid increase in winding
current. The red dashed line indicates that the A-phase
winding is undergoing energy recovery, and the braking
energy flows to the battery through switch tube T7.

D. Heavy braking mode
In emergency situations where strong braking is

required, the power supply is connected in series with
the battery and voltage UDC + UB is applied to the
winding during the rise of the inductance to jointly
excite it, achieving a rapid increase in braking current
and generating negative torque quickly. This can greatly
improve the braking performance of the motor and,
while ensuring braking, the braking energy can still be
recovered by flowing through the switch tube T7 to the
battery. In heavy braking mode, when phase A recovers
energy and phase B excites, the phase overlap situation
is shown in Fig. 10.
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Fig. 10. Phase overlap under heavy braking conditions.

Similar to Fig. 9, the blue dashed line in Fig. 10
indicates that the B-phase winding is being excited, and
the switching tubes T3 and T4 are open, causing the
winding current to rise more rapidly. The red dashed line
indicates that the A-phase winding is undergoing energy
recovery, and the braking energy is still flowing to the
battery through switch tube T7.
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E. Converter driving characteristics
The proposed switched reluctance power converter

adopts different working states according to different
operating conditions, as shown in Fig. 11.

Starting phase
power supply

Low speed stage
power supply

Acceleration phase
Hybrid power supply

High speed stage
Hybrid power 

supply

Strong 
braking 
Hybrid 
power 
supply
energy 

Braking stage
power supply

energy recovery
End

Fig. 11. Working modes under different working condi-
tions.

In the starting and low-speed states, power supply
is used for this condition, with power excitation and
demagnetization [18]. Power batteries can be connected
in series for demagnetization. In the rapid acceleration
stage and high-speed stage, a hybrid driving mode is
adopted, in which the power supply and battery are
connected in series to participate, and the power supply
and battery are connected in series to jointly excite and
demagnetize, thereby increasing the excitation voltage
and demagnetization voltage and improving the output
performance of the motor. In the case of heavy braking, a
multilevel SRM power converter can ensure the simulta-
neous use of two power sources during motor operation
by mixing power and battery excitation, and recovering
battery energy. We can select the appropriate conduction
mode based on the current speed, torque error, and rotor
position to achieve stable operation of the motor at
low speeds and timely tracking of the required current
value at high speeds, thus suppressing torque ripple. This
multiple power supply mode enables the motor power
converter to adapt to complex and changing working
conditions, improve the efficiency and stability of motor
operation, and is widely used in motor drive systems
encountered in various complex working conditions of
electric vehicles.

IV. SIMULATION RESULTS
A 1 kW three-phase 12/8-pole SRM was modeled in

MATLAB/Simulink, and the proposed highly integrated
converter was validated. The rated voltage of the motor
is 96 V, The moment of inertia J is 0.01 Kg ·m2, and the
friction coefficient D is 0.00032 N ·m · s/rad, the battery
voltage UB and power supply voltage UDC were set to
36 V and 60 V, the battery capacity is 5.4 Ah, initial
state-of-charge is 60%, respectively, and the load torque
was set to 3 N ·m. The electric mode adopted CCC, and
the hysteresis current bandwidth was set to 1.5 A. Low-
speed and high-speed operation were considered in the
simulation. The motor section is shown in Fig. 12.

Fig. 12. 12/8 SRM section.

The motor adopts CCC current chopper control
and obtains the reference current value Iref through
proportional-integral-derivative (PID) control. When the
phase current reaches Imax, the power switch of that
phase is turned off, the power supply is cut off, and
the current is attenuated through the freewheeling diode.
When the phase current drops to Imin, turn on the power
switch and the current rises again. Cycle the above
process to make the phase current fluctuate within the
range [Imin, Imax], achieving stable control of the current
amplitude. The opening angle of the motor in this
simulation is set to −5◦, and the closing angle is set
to 15◦.

The single power drive mode is suitable for start-
ing and low-speed states. When the motor rotates to
600 r/min, the speed diagram and torque diagram are
shown in Fig. 13.

The winding voltage in single power mode is shown
in Fig. 14. It can be seen that the winding voltage mainly
varies between 0 V,60 V, and −60 V, with an excitation
state of 60 V. When the phase current reaches the
reference current, it transitions to a freewheeling state
of 0 V. When the phase reaches the turn off angle, the
winding demagnetizes and the phase voltage is −60 V.

When the motor rotates to 1200 r/min, the speed
diagram and torque diagram are shown in Fig. 15.

The winding voltage in single power mode is similar
to Fig. 14. From Fig. 14, it can be seen that in single
power drive mode, the motor speed can quickly increase
to 1200 r/min and remain stable.

As shown in Fig. 16, in the single power excitation
mode, when the target speed is 1600 r/min, the motor
cannot reach the target speed and the torque ripple
increases. With the conduction angle unchanged, the
motor output is close to the limit. In the hybrid driving
mode, the simulation results of the target speed of
1600 r/min are shown in Fig. 17. When the target speed
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Fig. 13. Simulation results of a 600 r/min single power
drive mode motor: (a) speed waveform diagram and
(b) torque waveform diagram.
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Fig. 14. Single power drive winding voltage.

remains constant at 1600 r/min and the load torque
increases by 6 N ·m, the simulation results are shown
in Fig. 18.

By comparison, it can be seen that when using the
hybrid mode, both the excitation voltage and demagne-
tization voltage are significantly increased. Under the
same load torque, higher speeds can be achieved and
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Fig. 15. Simulation results of a 1200 r/min single power
drive mode motor: (a) speed waveform diagram and (b)
torque waveform diagram.
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Fig. 16. Simulation results of a 1600 r/min single power
drive mode motor: (a) speed waveform diagram and
(b) torque waveform diagram.
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Fig. 17. Simulation results of a 1600 r/min hybrid drive
mode motor: (a) speed waveform diagram and (b) torque
waveform diagram.
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Fig. 18. Simulation results of load torque 6 N ·m at a
speed of 1600 r/min: (a) speed waveform diagram and
(b) torque waveform diagram.

acceleration is faster. At the same time, larger output
torque can be obtained while reducing torque ripple,
greatly increasing the overall performance of the motor.

In the context of brake simulation, braking com-
mences when the motor speed reaches 2200 r/min.
Under moderate braking mode, the motor simulation
results are shown in Fig. 19.
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Fig. 19. Simulation results of moderate braking: (a)
speed waveform diagram, (b) battery SOC, and (c)
charging current waveform.

Load torque is still 3 N ·m, motor speed rises from
0 to 2200 r/min at 0.8 s, and then starts braking. In the
moderate braking mode, the motor is braked to 0 r/min
at 2.05 s, and braking time is about 1.25 s. SOC of
the power battery is initially 60% and, after recovery
of the braking dynamic energy, battery SOC increases
from 60% to 60.155%, as shown in Fig. 19 (b). Energy
flows towards the battery, and the charging current of the
battery is shown in Fig. 19 (c).

In heavy braking mode, as shown in Fig. 20, the
motor speed rises from 0 to 2200 r/min at 0.8 s, and
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Fig. 20. Simulation results of heavy braking: (a) speed
waveform diagram and (b) battery SOC.

then starts braking. At 1.05 s, the motor was braked
to 0 r/min, and the braking time was about 0.25 s. At
the same time, the power battery recovered energy, and
the battery SOC increased. During this braking process,
the SOC of the battery increases from 60% to 60.024%,
and the recovered energy is relatively less compared to
moderate braking.

Compared with moderate braking, heavy braking
can significantly improve the braking performance, so
as to cope with the complex working conditions of
electric vehicles and recover energy at the same time.
The proposed converter has been effectively verified in
terms of braking.

V. CONCLUSION
This paper proposes a dual-port integrated switched

reluctance motor power converter for electric vehicles,
which takes into account the electric and braking state
of electric vehicles. By controlling the switching state of
the front-end circuit, it can flexibly realize energy con-
version between the battery, switched reluctance motor,
and power supply. It not only improves the performance
of the motor system under operating conditions, but also
realizes the energy recovery function, realizes flexible
driving and flexible braking, obtains multilevel voltage,
increases torque capacity, and improves the dynamic
performance of the motor as a whole. At the same time,
this paper theoretically analyzes a switched reluctance

motor under different working conditions, and carries
out the simulation of electric and braking to verify the
effectiveness of the converter.
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