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Abstract — The present study proposes a novel modu-
lar transverse flux dual-rotor switched reluctance motor
(MTF-DRSRM), which integrates the operational prin-
ciples of switched reluctance motors (SRMs) with
the structural advantages of transverse flux machines
(TFMs). The motor employs H-shaped modular sta-
tor cores and segmented rotor discs with embedded
pole modules, employing toroidally-wound concentrated
windings for excitation. Compared to conventional
SRMs, the MTF-DRSRM leverages the transverse flux
configuration to enable flexible decoupling of electric
and magnetic loads. This design effectively enhances
torque density and operational efficiency, making it suit-
able for high-performance drive applications such as
electric vehicles. This paper introduces the fundamen-
tal structure, operational principles, and electromagnetic
design methodology of the MTF-DRSRM. Due to the
three-dimensional distribution of the motor’s magnetic
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field, 3D magnetic field computation using finite element
analysis (FEA) is employed to calculate key parameters,
including magnetic flux linkage and torque characteris-
tics. The design validation is performed by comparing
theoretical parameters with 3D-FEA simulation results,
ensuring accuracy and reliability. This work provides a
robust theoretical foundation and empirical data for fur-
ther optimization and practical implementation of the
proposed motor topology.

Index Terms — Electromagnetic design, finite element
analysis, modular structure, switched reluctance motor,
transverse flux.

L. INTRODUCTION
Switched reluctance motors (SRMs) are charac-
terized by structural simplicity, high reliability, flex-
ible control, operational efficiency, and exceptional
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suitability for high-speed and harsh-environment appli-
cations. The development potential and performance
advantages of SRM-based drive systems have reignited
global research interest in this technology [1-2]. How-
ever, as application scenarios grow increasingly complex
and performance requirements become more stringent,
conventional SRMs exhibit limitations in critical metrics
such as torque density and efficiency.

The advent of the transverse flux machine (TFM)
concept has ushered in a novel paradigm for motor
design, offering a distinctive magnetic field distribution
pattern that has the potential to enhance torque density
and generate more powerful torque within a confined
space [3-4]. The incorporation of a dual rotor con-
figuration serves to enhance the motor’s energy con-
version mechanisms and torque generation capabilities.
This is achieved by leveraging the delicate electromag-
netic interaction between the inner and outer rotors and
the stator, thereby ensuring an overall enhancement in
the motor’s performance across all domains [5].

Current research efforts have historically concen-
trated energies on theoretical research, structural design,
and control strategy in the domain of transverse flux
switched reluctance motor research. Literature [6—7] uti-
lizes finite element analysis (FEA) and other methods
to model and analyze the internal magnetic field dis-
tribution of the motor, thereby facilitating the compre-
hension of the magnetic field strength, direction, and
change rule. This, in turn, provides a theoretical foun-
dation for the optimization of motor design. Research
findings indicate that the introduction of transverse flux
alters the magnetic field distribution, thereby affecting
the electromagnetic performance of the motor. Literature
[8-9] established a mathematical model that can accu-
rately describe the electromagnetic characteristics of the
motor and mechanical characteristics. The equivalent
magnetic circuit method was used to establish mathemat-
ical models that can be used to analyze the dynamic per-
formance of the motor, including speed, torque, current,
and other parameters of the law of change. Concur-
rently, a series of innovative topologies have been pro-
posed, including double U-shaped stator cores, I-type
stator core, and U-type rotor core fit, with the objective of
enhancing the motor’s output torque, power density, and
other performance metrics. These topologies have been
shown to improve magnetic circuit coupling by increas-
ing the number of poles and phases and by increasing the
rotor radius to improve the output torque. As evidenced
by the existing literature [10-11], the optimization of
winding form, the number of turns, wire diameter, and
other relevant parameters has been shown to reduce
winding loss, thereby enhancing motor efficiency and
power factor. This enhancement is achieved through
the implementation of various winding configurations,
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including centralized and distributed winding, which
have been studied in depth to ascertain their impact on
motor performance. In the realm of control strategies,
[12-13] have been instrumental in refining conventional
methodologies such as current chopper control and angu-
lar position control. These refinements have been under-
taken to mitigate torque pulsation, reduce noise, and
enhance the smoothness and comfort of the motor. For
instance, the optimization of frequency, amplitude, and
other parameters of the current chopper has been a focal
point of these studies. Concurrently, [14] explores the
implementation of advanced intelligent control method-
ologies, including fuzzy control, neural network control,
and sliding mode variable structure control, in transverse
flux switched reluctance motors. The objective of these
investigations is twofold: first, to enhance the control
accuracy, response speed, and robustness of the motors
and, second, to optimize their performance in complex
working conditions, thereby ensuring the fulfillment of
stringent control requirements.

This paper synthesizes the advantages of axial-
field and conventional radial-field switched reluctance
motors and proposes a modular transverse-flux dual-
rotor switched reluctance motor. The motor is distin-
guished by a split-block rotor fixed on both sides of the
motor on their respective rotor disks and a toroidally-
wound concentrated winding. The space utilization of
the stator part of this novel structure motor is greater in
comparison to the traditional structure SRM, while the
winding end effect is diminished. The rotor shaft uti-
lizes a non-conducting material, which shortens the mag-
netic circuit and reduces the inter-pole magnetic leak-
age. The main features of a modular transverse flux dual-
rotor switched reluctance motor (MTF-DRSRM) are as
follows.

(a) The motor possesses greater space for winding stor-
age and more flexible turn design. The stator and
rotor are small and have shorter magnetic paths,
which improves the motor efficiency.

(b) Individual windings are wound on the iron core,
with reduced electromagnetic interference, facili-
tated heat dissipation, and simplified maintenance
and winding.

(c) The motor’s design is modular and highly expand-
able, allowing for adjustment of the number of
phases and poles to increase output torque.

II. STRUCTURE AND OPERATING
PRINCIPLE OF MTF-DRSRM
This paper presents an analytical study on the design
of a three-phase 12/8-pole MTF-DRSRM. As shown
in Fig. 1, the stator employs a segmented configura-
tion comprising 12 identical H-shaped laminated cores
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with toroidally-wound excitation coils, where three con-
secutive coils constitute the three-phase (ABC) exci-
tation system. Each modular unit integrates multiple
concentrated windings wound on specially profiled sta-
tor teeth, whose geometric parameters are optimized
to enhance magnetic circuit efficiency and torque den-
sity. These stator segments maintain electromagnetic
independence while being circumferentially symmetri-
cal distributed, offering advantages in manufacturabil-
ity, assembly, and maintenance, as well as flexible phase
configuration adaptability. The rotor adopts a dual-rotor
disc topology coaxially arranged with the stator, featur-
ing eight ferromagnetic pole segments embedded in each
rotor disc through precision-machined slots. Both stator
and rotor cores are fabricated using grain-oriented sil-
icon steel laminations processed by stacked lamination
techniques. This manufacturing approach significantly
facilitates modular production methodologies through
standardized component design.

Stator Core

Rotor Pole

Rotor Disc

Fig. 1.
DRSRM.

Structure of three-phase 12/8-pole MTF-

When three-phase stator windings are electrically
excited, magnetic flux is established through the stator
teeth. As shown in Fig. 2, the MTF-DRSRM'’s magnetic
circuit topology utilizes an H-shaped segmented core
module in the stator, which magnetically couples with
radially arranged dual rotor discs to form a closed mag-
netic path. At the stator-rotor unmagnetized position in
Fig. 2 (a), the winding inductance reaches its minimum
value. During this phase, DC pulse excitation is applied
to the windings, establishing magnetic flux. Owing to
the transverse flux path configuration, the magnetic flux
predominantly traverses in the axial direction through
stator teeth and rotor poles, inducing magnetic field dis-
tortion at rotor pole edges. This phenomenon generates
reluctance torque that drives rotor rotation toward the
aligned position. In the stator-rotor magnetized equi-
librium position in Fig. 2 (b), the rotor poles align
with the stator magnetic axis to minimize the magnetic
reluctance path. Compared to conventional radial-flux
switched reluctance motors (SRMs), the MTF-DRSRM
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Fig. 2. Main magnetic circuit of the MTF-DRSRM: (a)
stator and rotor misaligned position and (b) stator and
rotor alignment position.

demonstrates significantly reduced winding overhang
leakage flux, thereby improving magnetic circuit uti-
lization efficiency. The compact axial dimension of the
rotor enables high-speed operation (typically exceeding
10,000 rpm) and high specific power output. Addition-
ally, the dual-rotor coaxial topology amplifies torque
production through parallel magnetic circuit actuation,
achieving torque superposition effects.

II1. MAIN DIMENSIONS DESIGN OF
MTF-DRSRM

The width and height of the stator teeth have a
significant effect on the magnetic chain and torque of
the motor. The number of turns of the stator winding
determines the inductance and resistance of the wind-
ing, which in turn affects the current magnitude, torque,
and efficiency of the motor. A reasonable selection of
the number and angle of rotor teeth can reduce torque
pulsation and improve the smoothness of motor opera-
tion. The thickness of the rotor core has been found to
influence the magnetic field strength and the degree of
magnetic circuit saturation of the motor. An excessively
thin rotor core may lead to saturation of the magnetic
circuit and reduce the performance of the motor, while
an excessively thick core will increase the weight and



cost of the motor. Therefore, it is necessary to design
the parameters of MTF-DRSRM. Figure 3 provides a
schematic representation of the stator and rotor cores of
MTF-DRSRM for dimensioning purposes.

-

Fig. 3. Schematic illustration of stator and rotor core
dimensioning for MTF-DRSRM.

vl

According to Kirchhoff’s law, the voltage equation
of MTF-DRSRM for any phase can be derived:
dy d(Li)

=Ri+—1 =Ri 1
" ot dt ot dt '’ M)

where u is the terminal voltage, R is the stator resistance,
i is the stator current, ¥ is the magnetic chain, L is the
inductance.

During rotor-stator tooth overlap, a period of signif-
icant inductance changes where the inductive reactance
dominates, the resistance R can be neglected for steady-
state analysis. Equation (1) can thus be simplified to:

u:%:iwmj—g:iwm%, 2)
where @, is the rotating mechanical angular velocity of
the motor, L, is the aligned position inductance, L, is the
unaligned position inductance, f3; is the stator pole arc.

Let us define k as the ratio of the inductance L, at
the aligned position to the inductance L, at the unaligned
position:

Lll
k=1——. 3
L 3
Then, equation (2) can be rewritten as:
O
u= kLalﬁ—’:. 4)

When the stator and rotor are aligned, the expression
for the magnetic chain is:
y=L4i= BspAsprh7 &)
where B, is the average magnetic density of the surface
of the stator pole section at the aligned position, initially
assumed to be 1.6 T. Ay, is the cross-sectional area of the
stator pole and N, is the number of windings turns per
phase of the motor.
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MTF-DRSRM’s adopt a double rotor structure and

its stator cross-sectional area can be expressed as:
2nD, L

A= Tl 6)

where D, is the rotor inner diameter and L, is the rotor

pole yoke thickness.

In the motor design, the rotor axial width ¢, must be
carefully controlled. On the one hand, ¢, impacts overall
motor volume; on the other, it influences coil slot full-
ness. Therefore, at the initial design stage, the rotor axial
width is set equal to the stator axial width yj, that is:

t, = 1.4y;. @)
According to equations (4-6):
u = 2kBsp Hy L Nyp Op, - ®)

Electrical load expression of the MTF-DRSRM can

be written as: )
2mNphi
A = —-——_—

wDg ©)
where m is the number of phases and Dy is the sta-
tor inner diameter. The initial assumed electrical load is
50000 A/m.
The load factor for switching one cycle of each
phase of the winding is:
N, 6,

21’ (10)
where N, is the number of rotor poles and 0. is the open-
ing angle of each phase.

The motor output power is:
Pout = nmkgui, an
where 1 is motor efficiency.
Substituting equations (6-8) into equation (9), the
stator inner diameter Dy; of MTF-DRSRM is:

Do — 2Pous
S8\ knN,0.B,Aw, L, sin (B, /2)
Rotor inner diameter D, is taken as (1.8~2.5)Dy;.
In order to ensure that the MTF-DRSRM has a self-
starting capability for forward and reverse rotation in any
position, the stator-rotor pole arc needs to be satisfied:
By -+ B <27/N,
B>A (13)
Br = B
where A is the step angle A = 2m/(m-N,) and B is the
rotor pole arc. In this paper, the rotor pole arc 3, is equal
to the stator pole arc ;.
The stator-rotor tooth width expression is:

H; = Dsl sin %

H, = D, sin %

d =

(12)

(14)

The motor satisfies all conditions when Hy; = H,.
The stator-rotor radial yoke thickness is chosen as:
{ Dy, = (1.3 ~ 1.4)H;

L=(13~14)% (15
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Table 1: Specific parameters of the designed prototype
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Parameter Value Parameter Value

Stator inner diameter Dy 60 mm Rated power Py 4 kW
Stator outer diameter D;) 220 mm Phase number m 3

Rotor inner diameter D, 112 mm Stator and rotor poles Ns/N, 12/8
Rotor outer diameter D,» 168 mm Rated voltage Uy 300V
Air gap g 0.4 mm Rated speed ny 1500 rpm

Stator radial yoke thickness Dy, 65 mm Rotor radial yoke thickness L, 25 mm

Stator tooth width H 17 mm Rotor tooth width H, 20 mm

Stator pole arc f3; 15 deg Rotor pole arc 3, 15 deg

Stator axial width yg 26 mm Rotor axial width ¢, 15 mm
Stator length Ly 135 mm Turns of coil Ny 50

The number of motor winding turns is:
u6,
2Bs,HL, @y,
Compared with the traditional axial motor, the
MTEF-DRSRM with double-rotor structure has a more
centralized ring winding, higher potential, and high flex-
ibility of winding space, which makes it suitable for
designing it as a SRM with low rotational speed and
high torque. The preliminary parameter design of the
MTF-DRSRM can be carried out according to equations
(1-15), and the motor parameters required for the load
design are determined through several iterations of cal-
culations. The specific parameters of the designed proto-
type are given in Table 1.

Noh = (16)

IV. 3D FINITE ELEMENT CALCULATION
OF MTF-DRSRM

Electromagnetic performance of the designed MTF-
DRSRM is simulated using the finite element method
and, during the simulation and analysis, the effect of
eddy currents in the core on the magnetic field is
neglected. The core magnetic vector distributions in the
stator and rotor at both aligned and unaligned positions
were obtained under independent single-phase excita-
tion, as shown in Figs. 4 and 5. In the aligned position,

B tesia]
20063

18810
17578

Fig. 4. Stator and rotor magnetic vector distribution
under misaligned positions.

the average maximum magnetic density of the stator core
is about 1.6 T.

Figure 6 shows the inductance characteristic curve
for rotor position angles from 0° to 45° and currents
from 5 A to 30 A, where 0° is the rotor inter-pole
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Fig. 5. Stator and rotor magnetic vector distribution
under aligned positions.
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Fig. 6. Inductance characteristic curve.



centerline to the excitation pole centerline position, and
22.5° is the rotor pole centerline to the excitation pole
centerline position. From Fig. 6, it can be seen that,
for the three-phase 12/8-pole MTF-DRSRM, inductance
increases with the increase of the rotor angle from 0° to
22.5° and decreases with the change of angle from 22.5°
to 45°. The inductance period of this motor is 45° and is
symmetrical about 22.5°.

Figure 7 shows the moment-angle characteristic
curves for rotor position angle from 0° to 45° and cur-
rent from 5 A to 30 A. In the range of rotor position angle
0° to 22.5°, dL/d>0, torque is positive. Torque increases
with increase of current. In the range of rotor position
angle 22.5° to 45°, dL/d<0, torque is negative, which is
in line with theoretical derivation.

Figure 8 shows change of magnetic flux linked
with three-phase curve for one operation cycle under
angle control. When a phase of the motor conducts, the

504
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(=3
1

50 1

Angle (deg)

Fig. 7. Moment angle characteristic curve.
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Fig. 8. Characteristic curve of magnetic chain.
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magnetic chain of the phase increases from 0. When the
phase is disconnected, the magnetic chain reaches the
maximum value, the winding renews the current, and
the magnetic chain gradually decays to 0, and stays at O
until the next cycle when the phase re-conducts. Figure 9
shows the three-phase rotating potential variation curve
corresponding to the magnetic chain shown in Fig. 8.

The MTF-DRSRM is stabilized by angular posi-
tion control (APC) to measure the dynamic perfor-
mance of the motor under rated operating conditions.
Figures 10, 11, and 12 show the torque, three-phase cur-
rent, and inductance curves of the motor at the rated
speed of 1500 r/min. Figure 10 shows the instantaneous
synthetic torque waveforms measured by simulation,
with the maximum torque of 32.12 N-m, the minimum
torque of 13.65 N-m, the average torque of 22.6 N-m,
and the torque fluctuation coefficient of about 40.86%.
From Fig. 11, it can be seen that the phase current wave-
form and the corresponding phase potential waveform
under APC control are ideal.

400 T
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_ 100
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o

L

400 T T T T T
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Fig. 9. Electric potential waveform.
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Fig. 10. Torque graph.
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