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Abstract — In order to enhance the torque output capa-
bility of Switched Reluctance Motors (SRM), this paper
proposes two types of axial-radial mixed magnetic flux
SRM topological structures with wide-narrow pole and
same-tooth pole by combining the respective advan-
tages of axial and radial magnetic fluxes. Two identi-
cally shaped axial stator structures are used, distributed
on both sides of the rotor, forming an axial magnetic flux
path with the central rotor. Simultaneously, on the outer
side of the rotor, a radial stator structure is distributed,
sharing the rotor to form a radial magnetic flux path. By
using equivalent magnetic circuit analysis methods ana-
lyzing the flux linkage characteristic in a special position
of the two topological structures, the superior torque per-
formance of the axial-radial mixed magnetic flux SRM
topology is determined. A prototype is manufactured and
experimental verification is conducted.

Index Terms — Axial-radial flux, equivalent magnetic cir-
cuit analysis, switched reluctance motor.

L. INTRODUCTION

As a rare-earth-free motor, the Switched Reluctance
Motor (SRM) has the following advantages compared
to other types of motors: lower cost, made solely from
stacked silicon steel sheets; high reliability, with no
permanent magnets in the rotor and low environmen-
tal requirements; and broad high-efficiency platform,
achieving efficient operation over a wide speed range and
under different load conditions. When SRM is applied
to electric engineering vehicles with large inertia loads,
it can fully utilize its high starting torque, low start-
ing current, traction characteristics that allow frequent
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heavy-load starts, and high structural reliability to meet
the various driving conditions of electric engineering
vehicles. However, due to its inherent structure, the large
torque ripple and low torque density greatly limit the
application and promotion of SRM in the field of elec-
tric dump trucks for engineering vehicles.

In order to enhance the competitiveness of SRM
in the field of new energy vehicles, many studies often
focus on improving motor topology structures, such as
segmented stator or rotor structure, double stator struc-
ture, hybrid excitation structure, and axial flux struc-
ture. To facilitate a more intuitive understanding of the
existing SRM topology structures, Table 1 summarizes
the classification and corresponding characteristics of the
main SRM topology structures.

Currently, there is limited study on hybrid magnetic
flux in SRM. An axial-radial magnetic flux switch reluc-
tance wheel edge drive motor is proposed in [19]. The
magnetic circuit characteristics are analyzed by using
the axial magnetic conductivity compensation coefficient
analytical method, and the inductance and torque char-
acteristics are studied. A new hybrid magnetic circuit
switch reluctance generator is introduced in [20], and the
feasibility of this method was verified through experi-
mental results from a prototype.

In other motor fields, there is relatively more
research on hybrid magnetic flux. An axial-radial mag-
netic flux high-temperature superconducting permanent
magnet synchronous motor is proposed in [21] and,
based on the study of the rotor structure and working
principle, its mathematical model and magnetic field
were analyzed. A type of axial and radial hybrid mag-
netic flux permanent magnet motor using concentrated

https://doi.org/10.13052/2025. ACES.J.400908

1054-4887 © ACES

872


https://doi.org/10.13052/2025.ACES.J.400908

873

Table 1: Summary of novel topologies for SRM

Category | Structure Ref. Characteristics
Segment |Segment rotor | [1,2] | Short flux path,
rotor or High output torque

stator
Segment [3, 4] | Short flux path, Easy
stator maintenance, High
reliability
Double Traditional | [5, 6] High power and
stator double stator torque density,
Low torque ripple
Double stator | [7-9] Low saturation,
with segment Flux cancellation
rotor
Double stator | [10] Magnetic field
with segment decoupling,
stator Low torque ripple
Hybrid PM in the [11, | High average torque,
excitation | stator slot 12] Low copper loss,
High power density
PM atother | [13] | High output power,
position Low cogging torque
Axial flux | Axial flux [14— | Short flux path, High
with segment | 16] | torque/power density
rotor or stator
Axial flux [17] | High power density
with hybrid and efficiency,
excitation Demagnetization risk
Axial flux [18] Improve motor
with new torque performance,
materials Cost increase

windings is proposed in [22]. By combining additional
cores with concentrated windings, it has the advantage of
high-power density. Reference [23] proposed a new type
of hybrid hysteresis motor that combines radial and axial
magnetic flux rotors, overcoming the disadvantage of
poor output torque and efficiency in traditional hystere-
sis motors. Reference [24] proposed a novel permanent
magnet motor that can switch between axial magnetic
flux and radial magnetic flux as needed by using coor-
dinate transformation theory. A brushless hybrid excita-
tion motor with radial-axial direction is proposed in [25],
which effectively expands the speed range and improves
torque output capability. In order to better reflect the
magnetic circuit characteristics of the proposed motors,
the authors used a three-dimensional finite element anal-
ysis method to analyze the polarity distribution of mag-
netic flux density under different magnetic potentials.

In order to effectively alleviate the end-winding
effect, a hybrid flux motor with end-windings is pro-
posed in [26]. The performance of the motor is analyzed

ACES JOURNAL, Vol. 40, No. 09, September 2025

by using analytical calculations and three-dimensional
finite element models. By optimizing the tooth size of
L-stator and the appropriate tilt of magnet shape, maxi-
mum average torque output, low torque ripple and cog-
ging torque are realized

This paper proposes two different stator structures
for the Axial-Radial Flux SRM (ARFSRM), namely the
Wide-Narrow Poles ARFSRM (WNP-ARFSRM) and
the Equal-Width Poles ARFSRM (EWP-ARFSRM). In
section II the topological structures of WNP-ARFSRM
and EWP-ARFSRM are introduced. Then, by establish-
ing equivalent magnetic circuit models for both motors,
the electromagnetic characteristics of the motors are ana-
lyzed in section III. Prototypes are manufactured and
experimental verification is conducted in section I'V. This
paper is concluded with section V.

II. STRUCTURE OF ARFSRM

As shown in Fig. 1, the topology of a three-phase
12/10/12 WNP-ARFSRM includes the radial magnetic
flux part which consists of rotor core, radial stator core,
and radial stator armature winding. Unlike traditional
SRM structures, the WNP-ARFSRM adds an axial mag-
netic flux part, including two axial stator cores, rotor
core, and axial stator armature winding. The structure of
the left and right axial stators is identical, with wide sta-
tor poles alternating along the circumferential direction
with narrow stator poles. The armature winding exclu-
sively encircles the wide poles of the axial stator, referred
to as excitation poles. Conversely, the narrower poles of
the axial stator merely facilitate the magnetic flux path,
termed auxiliary poles. To ensure that the axial stator
meets the slot fill rate under different radius combina-
tions, the stator tooth pole adopts a parallel slot structure.
Similarly, the radial stator also uses an excitation pole
and auxiliary pole structure. The axial stator and radial
stator share a rotor structure, with the rotor part adopting
a block structure. Independent rotor blocks are evenly
placed in a non-magnetic rotor sleeve along the circum-
ferential direction. The rotor sleeve is made of epoxy
resin material, which has a magnetic isolation function
to reduce eddy current losses and reduce overall motor
weight.

The axial stator winding connection is shown in
Fig. 2 (a). Let us take phase A as an example. On one
side of the axial stator, Al and A2 coils are opposite
each other in the horizontal plane and along the circum-
ferential direction are connected in series, and A3 and
A4 coils are opposite each other on the other side of the
axial stator and connected in series to form the arma-
ture winding of the axial stator. On one side of the axial
stator, the winding polarity distribution is N-N-N-S-S-
S, and on the other side of the axial stator, the winding
polarity distribution is S-S-S-N-N-N. Figure 2 (b) shows



the radial stator winding connection. If we take phase
A as an example, in the radial stator, AS and A6 coils
in relative positions are connected in series to form the
armature winding of the radial stator.

Winding

(b)

Fig. 2. WNP-ARFSRM winding connection diagram: (a)
axial stator and (b) radial stator.

Figure 3 presents the topology of a three-phase
12/10/12 EWP-ARFSRM. The axial stator adopts a par-
allel slot structure. The rotor structure is identical to that
of the WNP-ARFSRM. The stator part is similar to the
traditional SRM, with coils wound in each slot of both
the axial and radial stators. Coils in adjacent slots form
the same phase, thereby creating axial and radial mag-
netic flux paths with the segmented rotor. The two motors
proposed in this paper both adopt a centralized wind-
ing structure, which has the advantage of minimizing the
impact of end effects on the motor, reducing the heat gen-
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Winding

Radial stator

Axial stator

Fig. 3. Schematic of the EWP-ARFSRM structure.

erated during operation and reducing the weight and cost
of the motor.

The axial stator winding connection method is pre-
sented in Fig. 4 (a). Let us take phase A as an example.
On one side of the axial stator, the four coils Al, A2,
A3, and A4 that are opposite each other in the horizontal
plane around the axis are connected in series with each
other. They are also connected in series with the coils AS,
A6, A7, and A8 that are opposite to them on the other
side of the axial stator. If we take phase A as an exam-
ple again, the radial stator winding connection method
is shown in Fig. 4 (b). The coils A9 and A10 are con-
nected in series with coils A11 and A12 that are opposite
to them in position.

Fig. 4. EWP-ARFSRM winding connection diagram (a)
axial stator and (b) radial stator.
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III. ARFSRM EQUIVALENT MAGNETIC
CIRCUIT ANALYSIS
A. Magnetic circuit analysis

Like traditional SRM, the electromagnetic charac-
teristics of ARFSRM also exhibit strong non-linearity
and typically operate in a high saturation state. To verify
the theoretical concept proposed in this paper for ARF-
SRM, this section will analyze the equivalent magnetic
circuit models of two machines. The equivalent mag-
netic circuit model of WNP-ARFSRM is shown in Fig. 5,
where the mutual inductance and leakage impedance of
the winding are ignored. Due to the axial symmetry of
the ARFSRM structure, Figures 5 and 7 illustrate only
the upper half of the motor for clarity. The lower half
shares identical magnetic paths and reluctances, allow-
ing the full magnetic circuit to be represented by dou-
bling the flux values in the depicted half-model.

In Fig. 5, F}, and F,, represent the magnetomotive
force generated by excitation of the radial stator winding
and the axial stator winding, respectively. ¢,, and ¢, are
the magnetic fluxes produced by the radial stator wind-
ing and the axial stator winding, respectively. R is the
magnetic resistance of the axial magnetic air gap, Ry,
is the magnetic resistance of the axial stator pole, Ry is
the magnetic resistance of the axial stator yoke, R, is the
magnetic resistance of the radial magnetic air gap, R,
is the magnetic resistance of the radial stator pole, Ry is
the magnetic resistance of the radial stator yoke and R,
is the segmented rotor magnetic resistance.

When the rotor is in asymmetric positions, the
equivalent network undergoes topological adaptation
through the introduction of a leakage reluctance branch
Rjeqr and a cross-coupling reluctance branch Rs5. The
leakage branch quantifies the flux leakage caused by par-
tial misalignment between stator and rotor poles, with
its value increasing significantly as the rotor angle devi-
ates. The cross-coupling branch captures the magnetic
interaction between adjacent phase windings, dynam-

Fig. 5. Equivalent magnetic circuit of the WNP-
ARFSRM.
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ically updated via FEM-predicted mutual inductance
coefficients.

In order to facilitate formulation of the magnetic cir-
cuit equations for WNP-ARFSRM, further simplification
is made on the equivalent magnetic circuit, as shown
in Fig. 6. Ry represents the sum of Rue1 and Rygpi;
R represents the sum of Ryg2, Rygp2, and Rygy1; and
R3 represents the sum of Ryg3, Rysp3, and Rggyo. The
radial reluctance equivalent is similar to the axial equiv-
alent and will not be further elaborated.

Based on Fig. 6, the basic magnetic circuit equation
can be written as:

{ Fae = QaeRast + 3 9acRas2 + 3 ($ae + Ore) Rr 0
Fro = GreRpst + 10, Ro2 + 4 (Gue + 9 )R,
The derivation is:
Fae = Qe (Rast + 3Ras2 + 3Ry) + S 0reR,
{ Fre = Y 0ueRy + $re (Rist +1R2 +1R,) @
{ A= Ry + 5Ra + 3R, )
D=Ry + iR+ iR

The calculation formulas for radial and axial mag-

Fig. 6. Simplified magnetic circuit of the WNP-
ARFSRM.

Fig. 7. Equivalent magnetic circuit of the EWP-
ARFSRM.
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netic flux are:
(P _ DFae_%RrFre
9 AD-IR?
: “)
b = AFre— 3 RrFye
re AD-1R2
The equivalent magnetic circuit model of EWP-
ARFSRM is shown in Fig. 7, while the simplified equiv-
alent magnetic circuit is shown in Fig. 8. Here, R, rep-
resents the sum of Rge1, Rug2, Rusp1, Rasp2, and Rygy1,
and R, represents the sum of Ryg1, Rsg2, Risp1, Ryspo,
and R,y 1. According to Fig. 8, the basic magnetic circuit
equation of EWP-ARFSRM can be written as:

{ Fae = QaeRas + (9ae + 9re) Ry - )
Fre = @reRys 4 (Que + Ore) Rr
The derivation is:
{ Fae = Qe (Ras + Re) + GreRr- ©
Fre = QaeRr + $re (Rrs +Ry)

The calculation formulas for radial and axial mag-
netic flux are:

¢ — (Rrs+Rr)Fue*RrFre

ae Ry (Ras +Rrs)+RasRm (7)
¢ — (Ras“v’Rr)Fre*RrFae ’

re Ry (Ras +Rm')+Raers

[ W

Fig. 8. Simplified magnetic circuit of the EWP-
ARFSRM.

The magnetic reluctances in equations (1-7) are
functions of rotor position 6. Their values are dynam-
ically updated in practice based on two approaches:
piecewise linearization of the core material’s nonlin-
ear B-H curve for iterative permeability calculations,
and interpolation of precomputed finite element data to
account for geometric variations in pole overlap. The
empirical formulas for the axial airgap reluctance R ;¢
and radial airgap reluctance R, as functions of angular

: ANALY SIS OF MAGNETIC CIRCUIT CHARACTERISTICS

position are:

Rag(8) = istey

Aq(0) = BB (7 — 1)

) ®)
B(8) = B, —|6mod3E — g

where A, represents the effective overlap area between
stator and rotor poles (unit: m?), B, represents the sta-
tor pole arc angle (unit: rad), 3, represents the effective
rotor overlap arc angle, N, represents the number of rotor
poles, 8¢ represents the reference angle at the aligned
position, r,, r; represents the outer and inner radii of the
airgap region, g, represents the axial airgap length, and
o represents the permeability of free space.

B. Magnetic circuit solution

Construction of the equivalent magnetic circuit
model is based on establishment of the magnetic flux
tube. The size of the magnetic resistance can be deter-
mined by the magnetic flux tube theorem. The two end
faces of the magnetic flux tube are two magnetic equipo-
tential surfaces, and their magnetic potentials are differ-
ent. Each magnetic field line vertically passes through
its cross-section in the magnetic flux tube, as shown in
Fig. 9.

Fig. 9. Magnetic flux tube and its equivalent reluctance.

The equivalent magnetic resistance R in Fig. 9 can
be calculated as:

R:ul—uzz/l dx ' ©)
Dy o u(x)-A(x)

Based on the computational method presented in
[27], the magnetic flux curves of the motor in both
aligned and unaligned positions can be calculated. To
reduce errors caused by the magnetic saturation effect
of silicon steel sheets, this paper employs the Gauss-
Seidel iteration method to solve the nonlinear problems
in the equivalent magnetic circuit, with specific proce-
dures referring to [28]. The WNP-ARFSRM and EWP-
ARFSRM obtained through iterative calculations are
shown in Figs. 10 and 11, respectively. In the proposed
ARFSRM design, the axial stator, radial stator, and rotor
components all utilize S0DW470 silicon steel sheets as
the core material. The magnetization (B-H) curve of this
material is shown in Fig. 12.

At the unaligned position, the magnetic flux link-
age of WNP-ARFSRM is approximately equal to that
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Fig. 10. Flux linkage curves by MEC at the unaligned
and aligned position of WNP-ARFSRM.
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Fig. 11. Flux linkage curves by MEC at the unaligned
and aligned position of EWP-ARFSRM.
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Fig. 12. Magnetization (B-H) curve of 50DW470
material.

of EWP-ARFSRM. At the aligned position, with the
increase in current, the magnetic flux linkage of WNP-
ARFSRM is greater than that of EWP-ARFSRM, which
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indicates that the maximum-to-minimum inductance
ratio of WNP-ARFSRM is larger than that of EWP-
ARFSRM and thus has a higher energy conversion ratio.
The electromagnetic torque of the machine is a func-
tion of position 6 and phase current i. To solve the elec-
tromagnetic torque, a fixed current i is needed. Then,
the partial derivative of the magnetic co-energy W’ with
respect to the position 6 is solved. The expression is:

1

W' = /0 W(G’Z) di |9:const' (10)
The magnetic cé-energy is then used to calculate the
electromagnetic torque:
fin
T(97l) = 8Wa(99’l) |i:const' (11)
According to equations (10) and (11), the average
torque of the two machines over half a rotor cycle can
be calculated, as shown in Fig. 13. As can be seen
from Fig. 13, the average static torque value of WNP-
ARFSRM is higher than that of EWP-ARFSRM, indi-
cating that, under the condition of generating the same

torque, WNP-ARFSRM requires less current.

30,
e WNP-ARFSRM
« EWP-ARFSRM
Z20}
9
g
g
Q
[=19)
I
510
[
z
0 L L I
0 20 40 60

Current (A)

Fig. 13. Comparison of average static torque of the two
motors.

C. Results analysis
Based on the analysis of the motor magnetic circuit,
the following conclusions can be drawn.

(a) In the WNP-ARFSRM, due to the adoption of a
single-tooth winding structure in both radial and
axial directions, narrow poles do not wind the wind-
ings but only provide circuits. Therefore, the main
magnetic flux is generated by the wide poles with
concentrated windings. Both axial and radial direc-
tions adopt a wide-narrow pole method, so the
equivalent magnetic circuit models for both axial
and radial directions are basically consistent, reduc-
ing the complexity of deriving formulas.

(b) Since the EWP-ARFSRM is powered simultane-
ously by adjacent coils forming one phase, the mag-
netic flux path only passes through the two adjacent



stator poles. Compared with WNP-ARFSRM, the
equivalent magnetic circuit analysis is simpler and
more convenient.

(c) Atthe unaligned position of the motor, the magnetic
flux generated axially cancels out with the radial
direction, thereby improving the maximum to min-
imum inductance ratio of the motor. At the aligned
position of the motor, the magnetic flux generated
axially overlaps with the radial direction, thereby
increasing the output torque of the motor. Moreover,
at the aligned position, the flux linkage of WNP-
ARFSRM is greater than that of EWP-ARFSRM.

(d) The average static mean torque value of WNP-
ARFSRM is higher than that of EWP-ARFSRM.

IV. EXPERIMENT

To verify the correctness of the equivalent mag-
netic circuit analysis method proposed in this paper,
a three-phase 12/10/12 pole WNP-ARFSRM prototype
was designed and manufactured. A corresponding motor
experimental platform was set up to test the static char-
acteristics of the motor. Figure 13 presents the assem-
bly diagram of the WNP-ARFSRM prototype. Figure 15
shows the actual images of the motor’s radial stator, axial
stator, and rotor.

] ;/ % End cover
winding
1 |

_
;;,,,,,,,,Zimk\\\\\\\\\\\\\\\\\\\\\\\\e:;ﬂ—/;/{/,/ﬁ

Enclosure

Fig. 14. Assembly schematic of the WNP-ARFSRM
prototype.

In order to accurately obtain the magnetic linkage
characteristics of the prototype, this paper adopts the
indirect method for magnetic linkage measurement. The
specific steps are as follows:

(a) At the beginning of the experiment, the initial posi-
tion of the rotor of the calibration motor is found.
Taking phase A as an example, the unaligned and
aligned positions of the motor are found using an
inductance meter and a rotary encoder, and the rotor
is clamped with a magnetic powder brake to ensure
that the motor is fixed at these two special positions.
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Fig. 15. Photo of WNP-ARFSRM prototype.
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(b) Apply a 48 V voltage to the phase A winding and
detect the changes in phase current and phase volt-
age through current and voltage sensors. When the
winding current reaches 60 A, turn off the switch
tube to stop excitation, and record the waveforms of
current and voltage changes using an oscilloscope.

(c) Using the measured phase voltage and phase current
waveforms at unaligned and aligned positions, the
characteristics of the phase winding magnetic link-
age are derived based on the magnetic linkage cal-
culation formula. The specific calculation formula
is as follows:

i
V(Dlo-c = v(0)+ [ w—Ridr (12
where y,i, and u represent the phase flux linkage,
phase current, and phase voltage of the winding,
respectively. R is the resistance value of the phase
winding and y(0) is the magnetic linkage value at
the initial moment, typically taken as y(0) = 0.

Figure 16 presents comparison curves of magnetiza-
tion between experimental measurements and equivalent
magnetic circuit calculations for the WNP-ARFSRM

03— Unaligned position MEC
Aligned position MEC
| =7 Unaligned position experiment
§ 0.2F Aligned position experiment
Y
e
<
c
E 0.1r
2
0910 20 3 0 30 60

0 40
Current (A)

Fig. 16. Simulation and measured results of flux linkage.
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prototype. As can be seen from Fig. 16, at the unaligned
position, the measured flux linkage values are essentially
consistent with the results of equivalent magnetic cir-
cuit calculations. At the aligned position, due to motor
saturation and manufacturing assembly errors, the flux
linkage values obtained from equivalent magnetic circuit
calculations are slightly larger than the actual measured
values.

V. CONCLUSION
Based on the structural characteristics of axial
and radial SRMs, this paper proposes WNP-ARFSRM
and EWP-ARFSRM. The electromagnetic characteris-
tics of the two motors are analyzed using the equivalent
magnetic circuit method. The following conclusions can
be drawn.

(a) The radial stator and axial stator share the rotor
structure, which is distributed around the rotor
block. The rotor block adopts a U-shaped structure
and is fixed in a non-magnetic rotor sleeve. Due to
the use of segmented rotor structure and concen-
trated winding, the radial and axial magnetic flux
paths of the two motors are shorter, improving the
operating efficiency of the motor.

(b) By analyzing the magnetic flux paths of WNP-
ARFSRM and EWP-ARFSRM at unaligned posi-
tions, it was found that the magnetic flux generated
by the radial stator cancels out with the magnetic
flux produced by the axial stator at the rotor, result-
ing in a larger maximum to minimum inductance
ratio. By analyzing the equivalent magnetic circuit
at aligned positions, it was found that the magnetic
fluxes generated by the radial and axial stators over-
lap. The total torque of the motor is the sum of the
torques generated by the radial and axial electric
excitation.

(c) By calculating the magnetic flux of the motor in
both aligned and unaligned positions, the average
torque of the motor over half a cycle was obtained.
The results indicate that the torque output capabil-
ity of WNP-ARFSRM is stronger than that of EWP-
ARFSRM.
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