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Abstract — Axial flux switched reluctance motors (AFS-
RMs) offer advantages such as a large air-gap surface
area, compact structure, and high torque density. This
paper proposes a novel five-phase AFSRM structure
featuring wide-and-narrow stator poles (NWS-AFSRM)
and presents a comparative study of the electromagnetic
characteristics of the five-phase NWS-AFSRM with
varying rotor pole numbers. Firstly, while maintaining a
constant stator pole count, four feasible rotor pole config-
urations are determined: 20/12, 20/14, 20/16, and 20/18-
poles. Subsequently, based on these four pole combi-
nations, their corresponding phase excitation sequences
are investigated. Using the finite element analysis (FEA)
method, both static and dynamic electromagnetic char-
acteristics are evaluated to analyze the influence of rotor
pole number on the motor’s electromagnetic perfor-
mance.
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L. INTRODUCTION

The switched reluctance motor (SRM) has the
advantages of robust structure, low manufacturing cost,
high fault tolerance and high DC-link voltage utiliza-
tion. Hence, SRM has been applied in electric vehi-
cles, aerospace, and mining industry equipment [1, 2].
Depending on the direction of the main flux path of the
air gap with respect to the direction of the rotation axis,
SRM could be classified into radial flux SRM (RFSRM),
transverse flux SRM (TFSRM) and axial flux SRM
(AFSRM) structures [3-5]. The torque output capacity
of RFSRM is affected by its axial length, making it
unsuitable for applications where axial mounting space
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is limited. In contrast, the AFSRM has a higher torque
density and is more advantageous in low speed and high
torque operating conditions.

In recent years, AFSRM has been investigated from
the perspective of novel motor structure and parame-
ter optimization. Reference [6] presented a 6/4-pole sin-
gle stator single rotor AFSRM structure with doubly
salient stator-rotor poles. The electromagnetic perfor-
mance was evaluated using the finite element analysis
(FEA) method, and the results showed that the AFSRM
obtained a stronger torque output capability than the con-
ventional RFSRM. However, the long flux path consti-
tuted by the doubly salient structure results in the motor’s
torque output capability not being fully exploited. Refer-
ences [7-9] proposed the short magnetic path by com-
bining the single-tooth winding and the segmented rotor
structure on the SRM, thus improving the torque output
capability of the motor.

References [10, 12] compare the static and dynamic
performance of SRMs with different flux paths. In [13—
18], SRM structures combining axial and short flux paths
are proposed, demonstrating their ability for torque per-
formance improvement. However, all of the above struc-
tures use a three-phase structure. Compared with the
three-phase SRM drive system, the multiphase SRM
drive system has the following advantages: (1) single-
phase drive voltage is reduced so that low power level
switching devices can be used, reducing the requirement
for inverter capacity per phase; (2) multiphase motor
torque frequency is increased and the torque pulsation is
reduced; (3) fault tolerance and reliability of multiphase
motors are improved, providing a higher degree of free-
dom for applications requiring high reliability; (4) more
controllable resources.

In this paper, characteristics of the five-phase wide-
and-narrow stator poles (NWS)-AFSRM are investi-
gated, and the influence of rotor poles numbers on motor
performance is analyzed. The paper is organized as fol-
lows. In section II, the NWS-AFSRM structure is pre-
sented and the phase excitation sequence of four five-
phase NWS-AFSRM is investigated. In section III, the
FEA model of the four NWS-AFSRM is developed
and the static electromagnetic performance is analyzed.
Section IV investigates the dynamic electromagnetic per-
formance of four motors and analyses the impact of
phase conduction sequence on the dynamic torque out-
put capacity. Section V concludes this paper.

II. FIVE-PHASE WIDE-AND-NARROW
STATOR POLES AFSRM
Figure 1 illustrates the three-phase double stator
NWS-AFSRM structure. The NWS-AFSRM has double
stator and single rotor configuration with two identical
stator discs set axially on either side of the segmented
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inner rotor. The main flux path flows along the axial
direction of the motor, and there is a plane-type air gap
between two stator discs and one segmented rotor disc.
Its stator features alternately arranged wide-and-narrow
poles, with concentrated windings wound solely on the
wide poles, while the narrow poles remain unwound. In
references [9, 10], this winding configuration is referred
to as a single-tooth winding or a single-layer conven-
tional winding configuration.

Single-tooth winding

Axial direction

Fig. 1. Three-phase double stator wide-and-narrow stator
poles AFSRM structure.

The number of stator and rotor poles has a signif-
icant influence on the motor performance. The possi-
ble combination of stator and rotor poles for the NWS-
AFSRM is:

LCM(Ns/2,N;) = NpnN;
Ns = mNsd = szph
Ny =mNyg, m>2 ’
Nsg > Ny
where LCM means the least common multiple, N, Ny,
and Ny, represent the number of stator poles, rotor poles,
and motor phases, Ngg and N4 denote the number of
poles of the stator and rotor of the unit motor.

Based on equation (1), the feasible stator/rotor pole
combinations for three-phase, four-phase, and five-phase
NWS-AFSRMs are readily obtained, as summarized in
Table 1.

According to Table 1, the feasible stator/rotor pole
number combinations for three-phase NWS-AFSRMs
are identified as 12/8 and 12/10, while potential
combinations for four-phase NWS-AFSRMs are 16/10

ey

Table 1: Stator and rotor poles selection for NWS-
AFSRM with different phase number

Phase Number Ny Ny
3 6 4,5
4 8 5,7
5 10 6,7,8,9
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and 16/14. Additionally, possible stator/rotor pole num-
bers for five-phase NWS-AFSRMs include 20/12, 20/14,
20/16, and 20/18.

Based on the principle of minimum reluctance,
the phase excitation sequence for both the three-phase
12/8 and 12/10 NWS-AFSRMs is ABC. Similarly, the
sequence for the four-phase 16/10 and 16/14 NWS-
AFSRMs is ABCD. It can be observed that for both
three-phase and four-phase NWS-AFSRMs, variations
in rotor pole number do not result in new excitation
sequences and the next conducting phase is always adja-
cent to the previous one.

However, for five-phase NWS-AFSRMs, differ-
ences in rotor pole number lead to the emergence of dis-
tinct excitation sequences. Figure 2 illustrates schematic
diagrams of the phase excitation sequences for four five-
phase NWS-AFSRMs with differing rotor pole numbers.
As depicted in Fig. 2, the phase excitation sequence
for the 20/12 five-phase NWS-AFSRM is ABCDE. For
the 20/14, 20/16, and 20/18 machines, the excitation
sequences are ADBEC, ACEBD, and AEDCB, respec-
tively. It should be noted that for 20/12 and 20/18 motors,
the next conducting phase is always adjacent to the pre-
ceding phase. Conversely, for 20/14 and 20/16 motors,
the next conducting phase is non-adjacent to the preced-
ing phase.
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Fig. 2. Continued.
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Fig. 2. Excitation phase sequence of the four five-phase
NWS-AFSRMs: (a) 20/12, (b) 20/14, (c) 20/16, and (d)
20/18.

Furthermore, as a multiphase motor, the five-
phase NWS-AFSRM offers advantages over conven-
tional three-phase motors, such as lower overall cost of
the drive system, reduced torque ripple, and enhanced
reliability. Therefore, this paper focuses on the five-
phase NWS-AFSRM to investigate the influence of rotor
pole number and phase excitation sequence on its elec-
tromagnetic characteristics.

III. STATIC PERFORMANCE ANALYSIS

The main parameters of the five-phase NWS-
AFSRM with four different rotor poles number are listed
in Table 2. In order to achieve a fair comparison, these
motors have the same dimensions externally, such as the
same stator-rotor inner diameter, stator-rotor outer diam-
eter, air gap length, axial length, and winding parameters.

Based on the parameters of the four motors in Table
2, their 3D finite element models were built in Altair flux
software, as shown in Fig. 3.

A. Magnetic density characteristics

The magnetic density distribution map can reflect
the magnetic saturation level of the motor’s stator and
rotor cores. By applying an excitation current of 30 A
to phase-C individually, the results of the magnetic den-
sity distribution of these four motors in the rotor aligned



Table 2: Parameters of the five-phase NWS-AFSRM

Motor | ms| 20112 | 20114 | 20116 | 2018
Parameters

Rated voltage | V 96 96 96 96

Rated speed | r/min | 600 | 600 | 600 | 600
dgr‘;::trer mm | 175 | 175 | 175 | 175
Inner diameter| mm 101 101 101 101
Sta}te‘l’lr;l‘l’ke mm | 75 | 75 | 75 | 75
St‘i‘;‘r’l{;}fle mm | 32 | 32 | 32 | 32
St:‘i’;t;m mm | 10 | 10 | 10 | 10
R(l);?{gﬁ?le mm | 17 | 17 | 17 | 17
R‘fv‘i’étﬂ"t mm | 19 | 15 | 14 | 115

Air-gap length| mm | 04 | 04 | 04 | 04

Winding coil / 50 50 50 50
turns per slot

Axial length | mm | 96.8 | 96.8 | 96.8 | 96.8

T\,
e

(d)

Fig. 3. Finite element models of four five-phase NWS-
AFSSRMs with different rotor poles number: (a) 20/12,
(b) 20/14, (c) 20/16, and (d) 20/18.

position and the unaligned position are obtained, as illus-
trated in Figs. 4 and 5.

From Fig. 4, it can be observed that in the com-
pletely unaligned position, the magnetic flux density of
the rotor segment core is small, and magnetic saturation
occurs only at the rotor pole shoes. Meanwhile, there is
little difference in the manifestation of magnetic density
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(b)
L),
{1
(d)

Fig. 4. Magnetic density maps of the four five-phase
NWS-AFSSRMs at the rotor unaligned position: (a)
20/12, (b) 20/14, (c) 20/16, and (d) 20/18.

Fig. 5. Magnetic density maps of the four five-phase
NWS-AFSSRMs at the rotor aligned position: (a) 20/12,
(b) 20/14, (c) 20/16, and (d) 20/18.

among the four motors, only slightly varying numeri-
cally. As found in Fig. 5, the magnetic flux density is
uniformly distributed in the stator yoke, stator wide pole,
stator narrow pole, and rotor block. Similar to the phe-
nomenon in the unaligned position, the magneto-density
clouds of the four motors in the aligned position are only
slightly different in terms of the magneto-density inten-
sity.

B. Inductance and torque characteristics

The inductance-angle-current and torque-angle-
current characteristics can reflect the torque output capa-
bility of the NWS-AFSRM. Therefore, the phase self-
inductance and static torque characteristics of four five-
phase NWS-AFSRMs at different current levels (30 A
and 60 A) are shown in Figs. 6 and 7.

Root mean square values of static torque at different
current levels (30 A, 45 A, 60 A, 75 A) are listed in Table
3. As observed, as the number of rotor poles increases,
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Fig. 6. Phase self-inductance of the four five-phase
NWS-AFSRMs at different excitation currents: (a) 30 A
and (b) 60 A.

Table 3: Root mean square value of static torque for the
four motors

Excitation | 0,05 | 20114 | 20016 | 2018
Current
30 A 3417 | 3539 | 3713 | 4257
5A 6332 | 7.077 | 8.033 | 8.954
60 A 8702 | 10527 | 12.414 | 13275
75 A 10741 | 12.748 | 14.902 | 16.635

the root mean square of the static torque increases as
well in different excitation current. It can be noted that
the step angle decreases with increasing N, as compared
to motors with low rotor pole numbers. This leads to a
decrease in the relative stator pole arc angle per revo-
lution for the same multiphase conduction cycle. This
means that more slot area is available for the excita-
tion winding without reducing the maximum multiphase
conduction cycle. Therefore, increasing the number of
rotor poles can increase the static torque capacity of the
motor.
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Fig. 7. Static torque of the four five-phase NWS-
AFSRMs at different excitation currents: (a) 30 A and
(b) 60 A.

180

IV. DYNAMIC PERFORMANCE ANALYSIS

In order to further analyze the dynamic performance
of the motor, dynamic simulation models are established.
It should be noted that the asymmetrical half-bridge con-
verter circuit is employed for the power converter mod-
ule, as depicted in Fig. 8.

Figure 9 shows the dynamic torque waveforms of
the four motors under the single pulse control method.
The rotational speeds are set at 600 r/min and 1000 r/min.
In order to ensure the fairness of the comparison, the
turn-on and turn-off angles of the four motors are uni-
formly set at O and 36 electrical angles.

S1 S3 59
B Dix A D. Bl D
N + + + -
C)U “"C A B E
D1 52 D Sit‘ D Sl(_)'

Fig. 8. Five-phase asymmetric half-bridge power con-
verter.
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Fig. 9. Dynamic torque of the four five-phase NWS-
AFSRMs at different speeds: (a) 600 r/min and (b) 1000
r/min.

From the results of Fig. 9 and Table 4, it is ana-
lyzed that the dynamic torque of the motor at the same
number of ampere-turns is not increasing as the number
of rotor poles increases. Among these four motors, the
motor with the highest dynamic torque is 20/16 which is
not the same as the static torque results.

The mutual inductance characteristics of the four
motors are further analyzed in this paper. In NWS-
AFSRM, mutual inductance refers to the ability of a cur-
rent change in one phase winding to induce an effect in
another phase winding. Generally, a lower mutual induc-
tance value between phases corresponds to reduced inter-

Table 4: Dynamic torque for the four motors

Speed 20/12 | 20/14 | 20/16 | 20/18

Twin | 4.538 | 3.396 | 3.163 | 2.449

600 r/min | Tynee | 10.318 | 21.960 | 22.715 | 19.449
Tave | 7.133 | 11.108 | 11.151 | 8.482

Twin | 0940 | 1.136 | 1.163 | 0.914

1000 t/min | Tpax | 4.636 | 8.024 | 10.133 | 8.049
Tave | 2.582 | 3.997 | 4365 | 3.274
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ference between the respective windings [19-20]. Results
of the mutual inductance of the four motors analyzed by
FEA are presented in Fig. 10. Note that Lsp, Lac, Lap,
and Lsg denote the mutual inductance values measured
in windings B, C, D, and E, respectively, when current is
applied to phase winding A.

As observed in Fig. 10, when excitation current is
applied to phase A, the mutual inductances Lsp and Ljg
are significant for all four motors, whereas Lac and Lap
remain negligible. This phenomenon can be attributed
to the structural characteristics of the NWS-AFSRM.
Specifically, phase A shares auxiliary stator poles with
both phase B and phase E. Consequently, excitation of
phase A inevitably influences phases B and E to some
degree. In contrast, the C-phase winding is separated
from the A-phase winding by the B-phase winding and,
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Fig. 10. Continued.
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Fig. 10. Comparison of mutual inductance for the four
five-phase NWS-AFSRMs: (a) 20/12, (b) 20/14, (c)
20/16, and (d) 20/18.

similarly, the D-phase winding is separated from the A-
phase winding by the E-phase winding. As a result, exci-
tation of phase A has minimal effect on phases C and
D. These observations are corroborated by the magnetic
flux density distributions presented in Figs. 4 and 5.

As established in section II, the 20/12-pole
and 20/18-pole NWS-AFSRMs exhibit ABCDE and
AEDCB phase excitation sequences, respectively, where
each subsequently energized phase is spatially adjacent
to its predecessor. Due to the mutual coupling between
adjacent phases, this configuration induces torque decay
in the outgoing phase during commutation. Conversely,
the ADBEC and ACEBD sequences of the 20/14-pole
and 20/16-pole NWS-AFSRMs feature non-adjacent
phase transitions, effectively avoiding inter-phase torque
decay. In summary, among the four five-phase NWS-
AFSRM configurations, the limited dynamic torque
capability of the 20/12-pole and 20/18-pole machines
is attributed to their significant mutual inductances L4p
and L4g. These substantial mutual inductances adversely
affect the dynamic torque performance. Conversely, the
superior dynamic torque capability of the 20/14-pole
and 20/16-pole configurations stems from their negli-
gible mutual inductances Lgc and Lsp. This minimal
mutual coupling enables them to maximize their inher-
ent dynamic torque potential.

V. CONCLUSION

In this paper, the three-dimensional FEA approach
is employed to investigate the influence of rotor poles
number and phase commutation sequence on the elec-
tromagnetic performance of five-phase NWS-AFSRM. It
was found that the static and dynamic electromagnetic
torque of the four machines exhibited distinct charac-
teristics, and potential underlying causes for this phe-
nomenon were analyzed. Key findings are summarized
as follows.
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(1) Phase excitation sequence varies with the rotor
pole number. The sequences for the 20/12, 20/14,
20/16, and 20/18-pole configurations are ABCDE,
ADBEC, ACEBD, and AEDCB, respectively.

Static torque under identical ampere-turn excita-
tion increases monotonically with increasing rotor
pole number. The static torque values, ranked from
lowest to highest, correspond to the 20/12, 20/14,
20/16, and 20/18-pole machines.

(3) In contrast, dynamic torque does not exhibit a
monotonic increase with rotor pole number. The
dynamic torque values, ranked from lowest to high-
est, correspond to the 20/12, 20/18, 20/14, and
20/16-pole machines.

Q@

~

(4) Owing to the single-tooth wound structure and
short flux path characteristics of the NWS-AFSRM,
flux generated during the excitation of one phase
adversely affects adjacent phases but minimally
impacts non-adjacent phases. This phenomenon is
identified as the primary reason for the superior
dynamic torque of the 20/14-pole and 20/16-pole
five-phase NWS-AFSRMs compared to the 20/12-
pole and 20/18-pole counterparts.

Therefore, by designing appropriate combinations
of stator slot number and rotor pole number in multi-
phase NWS-AFSRMs, the detrimental effects of mutual
inductance between adjacent phases on motor perfor-
mance can be mitigated. This provides a novel perspec-
tive for enhancing the performance of five-phase and
higher-phase-count machines.

Note that the conclusions drawn in this study are
based on the results of three-dimensional FEA. While
this method represents a well-established standard in
the electromagnetic design and analysis of electric
machines, it is acknowledged that physical prototyping
and experimental validation remain essential. Accord-
ingly, future work will involve fabricating a prototype
and establishing a test platform to experimentally verify
the FEA results presented herein.
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