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ABSTRACT In this paper, based on the conventional nonoverlapping stator wound field synchronous
(N-SWFS) machine, a novel multi-excitation-tooth N-SWFS (MN-SWFS) machine is firstly proposed
by changing winding configurations and the excitation-teeth shape. The electromagnetic performance of
four optimized MN-SWFS machines sharing the same 12-stator-teeth but different rotor-teeth numbers,
namely 12/10, 12/11, 12/13, and 12/14, is compared by finite element analysis (FEA). The corresponding
simulation results show that 12/10 and 12/14 are the optimal stator-teeth/rotor-teeth combinations due to
much smaller back electromotive force (back-EMF) THD and torque ripple (Trip). Finally, a series of
comparative studies are carried out on the proposed MN-SWFS machines and the conventional N-SWFS
machines. The comparative results validate that the proposed 12/10 and 12/14 MN-SWFS machines exhibit
better electromagnetic performance than the conventional 12/11 and 12/13 N-SWFS machines, such as
higher fundamental back-EMF amplitude and greater torque output capability, though their cogging torque
(Tcog) and torque ripple are slightly higher, and the torque anti-saturation ability is slightly weaker.

INDEX TERMS Stator wound field synchronous machine, nonoverlapping windings, winding configura-
tions, multi-excitation-tooth, salient rotor, performance comparison.

I. INTRODUCTION
Permanent magnet (PM) synchronous machines have the
advantages of high torque, high power, high efficiency, and
easy control [1]–[6]. However, since the PMs are placed
on the rotor side, high rotor temperature during high-speed
operation will lead to the demagnetization of PMs, which
greatly affects the reliability of the machines [7], [8]. By plac-
ing PMs on the stator side, the stator PM flux-switching
(SPMFS)machines were proposed, which have a good poten-
tial for a wide range of applications owing to brushless
structure, high torque and power density, good heat dissi-
pation performance, good anti-demagnetization ability, and
high reliability [9]–[12]. The uncertainty of price and sup-
ply of PMs and the requirements for magnetic field adjust-
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ment on some special occasions, such as aviation starting/
power generation systems and new energy vehicles, etc.,
limit the use of PMs [13]–[15]. Therefore, the stator wound
field flux-switching (SWFFS) machines without PMs have
been extensively studied in recent years [16]–[18]. Since
the SWFFS machine is a kind of stator excitation brushless
machine, where the armature and excitation windings are
both placed on the stator, and no PMs orwindings on the rotor,
the machine structure is simple, reliable, and suitable for
high-speed operation [19], [20]. Also, the SWFFS machines
have been proved to have the same torque output capability
as SPMFS machines and good magnetic field adjustment
performance [21], and they are expected to be widely used
on AC speed regulation occasions.

For both SPMFS and SWFFS machines, high copper loss
at high current density limits the power density and effi-
ciency. Relevant studies [22]–[24] have shown that the copper
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loss can be effectively reduced through optimization anal-
ysis, optimization design, and reasonable control methods.
In addition, a large number of studies on structure optimiza-
tion were carried out to further improve the electromagnetic
performance of SWFFS machines. Fig. 1 shows an over-
lapping winding 12-stator-teeth/5-rotor-teeth (12/5) SWFFS
machine, which has high output torque, but the overlapping
winding structure increases the end winding length, leading
to more copper loss and difficulties in the assembly and
maintenance of the machine. Then, the 12/8 nonoverlapping
SWFFS (N-SWFFS) machine with the segmented rotor was
proposed [25], as shown in Fig. 2(a). The research shows that
the nonoverlapping winding configuration can effectively
simplify the stator structure and reduce copper loss. However,
the segmented rotor structure increases the manufacturing
cost and weakens the mechanical strength of the machine.
Moreover, the segmented rotor is prone to magnetic satura-
tion, thus decreasing the torque output capacity. Afterward,
the topology of a 12/10 N-SWFFS machine was proposed by
changing the segmented rotor into the salient rotor, as shown
in Fig. 2(b), which has much higher mechanical strength than
the segmented rotor structure. However, since the polarity
of the magnetic field generated by two adjacent excitation
coils is opposite, as is shown in Fig. 2(b), the excitation
magnetic flux self-loop is generated, which greatly reduces
the torque output capacity of the machine [26]–[28]. To fur-
ther improve the output torque, the 12-stator-teeth nonover-
lapping stator wound field synchronous (N-SWFS) machine

FIGURE 1. Structure and winding configuration of the 12/5 three-phase
SWFFS machine.

FIGURE 2. Structure and winding configuration of the three-phase
N-SWFFS machines (a) 12/8 N-SWFFS machine with the segmented rotor
(b) 12/10 N-SWFFS machine with the salient rotor.

FIGURE 3. Structure and winding configuration of the 12/11 three-phase
N-SWFS machine with the salient rotor.

was proposed by changing the orientation of the excitation
coils to be consistent [29], as is shown in Fig. 3. And for the
12-stator-teeth N-SWFS machines, the 11- and 13-rotor-
teeth structures exhibited better performance. The structure
and performance comparisons of four stator wound field
machines are summarized in Table 1.

TABLE 1. Comparison of the structure and performance of four stator
wound field machines.

In this paper, in order to further improve the torque output
capability of theN-SWFSmachines, a novelmulti-excitation-
tooth N-SWFS (MN-SWFS) topology is first proposed by
changing the winding configuration and the excitation-teeth
shape. This paper is organized as follows. The topology
formation process and the operating principle of the pro-
posed MN-SWFS machine are explained in section II; Then,
the optimal stator-teeth/rotor-teeth combinations for the pro-
posed MN-SWFS machines are studied by finite element
analysis (FEA) in section III; Afterward, a series of com-
parative studies between the proposed MN-SWFS machines
and the conventional N-SWFS machines are carried out in
section IV; Finally, some conclusions are summarized in
section V.

II. MACHINE TOPOLOGY AND OPERATING PRINCIPLE
A. MACHINE TOPOLOGY
Fig. 3 presents the topology of a 12/11 three-phase N-SWFS
machine, where the armature and excitation coils are alter-
nately arranged on the stator teeth, and the layout of armature
coils is ‘‘A1-B1-C1-A2-B2-C2’’. For the armature windings,
two armature coils in radial position are connected in series to
form a phase winding, such as phase winding A is composed
of coils A1 and A2. The excitation winding is composed
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of excitation coils F1-F6, and the magnetic flux directions
generated by the excitation coils are exactly the same.

Based on the N-SWFS topology in Fig. 3, changing the
winding configuration, namely two excitation coils and two
armature coils being alternately arranged, a novel N-SWFS
topology is formed, as is shown in Fig. 4(a), named
‘‘Model I’’. The layout of armature coils is ‘‘A1-A2-B1-B2-
C1-C2’’, and the two armature coils belonging to one phase
winding are separated by a mechanical angle of 90◦. The
polarity of the excitation magnetic flux is still the same, and
the rotor is still a salient-tooth structure, which ensures the
mechanical strength of the machine.

FIGURE 4. Three proposed N-SWFS machine topologies. (a) Model I
(b) Model II (c) MN-SWFS machine.

However, it is not difficult to find that the effective current
in the excitation slot between two adjacent excitation coils
is 0 in Model I since the excitation currents of the conductors
in the excitation slot are in opposite directions and equal in
magnitude. Thus, the excitation slot area between the two
adjacent excitation coils is ineffective.

On the basis of Model I, combining the two adjacent
excitation coils into one excitation coil, namely remov-
ing the ineffective currents in the excitation slot area, the
N-SWFS topology, as is shown in Fig. 4(b), is formed, named
‘‘Model II’’, where the excitation coils are wound across
two stator teeth, and the arrangement of the armature coils
remains unchanged. It can be seen that Model II has the
same electromagnetic performance, smaller copper loss, and
higher operating efficiency compared with Model I since the
ineffective currents are removed. However, there are vacant
excitation slots in this machine structure, and that is to say,
the stator slot area is not fully utilized.

Changing the adjacent excitation teeth into V-shaped based
on Model II, namely decreasing the useless slot area and
increasing the area of the excitation slot, the novelMN-SWFS
machine structure is obtained, as is presented in Fig. 4(c).
The arrangement of the excitation and armature coils remains
unchanged, but the excitation slot area increases, which
makes full use of the space between two excitation teeth to
improve the torque performance.

The MN-SWFS machine is first proposed in this paper.
The operating principle, the optimal structure, and the elec-
tromagnetic performance of the MN-SWFS machine will be
studied in the following sections.

B. OPERATING PRINCIPLE
Fig. 5 shows the no-load phase-A flux-linkage per turn of
the proposed 12/10 MN-SWFS machine with an excitation
current density of 5 A/mm2 (Jf = 5 A/mm2) and a slot
package factor of 0.45 (kpf = 0.45) at 1500 r/min. It can be
seen that the flux-linkage waveforms of coil A1 and coil A2
are unipolar, and the flux-linkage waveform of winding A,
namely the superposition of flux-linkage flowing in coils A1
and A2, is bipolar in an electric period.

FIGURE 5. No-load phase-A flux-linkage per turn of the proposed 12/10
MN-SWFS machine with Jf = 5 A/mm2 at 1500 r/min.

The flux-linkage distribution at the positions P1 and P2
are shown in Fig. 6, where positions P1 and P2 respec-
tively represent the rotor position of maximum and minimum
flux-linkage for phase A. At position P1, coil A1 is aligned
with the rotor tooth, and coil A2 is aligned with the rotor slot,
where most of the excitation magnetic fluxes flow through
coil A1. Similarly, at position P2, coil A2 is aligned with
the rotor tooth, and coil A1 is aligned with the rotor slot,
where most of the magnetic fluxes generated by the excitation
coils pass through coil A2. The excitation flux-linkage in
the phase-A winding changes periodically between the max-
imum and minimum values, resulting in a periodically back
electromotive force (back-EMF).

III. OPTIMAL STRUCTURE OF MN-SWFS MACHINE
The stator-teeth/rotor-teeth combinations have a great influ-
ence on the electromagnetic performance of stator wound
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FIGURE 6. Distribution of flux lines in the 12/10 MN-SWFS machine
(a) Position P1 (0 electrical degree) (b) Position P2 (180 electrical degree).

field machines. The following two principles shall be met
when determining the number of rotor teeth [30].

1) The electromotive forces of the armature coils should
form a three-phase armature coil phasor diagram.

2) The number of rotor teeth should be similar to the
number of stator teeth for a larger winding factor and greater
output torque capacity.

Therefore, in this section, the number of rotor teeth for
12-stator-teeth MN-SWFSmachines is selected as 10, 11, 13,
and 14 for research.

Fig. 7 shows the serial numbers of armature coils in the
proposed MN-SWFS machine, where the armature coils are
numbered from 1 to 6.

FIGURE 7. The serial number of armature coils in the proposed MN-SWFS
machine.

The EMF phase of armature coils can be expressed by the
following equation

θ (n) = −(n− 1)θsc(n)Pr (1)

where n is the serial number of each armature coil; θsc(n)
represents the mechanical angle between coil n and coil 1;
Pr is the rotor-teeth number.
It can be seen from Fig. 7 that θsc(n) is respectively 0◦,

90◦, 120◦, 210◦, 240◦, and 330◦. Afterward, as shown in
Fig. 8, the armature coil phasor diagram of four MN-SWFS
machines with different rotor teeth numbers can be obtained.
The distribution factors (kd ), pitch factors (kp), and winding

FIGURE 8. The armature coil phasor diagram of four MN-SWFS machines
with different rotor teeth numbers (a) 12/10 (b) 12/11 (c) 12/13 (d) 12/14.

TABLE 2. The distribution factors, pitch factors, and winding factors of
four MN-SWFS machines.

factors (kw) of the four MN-SWFS machines are listed in
Table 2.

Finally, the winding configuration of four MN-SWFS
machines with different rotor teeth numbers are exhibited
in Fig. 9. For 12/10 and 12/14 MN-SWFS machines, the
layout of the armature coils meets the form of ‘‘AABBCC’’,
and two armature coils separated by a mechanical angle of
90◦ form a phase winding. While for 12/11 and 12/13 MN-
SWFS machines, the layout of the armature coils meets the
form of ‘‘ABCABC’’, and two armature coils separated by a
mechanical angle of 150◦ form a phase winding.
In order to fairly compare the four MN-SWFS machines,

the key design parameters of the four machines are multi-
objective optimized for increasing average electromagnetic
torque and decreasing the torque ripple by the genetic algo-
rithm (GA) optimization combined with FEA [12], [31].

Fig. 10 presents the key design parameters of the pro-
posed MN-SWFS machine, where the stator outer radius Rso
(64 mm), the air-gap length g (0.5 mm), the rotor inner radius
Rri (14 mm), and the stack length la (75 mm) are fixed. Since
the positions of the tip and root of stator teeth of the proposed
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FIGURE 9. The machine topologies of four MN-SWFS machines with
different rotor teeth numbers (a) 12/10 (b) 12/11 (c) 12/13 (d) 12/14.

FIGURE 10. The key design parameters of the proposed MN-SWFS
machine.

MN-SWFS machine are also fixed, the only parameters that
need to be optimized on the stator side are the stator inner
radius Rsi, the thickness of stator yoke hsy, and the width of
stator teeth bsw. Besides, on the rotor side, the key parameters
to be optimized are the rotor yoke radius Rry, the top arc of
rotor teeth βrt , and the bottom arc of rotor teeth βry.

The flow chart of the optimization for four MN-SWFS
machines is shown in Fig. 11, where the optimization goals
are the maximum average electromagnetic torque Tavg and

FIGURE 11. The main steps of multi-objective optimization for the
proposed MN-SWFS machine.

TABLE 3. Key specifications and parameters of four 12-stator-teeth
MN-SWFS machines.

minimum torque ripple Trip. The optimized key specifications
and parameters are listed in Table 3.

Based on the optimized design, the electromagnetic per-
formance of the four MN-SWFS machines sharing the same
12-stator-teeth but with different rotor teeth numbers, namely
12/10, 12/11, 12/13, and 12/14, is compared by FEA.
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FIGURE 12. No-load phase-A flux-linkages per turn of four MN-SWFS
machines at 1500 r/min (a) MN-SWFS machines with even rotor-teeth
(b) MN-SWFS machines with odd rotor-teeth.

Fig. 12 presents the no-load phase-A flux-linkages per
turn of four MN-SWFS machines with the excitation current
density of Jf = 5 A/mm2 at 1500 r/min. It can be seen that for
the even rotor-teeth structures, the flux-linkages of coils A1
and A2 have the same change trend, and the resultant phase-
A flux-linkage is symmetrical in an electrical period, namely,
coils A1 and A2 are complementary; For the odd rotor-
teeth structures, the flux-linkage of the combined phase-
A winding is asymmetrical, that is, coils A1 and A2 have
no complementary. Asymmetric flux-linkage waveforms will
lead to asymmetric back-EMF waveforms, higher even-order
harmonics, and higher torque ripple in MN-SWFS machines,
hence in the aspect of no-load flux-linkage, 12/10 and 12/14
structures have more advantages.

Fig. 13 presents the no-load phase-A back-EMFs per turn
of four MN-SWFS machines at 1500 r/min, including the
waveforms and harmonics. The corresponding fundamental
back-EMF amplitude (Um(1)) and the total harmonic dis-
tortion (THD) are listed in Table 4, and the THD value is
calculated according to equation (2). It can be seen that the
back-EMF waveforms of the 12/10 and 12/14 MN-SWFS
machines are symmetrical, while the back-EMF waveforms
of the 12/11 and 12/13 MN-SWFS machines are asymmet-
ric, which are consistent with the above analysis of no-load

FIGURE 13. No-load phase-A back-EMFs per turn of four MN-SWFS
machines at 1500 r/min (a) Waveforms (b) Harmonics.

flux-linkage. The back-EMF waveforms of the 12/10 and
12/14 MN-SWFS machines are more quasi-sinusoidal than
the others, which contain lower 2nd and 4th harmonics, where
the THD values are respectively 8.36% and 8.08%. For the
12/11 and 12/13 machines, the THD values are much higher,
namely, 18.51% and 13.07%, respectively. Besides, the four
MN-SWFS machines share similar fundamental back-EMF
amplitudes, which are respectively 0.697 V, 0.691 V, 0.702 V,
and 0.702 V. That is to say, under the same amplitude of fun-
damental back-EMF, 12/10 and 12/14 MN-SWFS machines
exhibit the advantages of lower even-order harmonics and
smaller THD. Hence, the optimal stator-teeth/rotor-teeth
combinations for 12-stator-teethMN-SWFSmachines should
be 12/10 and 12/14 from the back-EMF perspective.

THD =

√
n∑
i=2

Um(i)2

Um(1)
(2)

Fig. 14 shows the electromagnetic torque waveforms of
12/10, 12/11, 12/13, and 12/14 MN-SWFS machines with
Ja = Jf = 5 A/mm2 under id = 0 control. The corresponding
average electromagnetic torque and the torque ripple are
also listed in Table 4, and the torque ripple value is calcu-
lated according to equation (3). The average electromagnetic

69130 VOLUME 10, 2022



X. Jiang et al.: Novel Multi-Excitation-Tooth N-SWFS Machine With Salient Rotor

TABLE 4. Comparative results of four 12-stator-teeth MN-SWFS machines.

FIGURE 14. Electromagnetic torque waveforms of four MN-SWFS
machines with the current density of Ja = Jf = 5 A/mm2 under
id = 0 control.

torque is respectively 3.754 Nm, 3.746 Nm, 3.857 Nm,
and 3.820 Nm. Meanwhile, the torque ripple is respectively
10.06%, 30.74%, 24.42%, and 4.31%. Hence, it can be drawn
that four MN-SWFS machines have a similar torque output
capability, and the 12/10 and 12/14 MN-SWFS machines
have smaller torque ripple.

Trip =
Tmax − Tmin

Tavg
× 100% (3)

In summary, for four MN-SWFS machines, the even rotor-
teeth structures have better electromagnetic performance than
the odd rotor-teeth structures, that is, the 12/10 and 12/14 are
the optimal combinations for the 12-stator-teeth MN-SWFS
machines due to the better performance, including more
quasi-sinusoidal and symmetrical back-EMFs, lower even-
order harmonics, smaller THD, and smaller torque ripple.

IV. PERFORMANCE COMPARISON
According to the above analysis, for the proposed
12-stator-teeth MN-SWFS machines, 12/10 and 12/14 are
the optimal structures. For the 12-stator-teeth conventional
N-SWFS machines, 12/11 and 12/13 are the optimal struc-
tures. To further explore the machine performance of the
proposed MN-SWFS machines, a series of comparative stud-
ies on the proposed 12/10, 12/14 MN-SWFS machines and
the conventional 12/11, 12/13 N-SWFS machines, in the
aspects of no-load back-EMF, cogging torque, electromag-
netic torque, and torque ripple, are carried out.

A. NO-LOAD PERFORMANCE
Fig. 15(a) and (b) show the no-load back-EMF waveforms
per turn of four N-SWFS machines at 1500 r/min and the
harmonics after FFT decomposition, respectively. It can be
seen that the 12/11N-SWFSmachine has a similar back-EMF
to the 12/13 N-SWFS machine, while the 12/10 MN-SWFS
machine has a similar back-EMF to the 12/14 MN-SWFS
machine. The back-EMFwaveforms of the four machines are
all symmetrical due to the lower even-order harmonic com-
ponents. In addition, the fundamental back-EMF amplitudes
of 12/10 and 12/14 MN-SWFS machines are respectively
0.697 V and 0.702 V, which are much higher than that of
12/11 and 12/13 N-SWFS machines, which are respectively
0.473 V and 0.462 V. That is, the fundamental back-EMF
amplitude of the proposed MN-SWFS machines is almost
50% higher than that of the conventional N-SWFS machines.

FIGURE 15. No-load phase-A back-EMFs per turn of four N-SWFS
machines at 1500 r/min (a) Waveforms (b) Harmonics.

At the no-loadmode, the cogging torquewaveforms of four
N-SWFS machines are shown in Fig. 16. The FEA results
present that the peak-to-peak values of cogging torque are all
not very large and are acceptable. Among them, the values
of 12/11 and 12/13 N-SWFS machines are extremely small,
respectively 0.061 Nm, and 0.008 Nm. While the value of
the 12/14 MN-SWFS machine, namely 0.113 Nm, is slightly
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FIGURE 16. Cogging torque waveforms of four N-SWFS machines at
1500 r/min.

higher, and the value of the 12/10 MN-SWFS machine is the
highest, which is 0.359 Nm.

B. TORQUE PERFORMANCE
When the excitation and armature windings of four machines
are excited by a current density of 5 A/mm2 under id =
0 control, the generated electromagnetic torque is presented
in Fig. 17. The average torque of the 12/10 and 12/14 MN-
SWFSmachines is respectively 3.75 Nm and 3.82 Nm, which
is much higher than that of the 12/11 and 12/13 N-SWFS
machines, respectively 2.89 Nm and 2.81 Nm. The torque
ripple of the 12/10 and 12/14MN-SWFS and 12/11 and 12/13
N-SWFS machines is respectively 10.06%, 4.31%, 3.77%,
and 1.94%. It can be seen that the average electromagnetic
torque of the proposed 12/10 and 12/14MN-SWFSmachines
is nearly 36% higher than those of the conventional 12/11
and 12/13 N-SWFS machines, though their torque ripple is
slightly higher.

FIGURE 17. Electromagnetic torque of four N-SWFS machines with the
current density of Ja = Jf = 5 A/mm2 under id = 0 control.

To further compare the torque performance, the excita-
tion and armature windings are excited by current densi-
ties varying from 1 A/mm2 to 10 A/mm2 under id =
0 control, and the corresponding average electromagnetic

FIGURE 18. Average electromagnetic torque of four N-SWFS machines
with different current densities.

torque is shown in Fig. 18. It can be seen that the pro-
posed two MN-SWFS machines and the conventional two
N-SWFS machines have similar output torque, respectively.
The torque output capability of 12/10 and 12/14 MN-SWFS
machines is much larger than that of the conventional
N-SWFS machines when the current density is below
8 A/mm2, while smaller when the current density exceeds
8 A/mm2, that is, the conventional N-SWFS machines have
stronger torque anti-saturation ability.

In short, the 12/10 and 12/14 MN-SWFS machines exhibit
better performance, including higher fundamental back-EMF
amplitude and greater torque output capability when the
current density is below 8 A/mm2, although the cogging
torque and torque ripple are slightly higher, and the torque
anti-saturation ability is slightly weaker.

V. CONCLUSION
In this paper, based on the conventional N-SWFS machine,
a novel MN-SWFS machine is first proposed by changing
winding configurations and the excitation-teeth shape.

Based on the optimized design, the influence of rotor teeth
numbers on the electromagnetic performance of the proposed
MN-SWFS machines has been studied. It is found that 12/10
and 12/14 are the optimal stator-teeth/rotor-teeth combina-
tions due to more quasi-sinusoidal and symmetrical back-
EMFs, lower back-EMF even-order harmonics, and smaller
torque ripple.

In addition, the performance of the proposed MN-SWFS
machines and the conventional N-SWFS machines are quan-
titatively compared. The comparative results show that the
fundamental back-EMF amplitudes and average torque of the
proposed 12/10 and 12/14 MN-SWFS machines are respec-
tively 50% and 36% higher than those of the conventional
12/11 and 12/13 N-SWFS machines, though their cogging
torque and torque ripple are slightly higher, and the torque
anti-saturation ability is slightly weaker.
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