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This article proposes a multi-auxiliary-teeth pole-changing machine based on zero-sequence current. Through changing the direction
of the zero-sequence current, the excitation flux field is varied and weakened to improve its flux-weakening ability. For this proposed
machine, its torque and flux-weakening ability are closely related to the number of the auxiliary teeth. In this article, the performance
about the multi-auxiliary-teeth structure is analyzed based on flux modulation theory in detail. Moreover, the proposed machines
with the different auxiliary teeth are simulated by finite element analysis (FEA) method and further compared. According to the
comparison results, the best scheme is determined with the relatively high torque and flux-weakening ability simultaneously.

Index Terms— Flux-weakening capability, multi-auxiliary-teeth, pole-changing machine, zero-sequence current.

I. INTRODUCTION

DUE to the multiple advantages of low maintenance cost
and high efficiency, the direct-drive permanent magnet

(PM) machines have many potentials in actual applications [1],
[2], [3], [4], [5]. For the direct drive machine, the require-
ment of the torque density is higher than other conventional
machines. As the representative machine with high torque
density, the PM flux modulation machine has attracted the con-
siderable attention because of the flux modulation effect [5],
[6], [7], [8], [9], [10], [11], [12]. In order to reduce the usage
of PMs and further decrease the cost of the flux modulation
machine, the zero-sequence current is injected in the PM flux
modulation machines [13]. The injected zero-sequence current
can be served as the additional excitation source to generate
the excitation flux field, which means that some part of the
PMs can be replaced.

Apart from the torque density, the rotating speed range is
also the important performance for the practical application
of this type of machine. The key to present a wider range
of rotational speeds is to improve the flux-weakening ability.
id current represents the d-axis current. Due to the fixed shape
of PMs, the traditional flux-weakening method is to inject
id current to weaken the armature flux field. However, the
injected id current makes the negative effect on the copper loss
and efficiency without increasing the torque density. In order
to improve flux-weakening ability and maintain the high
efficiency simultaneously, the new concept “pole changing”
is proposed.

With the help of the pole-changing operation, the pole-pair
number can be changed, resulting in the variation of the
flux field. Pole-changing operation is widely used in PM
flux modulation machines through the additional structural
modifications or controller circuits. In order to realize the
more convenient and concise pole-changing operation, a novel

pole-changing machine based on zero-sequence current is
proposed in this article. The injected zero-sequence current
can generate the additional excitation flux field to reduce PM
usage and achieve the pole-changing effect through reversing
its direction.

Based on the pole-changing operation, the flux-weakening
ability is enhanced and expand the rotating speed range.

For this proposed pole-changing machine, the number of
multi-auxiliary-teeth has the intimate relationship with the
torque performance and flux-weakening ability. It is because
it is related to the variation multiples of the excitation source
pole-pair number during pole-changing operation. It means
that it affects the flux field of the proposed machine when
performing pole-changing operation.

In order to reveal the specific connection between torque
density, flux-weakening ability, and multi-auxiliary-teeth num-
ber, their formulas are built and analyzed in this article
according to the flux modulation principle and pole-changing
principle. Moreover, the different four schemes are proposed
and simulated through finite element analysis (FEA) method
based on the different auxiliary teeth to verify the effec-
tiveness of the flux-weakening ability improvement during
pole-changing operation. With the help of the comparison
results, the scheme with the most reasonable multi-auxiliary-
teeth structure is selected due to the relatively high torque
density and improved flux-weakening ability simultaneously.

The rest of this article is arranged as follows. In Section II,
the machine configuration is introduced together with
the working principle and pole-changing mechanism.
In Section III, the different four schemes with the different
stator auxiliary teeth are compared based on the simulated
results. Finally, the best optimal scheme is selected through the
comparison result. The conclusion component is summarized
in Section IV.

II. MACHINE CONFIGURATION AND
OPERATING PRINCIPLE

A. Machine Configuration
For the sake of realizing the flux-weakening ability enhance-

ment and speed range expansion based on pole-changing
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Fig. 1. Proposed structure of pole-changing machine.

operation, an 8-tooth/12-slot pole-changing machine with the
multi-auxiliary-teeth structure, which is shown in Fig. 1,
is selected to verify its effectiveness. From Fig. 1, it is
shown that the PMs are installed on the stator. These parts,
together with the injected zero-sequence current, constitute
the excitation source of the proposed machine. When the
polarity of the PMs is fixed, the variation of the zero-sequence
current direction means that the pole-pair number of the whole
excitation source is changed to weaken excitation flux field.
The pole-pair number of excitation source generated by zero
sequence current is consistent with the number of auxiliary
teeth, which affects the varied flux field during pole-changing
operation.

Moreover, the pole-changing operation will introduce more
harmonics to increase the torque ripple of the proposed
machine. Therefore, the notching teeth are designed on rotor
to suppress the torque ripple.

B. Excitation Flux Field Analysis

By multiplying the air-gap magnetomotive force (MMF) and
permeance, the air-gap flux density is achieved, which can be
shown as

B(θ, t) = F(θ) × 3r (θ, t)

= C13r0 cos(Neθ)

+
1
2

C13r1 cos[(Ne + Nr )θ − Nr�r1t]

+
1
2

C13r1 cos[(Ne − Nr )θ + Nr�r1t] (1)

where Ne is the pole-pair numbers of the excitation sources,
Nr is the number of rotor salient poles, 3r represents the
air-gap permeance generated by stator teeth and rotor teeth,
respectively, �r is the mechanical angular speed, and C is the
amplitude of the air-gap harmonic.

Through integrating the flux density, the flux linkage gen-
erated by PM and dc excitation sources is achieved, which is
shown as follows:
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where rg is the air-gap radius, leg is the axial length, nc is
the winding turns, yph is the corresponding coil pitch, and Ns

represents the number of the stator slots.

Fig. 2. Basic principle of IW.

Furthermore, the back electromotive force (back EMF)
equation can be expressed as follows:

E = 4.44kn N fdϕ (3)

where kn is the winding factor and fd is the frequency of the
proposed machine.

The improvement of flux-weakening ability means the
reduction of the back EMF amplitude. Under the same con-
straint of the maximum bus voltage, the lower back EMF
means the smaller q-axis current. Moreover, the q-axis current
and maximum speed ωmax satisfy the following relationship:

Iq =
umax

ωmax Lq
. (4)

Because of the lower q-axis current, maximum rotating
speed ωmax in flux-weakening state is larger than that in the
normal state, thereby achieving the speed expansion effect.

According to (2) and (3), it can be found that the flux
linkage and back EMF are determined by (Ne)th harmonic
components generated by dc and PM excitation sources and
|Ne ± Nr |th harmonic component modulated by modulation
tooth structure.

With the help of the pole-changing operation, the pole-pair
numbers of the excitation sources are transformed into
multiple times larger than original one. Therefore, the
pole-pair number of the excitation sources is equal to nNe

in flux-weakening state when completing the pole-changing
operation. Its multiple time is equal to the number of the
auxiliary teeth, which is shown in Fig. 2. Fig. 2 shows
the specific stator tooth structures corresponding to different
auxiliary teeth in the four proposed schemes. The multiple
time n is equal to 1, 2, 3, and 4 for the four different schemes,
respectively.

The difference value of the back EMF during pole-changing
operation can represent the flux-weakening ability of the
proposed machine, which can be expressed as follows:
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From (4) and (5), it can be seen that the back EMF
and flux-weakening ability are both closely related to the
auxiliary teeth number n, respectively. As the number of
auxiliary teeth increases, the back EMF of the proposed
machine will increase, while the flux-weakening ability will
decrease. Besides, the auxiliary teeth number also influences
the structural complexity of the proposed machine. Therefore,
it is necessary to choose the reasonable auxiliary teeth number
considering the torque and flux-weakening ability simultane-
ously through subsequent simulation analysis.

C. Integrated Winding

In order to simplify the winding structure and increase the
effective slot area of the machine, thereby increasing the torque
density, the integrated winding (IW) [14], [15] is applied in
the proposed machine. The function of the IW is to achieve the
different winding configurations on the same set of windings
through the selection of specific winding pole pairs, as shown
in Fig. 2. With the help of the IW, the original air-gap flux
field can be transformed to another air-gap flux field with
the different winding arrangements. Its design can be adopted
to weaken the air-gap flux field, thus improving the flux-
weakening capability.

The modulated harmonic orders require to match with the
winding pole-pair number during pole-changing operation.
Therefore, the winding pole-pair numbers P1 and P2 during the
pole-changing operation need to meet the formula as follows:{

|Ne ± Nr | = |P1 ± i Ns |

|nNe ± Nr | = |P2 ± i Ns |
(6)

where n is equal to the number of excitation sources on a
single stator tooth.

Moreover, the IW structure has the specific requirement
about the winding pole-pair numbers. Therefore, the IW
pole-pair numbers P1 and P2 in this article require to meet
the following relationships:

GCD(Ns, P1) =
1
2

GCD(Ns, P2) (7)

where GCD is the greatest common divisor.
For the selected 8-tooth/12-slot pole-changing machine in

this article, Ne, Ns , and Nr are equal to 6, 12, and 8,
respectively. When the auxiliary teeth number n is equal
to 1, 2, 3, and 4 in four proposed different schemes, the
relationships in (6) and (7) are satisfied. Therefore, these four
schemes with the different auxiliary teeth number, which are
illustrated in Fig. 3, are selected to make the comparison and
conduct the subsequent simulation.

III. PROPOSED MACHINE SIMULATION AND COMPARISON

To ensure fairness in comparative simulation, the usage
of PMs for different schemes maintains the consistent level.
Therefore, the widths of PMs wpm and auxiliary teeth wa are
designed with the different values. Besides, the other parame-
ters remain unchanged. Table I shows the main parameters of
four different schemes.

Fig. 3. Proposed different four schemes based on the different auxiliary teeth
numbers.

TABLE I
DESIGN PARAMETERS OF POLE-CHANGING MACHINES

Fig. 4. Comparison of the torque and flux-weakening performance between
the four different schemes.

To compare the torque performance and flux-weakening
ability of the four different schemes, the back EMF and torque
waveforms are simulated in Section III. Fig. 4 shows the
comparison results of those four schemes. The back EMF
difference represents the flux-weakening ability of the four
proposed schemes. When the difference values are larger, the
pole-changing effect and speed range expansion are better.
Therefore, from Fig. 4, it can be seen that the flux-weakening
ability is improved as the number of auxiliary teeth increases.
On the contrary, the torque performance becomes worse along
with the increase the auxiliary teeth number. Moreover, the
average torque values of schemes I and II are approximately
close. This is mainly due to the reason that scheme I did
not achieve optimal saturation at the same current condition.
Fig. 5 shows the flux density distribution of schemes I and II.
It is illustrated that the flux density of the auxiliary teeth in
scheme II is much closer to 2T, which means that its saturation
condition is better than scheme I with the same dc excitation
current. Therefore, with regard to the two performances of



Fig. 5. Air-gap flux density distribution. (a) Scheme I. (b) Scheme II.

Fig. 6. Back EMF waveforms of scheme IV in different operating states.
(a) Normal state. (b) Flux-weakening state.

torque and flux-weakening ability, schemes II and IV are
selected for further comparison.

Fig. 6(a) and (b) illustrates the back EMF waveforms of the
proposed scheme IV in the normal and flux-weakening states,
respectively. From Fig. 6(a) and (b), it can be observed that the
waveforms of the back-EMFs are not absolutely sinusoidal.
Due to the relatively large number of stator auxiliary teeth,

Fig. 7. Waveforms of the torque in normal and flux-weakening states for
scheme IV.

Fig. 8. Back EMF waveforms of scheme II in different operating states.
(a) Normal state. (b) Flux-weakening state.

the back EMF of scheme IV has more harmonics. Fig. 7
shows the torque waveforms in normal and flux-weakening
states. It can be seen that the torque ripple has relatively
large values because of the negative influence of the more
harmonics. Considering the greater difficulty in manufacturing
the tooth structure of this scheme, although it has good torque
and flux-weakening performance, it also has many defects.

Fig. 8(a) and (b) presents the back EMF waveforms of
the proposed scheme IV in the normal and flux-weakening
states, respectively. It is shown that the amplitudes of the
back EMF decrease from 14.2 to 8.5 V during pole-changing
operation, both with nearly 40% reduction. It means that the
proposed scheme II can exhibit the excellent flux-weakening
improvement during pole-changing principle.

Fig. 9 shows the torque waveforms of the proposed scheme
II. It can be seen the average torque value in normal state is
about 2.8 N·m, which coincides with the results in Fig. 4. With
the help of the pole-changing operation, the average torque
value in flux-weakening state is close to 1.8 N·m. Moreover,
the torque ripples in the normal and flux-weakening states
are both lower than 15%. Due to the low harmonic content
included in this scheme, the torque ripples before and after
pole-changing operation are both not significant. Therefore,



Fig. 9. Waveforms of the torque in normal and flux-weakening states for
scheme II.

based on the above comparison results, when the number
of stator auxiliary teeth is equal to 2, the comprehensive
performance of this scheme has the more advantages.

IV. CONCLUSION

In this article, a multi-auxiliary-teeth pole-changing
machine based on zero-sequence current is proposed to
improve the flux-weakening ability. The number of auxiliary
teeth has a significant impact on the torque and flux-weakening
ability of the proposed machine. First, the specific impact is
theoretically analyzed based on flux field modulation theory,
machine structure, and pole-changing principle. Moreover, the
different four schemes are proposed and compared. Through
comprehensive comparison of torque, flux-weakening ability,
torque ripple, saturation performance, and other aspects, the
scheme with the two auxiliary teeth is selected the optimal best
solution. Finally, the electromagnetic back EMF and torque
performance of the scheme with the two auxiliary teeth is
analyzed and simulated to verify its effectiveness.
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