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ABSTRACT This article proposes a novel low-cost consequent-pole permanent magnet (CPM) synchronous
machine structure, considering the reluctance torque utilization. First, a novel CPM machine with doubled
salient ferromagnetic iron poles (ICP-PMSM) is proposed, featuring an N pole – iron – S pole – iron
sequence to maximize the reluctance torque utilization and reduce cost. Flux barriers are integrated into
the rotor structure to maintain the same magnetic rotor pole number as the conventional CPM synchronous
machine (CP-PMSM). Second, for a low torque ripple, soft ferrite is used to replace part of the iron pole
in the ICP-PMSM (ISCP-PMSM) to improve the air-gap flux density distribution. Furthermore, the CP-
PMSM, ICP-SPMSM, and ISCP-PMSM rotors are optimized for a fair comparison. The electromagnetic
performances of all the optimized machines are compared with those of a conventional surface permanent
magnet synchronous machine (SPMSM). It is demonstrated that the ISCP-PMSM can obtain an almost
equivalent torque and torque ripple, but with reduced PM (NdFeB) usage and cost when compared to the
SPMSM.

INDEX TERMS Consequent-pole, soft ferrite, flux barrier, reluctance torque, average torque.

I. INTRODUCTION
Permanent magnet (PM) machines have been widely devel-
oped for various industrial applications, including electric
vehicles [1] and household appliances [2], owing to their
high efficiency, high torque, and power density. However,
their high cost, due to the global shortage and unstable sup-
ply of PM materials, is a significant drawback [3]. There-
fore, an increasing number of researchers are focusing on
obtaining adequate output torque performances with less
PM material. One popular method is to use the reluctance
torque [4], [5]. In addition, consequent-pole PM machines
have been proposed for improving PM utilization [6], [7].

Surface PM (SPM) machines can offer higher torque den-
sity in low-speed applications owing to their low flux leak-
age [8]. The id = 0 control [9] is the best and most effective
control method for SPM machines. However, unlike inner
PM (IPM) machines, SPM machines cannot provide high
reluctance torque [10]. The reluctance torque can help motors
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reduce the amount of PM material used while maintaining a
constant total output torque. However, in conventional IPM
machines, the MTPA control [11] should replace the id = 0
control for utilizing the reluctance torque; this is because the
maximum output torque cannot be achieved at the zero-phase
current angle. Rotor asymmetry [12] was introduced to make
full use of the reluctance torque at the zero-phase current
angle and improve the machine performance.

In [13], a PM machine with a dovetailed consequent-pole
rotor was proposed to reduce the volume of PM material and
sleeve cost, while the average torque and efficiency can be
improved owing to the reduced air-gap reluctance. In [14],
two novel CP-PMSM structures were presented to eliminate
unipolar leakage flux in the conventional CP-PMSM. Hybrid
PM machines were proposed, in which the tangential mag-
netized PMs were embedded into the two novel CP-PMSMs
to suppress the subharmonics of the air-gap flux density in
the proposed CP-PMSM and therefore enhance the output
torque and reduce torque ripple. In [15], a novel CP-PMSM,
featuring N-S-iron sequences, was presented to enhance the
output torque and efficiency. Flux barriers were employed to
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improve the magnetic symmetry and reduce the saturation
of the stator yoke. However, no research has attempted to
utilize the reluctance torque. In addition, conventional CP-
PMSMs suffer from large torque ripple [16], predominantly
due to the air-gap flux density asymmetry in the consequent
poles [17].

The choice of materials is another significant aspect
that affects motor performance. In general, the stator and
rotor core use silicon steel sheets when assembling the PM
motor. Occasionally, soft ferrite is used in high-speed PM
motors [18], considering its characteristics of high perme-
ability, high resistivity, and low loss of soft ferrite in a high-
frequency alternating magnetic field; this helps to improve
the electronic equipment efficiency and eliminate noise. Nev-
ertheless, the magnetic saturation point of soft ferrite is
approximately 0.5 T [19]. If it is applied to both the stator and
rotor well, the torque density must be low. However, owing to
this characteristic, using it in the motor core can help equalize
the magnetic density distribution.

In this study, the use of PM torque and reluctance torque in
CPM machines is first proposed for maximizing the output
torque at the zero-phase current angle; the torque perfor-
mance can be further improved by using soft ferrite instead of
part of the iron pole. The remainder of this article is organized
as follows. Section II first describes the working principle
of the proposed topologies and performance improvement in
detail; it is then applied to an actual conventional SPMSM,
conventional CP-PMSM, the proposed ICP-PMSM, and the
proposed ISCP-PMSM. In Section III, the rotor parameters
of each investigated machine are analyzed and optimized
for a fair comparison. In Section VI, the electromagnetic
performances of all the investigated machines are sim-
ulated and compared. Finally, conclusions are presented
in Section V.

II. FEASIBLE PRINCIPLE OF DIFFERENT TOPOLOGIES
A. GENERAL CHARACTERISTICS OF CONVENTIONAL
SPMSM AND CP-PMSM
A conventional SPMSM and CP-PMSM are adopted as ref-
erence models, as shown in Figure 1 (a) and (b), respectively.
They share the same stator but different rotors. The magne-
tization direction of the rotor PMs adopts radial. The main
specifications are listed in Table I.

To analyze the working principles, the analytical model is
based on the following assumptions [20]:

1) The permeance of the rotor and stator iron core is
infinite.

2) The relative recoil permeability of the PMs is the same
as that of the air-gap.

3) The flux leakage and end effect are neglected.

In a conventional SPMSM, the magnetic flux paths are
composed of N and S PM poles, with opposite polarities,
which constitute two magneto-motive force (MMF) sources
and the reluctance of each part. The magnetic circuit of a
conventional SPMSM is shown in Figure 2.

FIGURE 1. Structure of the investigated machines with conventional
rotors. (a) Conventional SPMSM (b) Conventional CP-PMSM.

TABLE 1. Specifications of the conventional machine.

FIGURE 2. Conventional SPMSM (a) magnetic circuits (b) simplified
magnetic circuits.

In the simplified MEC modeling of a conventional
SPMSM, the air-gap flux in each magnetic pole can be
obtained by the following:

ϕg =
2Fm

2Rm + Rgm + Rgip + Rsc + Rrc

≈
2Fm

2Rm + Rgm + Rgip
(1)
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FIGURE 3. Conventional CPMSM (a) magnetic circuits (b) simplified
magnetic circuits.

where Fm is the MMF generated by the PM pole, Rm is the
magnetic reluctance of the PM, and Rgm and Rgip are the
magnetic reluctances of the air-gap facing the PM and iron
pole, respectively. Rsc and Rrc are the reluctances of the stator
and rotor core, respectively, which can be neglected in the
simplified magnetic model.

There is no difference in inductance between the d- and
q-axis for the conventional SPMSM; therefore, no reluctance
torque is generated. The torque equation is expressed as:

Te =
3p
2

[
3pmiq

]
(2)

where p is the number of pole pairs, 3pm is the peak funda-
mental value of the rotor flux linking the stator windings, and
iq is the peak value of the phase current. Hence, id = 0 control
is commonly utilized for conventional SPMSMs, as the most
low-cost and effective method.

For the conventional CP-PMSM, all the N - or S-pole
PMs are replaced by salient ferromagnetic iron, providing the
magnetic flux path for the remaining PMs. Hence, the number
of PMs in the conventional CP-PMSM is half of that in the
SPMSM; i.e., the MEC of a pair of poles only consists of
a single PM to form an MMF source. Figure 3 shows the
simplified magnetic circuit model.

Similarly, the air-gap flux of each pole in the conventional
CP-PMSM can be obtained as follows:

ϕgcp =
Fm

Rm + Rgm + Rgip + Rsc + Rrc

≈
Fm

Rm + Rgm + Rgip
(3)

From the comparison of air-gap flux between the con-
ventional SPMSM and CP-SMSM in (1) and (3), it can be
determined that the MMF of CP-PMSM is reduced by half
and the reluctance of the PM is reduced by half accordingly.
Owing to Rgm and Rgip, the reduction of MMF caused by the
reduction of PM consumption will not lead to a proportional
reduction in the air-gap flux; i.e., the output performance
will not be significantly proportional. This explains why
consequent-pole motors can increase PM utilization.

Owing to the rotor salient ferromagnetic pieces [21],
the consequent pole rotor structure exploits the reluctance
torque and thus increases the torque density [22]. The torque
equation is expressed as:

Te =
3p
2

[
3pmiq +

(
Ld − Lq

)
id iq

]
(4)

FIGURE 4. Structure of the investigated machines with proposed rotors.
(a) Proposed ICP-PMSM (b) Proposed ISCP-PMSM.

where Ld and Lq are the inductances of the d- and q-axes,
respectively, and id = −issin(δ) and iq = iscos(δ) are the
currents of the d- and q-axes, respectively. is is the peak value
of the phase current. δ is the spatial angle of the stator current
vector, measured with respect to the q-axis, also referred to as
the current phase angle. However, when the consequent-pole
motors are controlled by id = 0 control, the torque equation
should be the same as in (2), indicating that the reluctance
torque cannot be utilized.

B. PERFORMANCE IMPROVEMENT IN THE PROPOSED
ICP-PMSM AND ISCP-PMSM
To utilize the reluctance torque produced by the salient
ferromagnetic pieces in CP-PMSM under id = 0 control,
an ICP-PMSMwith doubled salient ferromagnetic iron poles
is proposed, as shown in Figure 4 (a). The magnet shape,
number of poles, and stator of the proposed model are con-
sistent with those of the conventional CPMSM. The air-gap
flux barriers in the ICP-PMSM are used to prevent that flux
flows from one PM to another with opposite polarity. The
main specifications are the same as those in Table I.

Figure 5 shows the magnetic circuit of the ICP-PMSM.
Rb represents the reluctance of the air-gap flux barrier; ∅′pm
and φ′ip represent the air-gap flux located above the PM pole
and iron pole, respectively; and ∅′pm and ∅′ip represent the
air-gap flux located above the other PM pole and iron pole,
respectively.

When Rb is large enough, the air-gap flux in each PM and
iron pole should be equal, expressed as follows:

φpm = φip = φ
′
pm = φ

′
ip ≈

Fm
Rm + Rgm + Rgip

(5)

The magnetic reluctance of the air barrier can be calculated
by:

Rb =
lb

µ0µrAb
(6)

where µ0 is the magnetic permeability of vacuum, µr is the
relative magnetic permeability of air, Ab is the cross-sectional
area of the air barrier, and lb is the width of the air barrier.
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FIGURE 5. Proposed ICP-PMSM (a) magnetic circuits (b)simplified
magnetic circuits (c) simplified magnetic circuits when Rb is sufficiently
large.

Therefore, if the air-gap flux barrier is sufficiently wide,
the air-gap flux of the ICP-PMSM will match that of a con-
ventional CP-PMSM, indicating that the PM torque of the
conventional CP-PMSM is equal to that of the ICP-PMSM.
However, if the air-gap flux barrier is too wide, the equivalent
operating air-gap length will increase, reducing the output
torque. Hence, the width of the air-gap flux barrier (lb), as a
key parameter, should be designed carefully.

Conventionally, for PM torque, the d-axis is aligned with
the rotor flux linkage phasor, depending on the direction of
the total rotor magnetic flux. The q-axis is counterclockwise
perpendicular to the d-axis. The d-q axis of the reluctance
torque should be changed, referred to as the dr-qr axis, owing
to the double salient ferromagnetic iron poles. The d-q axis
of the PM torque and the reluctance torque of the ICP-PMSM
are shown in Figure 6. The angle difference between the d-q
axis and dr-qr axis is 45 ◦, whereas it should be 90 ◦ in the
general torque equation.

Therefore, the torque equation of the ICP-PMSM should
be expressed as:

Te =
3p
2

[
3pmis cos δ + 0.5

(
Ld − Lq

)
i2s sin 2 (δ + 45)

]
=

3p
2

[
3pmis cos δ + 0.5

(
Ld − Lq

)
i2s cos 2δ

]
(7)

When the phase current is zero, the output torque can
be maximized by fully using the magnetic and reluctance
torque. When the proposed ICP-PMSM uses id = 0 control,

FIGURE 6. d-q axis in ICP-PMSM (a) PM torque (b) reluctance torqu.

the torque equation (7) demonstrates that full use can bemade
of the PM and reluctance torque.

The ICP-PMSM suffers the same magnetic imbalance
issue as the conventional CP-SMSM. Therefore, soft ferrite
with a low magnetic saturation point replaces part of the
iron consequent pole for alleviating the magnetic imbal-
ance to improve output performance, which is referred to as
ISCP-PMSM. The rotor structure of ISCP-PMSM features
N-soft ferrite-iron-S-soft ferrite-iron sequences, as shown
in Figure 4 (b).

The permeability of soft ferrite is slightly smaller than
that of iron, so the air-gap flux equation of ISCP-PMSM
can be considered the same as that of ICP-PMSM. Nor-
mally, the magnetic saturation point of iron (e.g., 50H470) is
approximately 1.8 T and the magnetic saturation point of soft
ferrite (e.g., PC95_80deg) is approximately 0.44 T, as shown
in Figure 7.

It is well known that magnetic flux can no longer increase
when it reaches the saturation point of the material. As part
of the iron is replaced by soft ferrite in the consequent pole,
the magnetic flux close to the PM in the consequent pole is
limited to 0.44 T and the extra magnetic flux disperses to
the far side of the PM, which can make the magnetic flux
density distribution uniform. Diagrams of the magnetic flux
distribution in the pole of the ICP-PMSM and ISCP-PMSM
are shown in Figure 8. Therefore, the torque performance can
be improved.

Figure 9 (a) and (b) show the slotless magnetic flux density
distribution of the proposed ICP-PMSM and ISCP-PMSM,
respectively. It can be observed that the ICP-PMSM inherits
the asymmetric air-gap flux density of the CP topology and
the ISCP-PMSM can effectively suppress the asymmetric
air-gap flux density.
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FIGURE 7. B-H curve comparison (a) iron core (50H470) (b) soft ferrite
(PC95_80deg).

FIGURE 8. Diagram of magnetic flux distribution (a) pole of ICP-PMSM
(b) pole of ISCP-PMSM.

III. OPTIMIZATION DESIGN OF ROTORS
For a fair comparison, all the investigated machines share the
same stator and the thickness of the PM is fixed at 5 mm.
The rotor of a conventional SPMSM adopts a full PM arc.
The output average torque is 7.35 Nm and its torque ripple
is 20.06 %. To match the output performance of the con-
ventional SPMSM, the rotors of CP-PMSM, ICP-PMSM,
and ISCP-PMSM are optimized via FE analysis, under the
constraints of equal copper loss.

A. OPTIMIZATION DESIGN OF THE CP-PMSM ROTOR
The PM-arc ratio is defined as

αp =
θpm ∗ p
2π

(8)

where p and θm are the number of pole pairs and PM arc angle
of the PM machine, respectively.

FIGURE 9. Slotless magnetic flux density distribution (a) ICP-PMSM
(b) ISCP-PMSM.

FIGURE 10. Average torque and torque ripple with variable αp.

It is demonstrated that the maximum output torque of a
conventional CP-PMSM can be obtained by optimizing the
PM-arc ratio [3], [23].

It can be seen that the machine can obtain the maximum
output torque at αp = 0.68 and the minimum torque ripple at
αp = 0.5; this is due to the increase in air-gap flux density
asymmetry when αp > 0.5, which is concluded based on the
principle that the same flux flows through the PM and iron
pole of the CP-PMSM (8pm = 8ip) [24]. From Figure 10,
it can be seen that the maximum output torque and torque
ripple of the conventional CP-PMSM cannot reach that of a
conventional SPMSM.

B. OPTIMIZATION DESIGN OF THE ICP-PMSM ROTOR
For ICP-PMSM, the PM-arc ratio αp and air barrier width b
are complex for maximizing the output torque, so an opti-
mal design using the Kriging method and a genetic algo-
rithm (GA) is to be performed [25]. The objective function
is to achieve the same output torque as the conventional
SPMSM in an ICP-PMSM.

1) Objective functions:
Average torque = 0.735 Nm
Minimum PM Volume

2) Constraints:
Average torque = 0.735 Nm

3) Design variables:
0.8 < b < 4
0.4 < αp < 0.8
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FIGURE 11. Air-gap flux density distribution of investigated machines.

The optimal design results were obtained via the GA as
b = 1.423 mm and αp = 0.6275.

C. OPTIMIZATION DESIGN OF THE ISCP-PMSM ROTOR
The soft ferrite-arc ratio βs is defined as

βs =
θsoftferrite

2π
p

(
1− αp

)
−

b
R

(9)

where θsoftferrite is the soft ferrite-arc angle of the PMmachine
and R is the radius of the rotor core.

For ISCP-PMSM, there is an optimal PM-arc ratio, αp, air
barrier width, b, and soft ferrite-arc ratio, βs, for maximizing
the output torque. The same optimizing process is applied to
the ISCP-PMSM.

1) Objective functions:
Average torque = 0.735 Nm
Minimum PM Volume and torque ripple

2) Constraints:
Average torque = 0.735 Nm

3) Design variables:
0.8 < b < 4
0.4 < αp < 0.8
0 < βs < 1

The optimal design results are obtained via the GA as
b = 1.20 mm, αp = 0.592, and βs = 0.770.

IV. ELECTROMAGNETIC PERFORMANCE
COMPARISON AND ANALYSIS
To verify the effectiveness of the ISCP-PMSM proposed
in the previous section, the electromagnetic performance of
the ISCP-PMSM is investigated and compared to those of
the conventional SPMSM, conventional CP-PMSM, and pro-
posed ICP-PMSM.

A. AIR-GAP FLUX DENSITY WITH NO LOAD
Figure 11 shows the air-gap flux density distribution of the
conventional SPMSM and CP-PMSM, as well as the ICP-
PMSM and ISCP-PMSM with a no-load condition. It can
be seen that the air-gap flux density distribution of the con-
ventional CP-PMSM is asymmetrical, which will cause more
torque ripple; this is due to the air-gap flux in one pole pair

FIGURE 12. Magnetic flux density distribution (a) conventional SPMSM
(b) conventional CP-PMSM (c) ICP-PMSM (d) ISCP-PMSM.

being produced by one PM pole and flowed by one iron pole.
However, the structure of pole pairs featuring N-iron-S-iron
sequences in the ICP-PMSM, and N-soft ferrite-iron-S-soft
ferrite-iron sequences in the ISCP-PMSM, can effectively
improve the air-gap flux density by fixing the rotor pole pitch.

The magnetic flux density distributions from the study in
FEM for the conventional SPMSM, conventional CP-PMSM,
and ISCP-PMSM are shown in Figure 12. It can be observed
that a lower flux density exists in the ICP-PMSM and ISCP-
PMSM, compared to that in the conventional SPMSM and
CP-PMSM. This is predominantly due to lower PM usage.
The air barrier in the ICP-PMSM and ISCP-PMSM helps the
flux generated by the PM to more easily flow through the
iron pole for higher torque production. Meanwhile, it can be
noted that the conventional CP-PMSM and ICP-PMSM are
more likely to reach a high flux density distribution in the
section of the iron pole near the PM. Figure 12 (d) shows
that the use of soft ferrite can help to make the magnetic
flux density distribution uniform, confirming the supposition
in Figures 8 and 9.

B. BACK-EMF
The simulated back-EMFs and their FFT results are presented
in Figure 13 (a) and (b), respectively, for the conven-
tional SPMSM, conventional CP-PMSM, ICP-PMSM, and
ISCP-PMSM. It can be seen that the conventional SPMSM
and CP-PMSM have a larger fundamental back-EMF owing
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FIGURE 13. Back-EMF of the investigated machines (a) waveform (b) FFT.

FIGURE 14. Variation of cogging torque with rotor positions.

to the larger air-gap flux density. The CP-PMSM lacks
the 3rd and 9th harmonics compared to the conventional
SPMSM, while the ICP-PMSM and ISCP-PMSM are rich in
odd harmonics, similar to conventional SPMSMs. Previous
research [26] has proven that the 3rd harmonic is beneficial
to the average output torque.

C. TORQUE PERFORMANCE
The cogging torque of the four investigated motors is
shown in Figure 14 and their peak-to-peak values are listed
in Table II. The peak-to-peak value of the cogging torque of
the CP-PMSM is the largest, while those of the ICP-PMSM
and ISCP-PMSM are much smaller.

FIGURE 15. Variation of output torque with rotor positions.

TABLE 2. Performance comparison.

The variations in electromagnetic torque for the four
investigated machines under id = 0 control are illustrated
in Figure 15 and their characteristics are listed in Table II.
It can be seen that the ISCP-PMSM can achieve a simi-
lar average output torque and torque ripple to the conven-
tional SPMSM, while the conventional CP-PMSM cannot
and the ICP-PMSM can only achieve a similar average output
torque but a higher torque ripple. To provide useful insight
into the relevance of these results, the frozen permeability
method [27] was used to separate the output torque into PM
torque and reluctance torque. It can be observed that the
structure of the ICP-PMSM and ISCP-PMSM can be benefi-
cial to reluctance torque production at the zero phase current
angle, while there is almost zero in the conventional SPMSM
and ICP-PMSM. Compared to the ICP-PMSM, the ISCP-
PMSM obtains a slightly smaller reluctance torque owing
to the lower relative permeability of soft ferrite compared
to iron. The ISCP-PMSM can achieve a slightly higher PM
torque and a much lower torque ripple, which is mostly due
to the improved air-gap flux density. From the perspective of
PM usage, the ISCP-PMSM can only use 59 % of that in
the conventional SPMSM. Under the same control method,
PMmaterial is one of the primary costs of motor manufactur-
ing. A lower PM material usage corresponds to a lower cost.
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The PM utilization ratio (average torque per PM volume)
is effectively improved by 57.8% and 69.9% for the ICP-
PMSM and ICSP-PMSM, respectively, compared to that of
the conventional SPMSM. The conventional SPMSM and the
ICSP-PMSM exhibit similar efficiencies.

V. CONCLUSION
In this article, a novel CP-PMSM, with a combination of iron
and soft ferrite, is proposed to achieve adequate torque per-
formance with reduced PM usage and cost. First, based on the
conventional SPMSM, the CP-PMSM is presented. However,
regardless of the PM-arc ratio, the average torque and torque
ripple cannot reach that of a conventional SPMSM. Second,
the ICP-PMSM was proposed and optimized using the reluc-
tance torque. Although the average torque can be satisfied,
the torque ripple is still high. Finally, the ISCP-PMSM was
proposed and optimized, which shows a satisfactory output
performance; i.e., the average torque and torque ripple of
the proposed ISCP-PMSM at zero phase current are similar,
indicating that the proposed machine can completely replace
the conventional SPMSM at a lower cost.
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