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Abstract—This paper proposes a novel modular consequent
pole flux reversal permanent magnet (CPFRM) motor, which
improves air-gap flux density and enhances performance under
both no-load and full-load conditions. The improvement in air
gap flux is demonstrated through a simplified magnetic equivalent
circuit (MEC) in comparison with a conventional flux reversal
motor (FRM). Furthermore, the proposed CPFRM is optimized
using a genetic algorithm (GA) to maximize average torque
while minimizing torque ripple. Performance enhancements over
conventional motors are analyzed using finite element analysis
(FEA) under no-load, full-load, and overload conditions. FEA
results validate the superiority of the proposed motor, showing a
33.3% and 7.1% increase in full-load torque compared to flux-
switching and flux-reversal PM motors, respectively. Additionally,
the motor prototyping procedure is described in detail. A
comprehensive conclusion summarizes the key findings.

Index Terms—Consequent pole, flux reversal motor, stator-PM
motor, magnetic equivalent circuit, finite element analysis

I. INTRODUCTION

Embedding permanent magnets (PMs) in electric motors
significantly enhances torque density, making them well-suited
for electric vehicle (EV) applications [1], [2]. PMs can be
embedded either in the stator or the rotor. Most conventional
PM machines are rotor-based, such as surface-mounted per-
manent magnet (SPM) motors [3]. However, rotor-mounted
PMs are subjected to severe centrifugal forces and vibrations,
which can lead to the degradation of the magnets over time.
Alternatively, embedding PMs in the stator has been proposed
to eliminate these mechanical stresses while also offering
improved thermal management [3], [4]. Moreover, stator-PM
machines, due to their high operating speeds, are suitable for
direct-drive systems [5], [6].

Stator-PM motors are classified based on either PM arrange-
ments or armature current type into four main categories: flux
reversal PM (FRPM), flux switching PM (FSPM) [2], [5], [6],

and doubly salient PM (DSPM) motors, all with sinusoidal
excitation [7], [8], and finally PM-assisted switched reluctance
motors (PMaSRMs) with square-wave voltages [9]. Although
SRMs have a robust structure, they require non-conventional
motor drives, increasing costs, high torque ripple, and low
torque density [10], [11].

In contrast, FRPM, FSPM, and DSPM motors can operate
with a standard three-phase inverter [12]. DSPMs produce
lower torque and exhibit higher torque ripple compared to
FSPM and FRPM [2], [5], [6] [13], [14]. In conventional
FRPMs, PMs are mounted on the stator’s surface. Considering
the NdFeB PM permeability to be the same as air, the flux
reversal array results in a higher air gap length, decreasing the
air gap flux density [15]. Consequent pole designs, in which
half of the PMs (or nearly half of the PMs) are replaced with
iron cores, provide a viable solution [16]. In this paper, we
propose a modular CP motor utilizing a flux reversal PM array.
With the same PM volume utilization, our proposed motor
demonstrates improved torque characteristics, including higher
average torque and reduced torque ripple. The performance of
the proposed motor is compared with conventional FRPM and
E-type multi-tooth FSPM motors to highlight its advantages
in this study.

Compared to recent FRPM structures [17]-[19], the pro-
posed FRPM simplifies the manufacturing process by intro-
ducing a modular topology, in which the stator consists of
six separate modules. In contrast, most high-torque stator-PM
motors, such as FSPMs [20] and conventional FRPMs [21],
adopt unitary stator structures, leading to a more complex and
challenging manufacturing process [22], [23].

In this paper, Section II introduces the methodology of the
proposed motor design. Additionally, the benchmark motors
are presented alongside the proposed structure for comparison.
In Section III, the performance enhancement achieved through



Fig. 1. The structure of the conventional motors. (a) 25-rotor pole FRPM.
(b) E-type multi-tooth FSPM.

TABLE I
MOTORS’ BASIC SPECIFICATIONS

Specification Proposed CPFRPM [ FRPM | FSPM
Current density (A/mm?) 6
Frequency (Hz) 166.67
Speed (rpm) 400
Core material (Knee point) M470-50 (1.6T)
PM material NdFeB-N42

Cooling method Natural convection

PM volume (cm?) 7
Sizing parameters

Shaft radius (mm) 10

Stator outer radius (mm) 47

Stack length (mm) 20

Air gap length (mm) 0.4

the novel PM arrangement is analyzed using a simplified mag-
netic equivalent circuit (MEC), and the optimization process
is described in detail. Section IV highlights the advantages of
the proposed motor based on finite element analysis (FEA)
results. Finally, Section V outlines the prototyping plan and
provides a comprehensive conclusion.

II. METHODOLOGY

The conventional FRPM and FSPM motors are shown in
Figs. la and 1b, respectively. The conventional stator-PM
motors suffer from a high risk of demagnetisation, which can
be detailed as follows.

1) In the conventional FRPM machine, PMs are mounted on
the stator pole tips. This PM pattern places the armature
flux in series with the PM flux, resulting in a higher risk
of demagnetisation.

2) In the FSPM motor, the PMs are sandwiched by the
armature coils, which are the main source of heat in
the motor. As a result, the PMs are exposed to high
temperatures, leading to a higher risk of demagnetisation.

The proposed structure is obtained by deploying the mod-
ularity of the FSPM machine and the flux reversal effect
of FRM, in which the PMs are radially magnetised (in the
same direction) and are positioned in teeth intervals and slot
openings. This PM arrangement leads to the integration of
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Fig. 3. The flowchart of methodology.

the CP-PM array into the proposed structure. The proposed
motor reduces the demagnetisation risk by paralleling the PM
flux with the armature coil flux. Consequently resulting in an
improved air gap flux density and higher torque production.
The proposed CP flux reversal motor (CPFRM) with a modular
topology is shown in Fig. 2. The key design parameters of the
motors are the same, including the outer stator radius (47 mm),
PM volume (7 cm?), stack length (20 mm), speed (400 rpm),
current density (6 A/mm?), and air gap length (0.4 mm). Other
main parameters of the motors are listed in Table 1.
Furthermore, the methodological procedure for obtaining
the optimised structure of the CPFRPM is illustrated in Fig.
3. The fundamental design parameters, listed in Table I,
are kept constant to ensure a fair comparative analysis. The
Non-dominated Sorting Genetic Algorithm II (NSGA-II) is
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Fig. 4. (a) Simplified view and (b) MEC of FRPM. (c) Simplified view and
(d) MEC of the proposed CPFRM.

employed to optimise the motor topology in conjunction with
other stator-PM motor benchmarks.

III. AIR GAP MAGNETIC FLUX ENHANCEMENT AND
OPTIMISATION

In this section, by comparing the proposed CPFRM and
FRPM topologies, it is presented that the air gap flux is im-
proved. Leading to better no-load and full-load performances.
One-sixth of the conventional FRPM under no load and its
MEC are shown in Fig. 4. The simplified MECs for the motors
are considered with an ideal core and a flat rotor.

In the conventional FRPM structure, the air gap flux (¢g4)
can be obtained as:

Y Ry+ Rpum’

Also, one module of the proposed CPFRM and its simplified
MEC are demonstrated in Fig. 4. The air gap flux of the
proposed motor (<p;) is calculated in (2).
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Fig. 6. Optimisation process of the proposed CPFRM.

where Ry and R/, represent the equivalent reluctances and
are given by the expression in (3) and (4).

R
e = (521 Ry 4 Roan) | (Ry + R )

3)
<Ry
+Ry+ R'py~ Ry + R pu,
R R,+ R
Rr= (49 || 7( g 5 PM)) +R9+RHPM
P “4)
ZRQ—FRNPM.

By considering the volume of PMs, the equations for the
magnetomotive forces (MMFs) and reluctances values are pre-
sented in (5). With these simplifications, the air gap magnetic
flux of the proposed machine (gpfq) is enhanced compared to the
conventional one (y,), as shown in (5) and (6). By substituting
the exact values of the MEC into equation (5), the air gap flux
density demonstrates a 3.5-fold improvement compared to the
conventional FRPM.



Fig. 7. Full-load flux density distributions: (a) Proposed.
FSPM.

(b) FRPM. (c)
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The proposed structure is optimised using a combination
of FEA and Genetic Algorithm optimisation (GA). This opti-
misation configuration aims to maximise output torque while
minimising torque ripple. The analysis is done on over 1500
samples with various optimisation variables, which is shown in
Fig. 5. As illustrated in Fig. 6, we choose the optimal structure
with the lowest cost function in the Pareto front. The cost
function is defined as shown in (7).

avg

DAT-l—TRCx

Cost Function = M — (ATC X DTR )

Tripple
(7

In (7), M, ATC, TRC, DAT, and DTR represent the
cost function margin, the average torque coefficient, the torque
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Fig. 8. (a) Back-EMF waveforms. (b) Full-load torque profile. (c) Overload
torque profile. (d) Average core loss.
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Fig. 9. Steady-state core loss distribution for the proposed motor.

ripple coefficient, the desired average torque, and the desired
torque ripple, respectively. Also, T}, and T}y, represent
the average torque and torque ripple values measured in
each simulated sample. Also, this optimisation process is
conducted to ensure that both conventional structures have
a fair comparison. Also, the Pareto-front of the optimisation
results is selected according to low torque ripple and high
average torque. The coupled FEA and NSGA-II optimisation
process aims to minimise the cost function value.

IV. FINITE ELEMENT ANALYSIS RESULTS

In this section, the proposed CPFRM is compared with the
conventional FRPM and E-type FSPM using finite element
analysis (FEA). The flux density distributions and flux lines
of the motors are illustrated in Fig. 7 under full load con-
ditions. Fig. 7a exhibits the proposed CPFRM with smaller
saturated regions and a lower saturation risk compared to the
conventional motors shown in Figs. 7b and 7c, resulting in
improved overload performance.

In terms of back-EMF, as shown in Fig. 8a, the maximum
values of the sinusoidal curves for the proposed CPFRM,
FRPM, and FSPM are 19.55V, 18.15V, and 16.75V, respec-
tively. Additionally, Fig. 8b shows the CPFRM with a 7.1%



TABLE 11
COMPARISON OF FEA RESULTS

Parameter Proposed FRPM  FSPM
Max. Back-EMF (V) 19.55 18.15 16.75
Torque (N.m) 1.96 1.83 1.47
PM torque density (N.m/L) 277 264 210
Torque ripple (%) 2.1 4.7 6.3
Core loss (W) 4.63 5.64 2.32
Copper loss (W) 423 423 4.23
Efficiency (%) 90.2 88.5 90
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Fig. 10. Efficiency maps of the motors: (a) Proposed. (b) FRPM. (c) FSPM.

and 33.3% improvement in torque compared to the conven-
tional FRPM and FSPM, respectively. The proposed CPFRM
delivers an average torque value of 1.96Nm and a torque ripple
of 2.1%, with 277 Nm/L PM torque density. For the first
time, a motor of this compact size boasts an impressive torque
density, setting a new benchmark.

For the overload performance of the motors, the CPFRM
outperforms the conventional designs in terms of maximum
torque under all armature currents, as shown in Fig. 8c. The

Front view

(d)

Fig. 11. Prototyping procedure. (a) One stator module. (b) Exploded view of
the proposed motor: 1) Stand, 2) end cap, 3) leveler, 4) house, 5) stator, 6)
coils, 7) PMs, 8) shaft, 9) rotor, 10) end cap.

average steady-state core losses of the motors are presented
in Fig. 8d. At nominal current, the proposed CPFRM reduces
core loss by approximately 18% compared to the FRPM. The
efficiencies of the proposed CPFRM, FRPM, and FSPM are
90.2%, 88.5%, and 90%, respectively (see Table II for more
details). It is worth noting that the core loss distribution of the
motor is shown in Fig. 9. As can be seen, the core loss consists
mainly of two components, eddy current loss and hysteresis
loss, which have nearly equal values and were obtained
through FEA. Fig. 10 presents the efficiency maps of the
motors. The proposed CPFRPM exhibits the highest efficiency
at nominal operating conditions. Moreover, it possesses a high-
efficiency region that is 1.5 times larger than that of the FSPM,
making it a promising candidate for EV applications.

The feasibility of the manufacturing procedure of CPFRPM
is illustrated in Fig. 11. As mentioned in the introduction,
one of the modules of the motor has been prototyped with
considerations such as supports for slot and tooth PMs (see
Fig. 11a). Moreover, the exploded view of the proposed motor,
along with descriptions of each part, is shown in Fig. 11b.

V. CONCLUSION

In this paper, a new consequent pole flux reversal motor
(CPFRM) with a modular stator was proposed. The improve-
ment in the air gap flux compared to the conventional FRPM



was demonstrated through a MEC analysis validated by FEA.
Additionally, the proposed CPFRM outperformed conventional
FRPM and FSPM motors in terms of full-load torque, showing
improvements of 7.1% and 33.3%, respectively. The torque
ripple of the proposed CPFRM motor was reduced by 55.3%
and 66.6% compared to the FRPM and FSPM, respectively.
Furthermore, the proposed CPFRM achieved an efficiency of
90.2%. By analysing the overload conditions and flux density
distributions, it was reported that the proposed motor exhibited
better overload performance. In addition, the efficiency maps
of the motors are analyzed to evaluate the performance of
the proposed motor across various speed and torque operating
points. The summary of the electromagnetic results was pre-
sented in Table II, demonstrating that the proposed CPFRM
outperformed the two benchmark motors.
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