
IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

A Multi-Tooth Interactive Flux Reversal
Permanent Magnet Motor

Mohammad Amin Jalali Kondelaji, Mohammad Reza Sarshar, Pedram Asef, Senior Member, IEEE
Mojtaba Mirsalim, Life Senior Member, IEEE

Abstract—This article proposes a novel multi-tooth in-
teractive flux reversal permanent magnet (IFRPM) motor.
The innovative motor design incorporates both tooth and
yoke PMs, providing both flux reversal (FR) and biased flux
(BF) effects, respectively. The former directly contributes to
torque production and an increase in air-gap flux density,
while resulting in a decrease in stator-pole flux. Using flux
modulation theory (FMT), the influence of each harmonic
on the torque generation is analyzed. The motor’s dimen-
sions are optimized using a genetic algorithm to achieve
the maximum torque while minimizing the torque ripple.
Four benchmark motors two with FR effect and two with
BF effect-are used for comparison. The findings under-
score the superior performance of the IFRPM. First, the
IFRPM reduces saturation levels compared to BF motors.
Additionally, a torque quality factor (TQF) is introduced,
which considers the average torque, torque ripple, and PM
volume, providing a fair evaluation. The IFRPM achieves a
669% and 95% improvement in TQF over recent FRPMs of
similar size, respectively. It offers at least a 318% higher
TQF than BF motors. Furthermore, the IFRPM exhibits the
lowest torque ripple in overload conditions. Finally, the
motor is prototyped and experimentally validated.

Index Terms—Biased flux motor, flux reversal motor,
finite element analysis, multi-tooth structure, torque quality.

I. INTRODUCTION

BY combining switched reluctance motors (SRMs) and
flux modulation permanent magnet (PM) machines,

stator-PM motors have emerged in various applications, such
as electrified transportation, due to their intrinsic high torque
density [1], [2]. Additionally, stator-PM topologies offer
greater diversification of PM arrays compared to rotor-PM
types, thanks to superior thermal management and the elim-
ination of vibration and centrifugal forces in the rotor. This
protective environment for PMs can significantly enhance the
durability of rare-earth PMs, providing a robust solution for
long-lasting performance [3].

The diverse arrangements of PMs in the stator yield three
significant effects: flux switching (FS) [4], biased flux (BF)
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[5], and flux reversal (FR) [6]. In electric motors with the
FS effect (FSPMs), the armature winding sandwiches the
tangentially magnetized PMs to benefit from the spoke-PM
flux concentration effect [4]. However, placing the PMs in the
center of the heat source accelerates the demagnetization risk.
In the BF effect, the PMs are located between two adjacent
stator poles, either in yoke or slot, to alleviate the demag-
netization risk. Different topologies are introduced according
to the stator core shape, benefiting from the BF effect. An
inter-modular PM motor (IMPM) is proposed in [7], where
spoke PMs are parked between the E-core stator modules.
Furthermore, a biased-flux PM motor (BFPM) with slot and
yoke PMs is introduced in [8] to improve the saturation risk
by interacting two PM arrays.

In flux reversal PM machines (FRPMs), radially magnetized
PMs are placed on or between the stator teeth or within the
slot opening and bring four-quadrant energy conversion to
conventional stator-PM motors. This arrangement significantly
boosts the air gap flux density, leading to increased torque [9].
In conventional FRPMs, PMs with the opposite magnetization
direction are parked adjacent to each other [10], which often
results in high flux leakage. To tackle this issue, consequent-
pole (CP) design replaces half of the PMs with iron teeth
to effectively reduce leakage [11]. The CP pattern not only
decreases the PM volume by 50%, but also significantly im-
proves the output torque [9], [12]. This improvement is mainly
driven by shortening the effective air gap and paralleling the
PM’s and armature’s flux [13]. The Halbach PM array in slot
opening is proposed in [14], [15] to achieve the flux focusing
effect while minimizing the leakage.

An asymmetric PM array is developed in [16] to reduce the
interpolar flux leakage and improve torque. A hybrid-excited
FRPM motor with an asymmetric CP design is investigated
in [17], [18] to increase the flux linkage and mitigate the
saturation of the stator pole. Moreover, split-tooth FRPMs
offer a solution for flux leakage reduction and magnetic field
modulation, resulting in higher torque production and flux
regulation [19]. In reference [20], the asymmetric CP-FRPM
topology is introduced to reveal that a split-tooth structure can
potentially increase the torque and decrease the torque ripple.
Additionally, to benefit from the features of both the FR and
FS effects, a synergistic stator-PM motor is proposed in [21].
Demonstrating a remarkable 20% increase in torque compared
to FSPM. An innovative E-core FSPM with FR effect is
investigated in [22], showcasing its impressive bidirectional
flux enhancement across multiple working harmonics.

This work introduces a novel multi-tooth interactive flux
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Fig. 1. Structure of the proposed IFRPM motor. (a) Cross-section view.
(b) A stator module with tooth and yoke PMs.

reversal PM (IFRPM) motor. The motor utilizes two distinct
arrays of PMs: CP PMs with the FR effect and yoke PMs
which incorporate the BF effect. The synergy between these
PMs results in remarkably higher torque production and re-
duced torque ripple, as explored in the following sections.
In Section II, the proposed IFRPM is described, together
with four benchmark motors with only FR and BF effects
and research contributions are highlighted. To investigate the
contributions of the interactive PMs, flux modulation theory
(FMT) is developed in Section III to disclose the working
harmonics. In Section IV, the motor dimensions, along with
those of the benchmark motors, are optimized using a GA,
followed by simulation results and a comparison with the
four benchmark motors. Experimental verification is provided
in Section V to validate the simulation outcomes. Finally, a
conclusive summary of the findings is outlined in Section VI.

II. MOTOR TOPOLOGY AND BENCHMARK MOTORS

A. Proposed Motor Configuration

Fig. 1a depicts the structure of the IFRPM with the asym-
metric CP array, where the stator teeth sandwich the tooth
PMs. Fig. 1b illustrates the placement of homopolar PMs
on each stator module, with PMs of opposite magnetization
directions positioned on adjacent modules. This configuration
effectively introduces the FR effect to the motor. The yoke
PMs are arranged alternately homopolar to benefit from the
flux-concentrating effect and add the BF effect to the structure.
Two stator-PM motors with only the FR effect and two
with the BF effect are selected from the literature to unveil
the improvements of the IFRPM’s structure. A conventional
FRPM motor is presented in Fig. 2a. Fig. 2b highlights the
innovative multi-tooth topology featuring an asymmetric CP
design. Additionally, two benchmark motors with the BF effect
are illustrated in Fig. 3, providing a compelling basis for
comparison. The first benchmark motor featuring the BF effect
is the multi-tooth biased-flux slot PM (BFSPM) motor, as
illustrated in Fig. 3a [8]. The second is the modular E-core
motor equipped with inter-modular PMs (IMPM), depicted
in Fig. 3b [7]. The main parameters and dimensions of all
structures are listed in Table I. For a fair comparison, all
motors have the same outer diameter, stack length, current
density, and operating frequency. Given the current density
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Fig. 2. Structures of the benchmark motors with flux reversal (FR) effect.
(a) Conventional FRPM. (b) Consequent-pole FRPM (CPFRPM).
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Fig. 3. Structures of the benchmark motors with biased-flux (BF) effect.
(a) BFSPM [8]. (b) IMPM [7].

TABLE I
MAIN PARAMETERS AND DIMENSIONS OF THE FIVE MOTORS.

Basic Design Parameter IFRPM FRPM CPFRPM BFSPM IMPM
Stator outer radius (mm) Ro 47
Rotor shaft radius (mm) Rsh 10
Electric frequency (Hz) f 166.67

Rated speed (rpm) ωm 400 900
Stack length (mm) lst 20

Air gap length (mm) lg 0.4
Current density (A/mm2) δ 6

Number of stator pole Nsp 6
Number of rotor teeth Nrt 25 11
PM type (Br , µr @ 20◦C) NdFeB-N42 (1.31T, 1.08)

Core material M470-50A, Knee point: 1.6T
PM volume (cm3) VPM 4.16 6.02 2.96 6.00 8.64

(6A/mm2), which falls within the medium range [7], natural
cooling is applied for all motors. The five motors under
comparison have nearly the same specific electric loading.

Integrating the BF effect into the FRPM motor creates a
dynamic interplay between the two PM arrays. This synergy
brings about two major enhancements in motor performance
compared to traditional FRPM and BFPM designs: (1) it
lowers the flux density at the stator poles, mitigating the risk
of saturation, and (2) the addition of yoke PMs enhances the
air gap flux density, resulting in a higher torque.
B. Research Contributions

The primary contribution of the IFRPM motor is the incor-
poration of yoke PMs into the multi-tooth CPFRPM structure
and is shown in Fig. 4. This configuration enhances the
magnetic interaction within the stator, leading to improved
performance characteristics. The tooth PMs introduce the FR
effect into the multi-tooth structure, enabling four-quadrant
energy conversion. The FR effect directly enhances the air-
gap flux density and improves torque production. However,
the key novelty of IFRPM lies in the integration of the BF
effect into the FRPM configuration, which reduces the risk of
saturation and further increases the air-gap flux density.

The predicted flux lines for the benchmark CPFRPM motor
are illustrated in Fig. 4a. In the proposed design, yoke PMs
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Fig. 4. Predicted no-load flux lines for (a) CPFRPM and (b) IFRPM.
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are incorporated to produce a stator flux that counteracts the
stator pole flux generated by the tooth PMs. This magnetic
interaction leads to a reduction in the flux density at the stator
poles. In contrast, beneath the stator teeth that are not equipped
with PMs, this interaction results in an increase in the air-
gap flux density (see Fig. 4b). The main improvements of the
proposed IFRPM can be summarized as follows:

• Compared to CPFRPM, IFRPM reduces the stator pole
flux density by 67%, lowering the risk of saturation.

• The air-gap flux density and its working harmonics are
enhanced compared to the conventional structure.

• Compared to the BFPM motors, the PM volume is
reduced while maintaining comparable average torque.

III. HARMONIC ANALYSIS

The flux modulation theory (FMT) is conducted under
two no-load and amature-excited conditions to investigate the
harmonic components of the motor and their contribution in
back-EMF and torque generation. The general procedure of
the analytical method is illustrated in Fig. 5.

A. No-load FMT
No-load FMT is applied to determine each PM array’s

harmonics. The primitive magneto-motive force (MMF) func-
tions for each PM array in the air gap, where the rotor is
considered flat, are illustrated in Fig. 6a. Under the stator
teeth, the flux density is improved by adding FyPM to FtPM .
Also, the interaction between these two arrays reduces the
stator pole’s flux density and lowers the saturation risk. Fourier
series expansion for the yoke and tooth PM’s primitive MMF
functions are derived in (1) and (2), respectively.

FyPM (θ) =

∞∑
n=odd

bn sin(nNPMθ)
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nπ
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2
) ×
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2
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Fig. 6. No-load FMT. (a) The primitive MMF functions with a flat rotor.
(b) Final air gap flux density modulated with rotor permeance function.
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Fig. 7. The flowchart of air-gap MMFs calculation.
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∞∑
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cn sin(nNPMθ)
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2
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−F
′
2

4
cos (nNPMθw)

)
,

(2)
where F1, F2, F ′

1, and F ′
2 denote the amplitudes of the

MMFs as presented in Fig. 6. The motor sizing parameters
are illustrated in Fig. 6. To obtain a precise calculation of
the air-gap MMFs, an initial value of permeability is first
assigned for the reluctance calculation in the applied magnetic
equivalent circuit (MEC), and parameters such as MMFs and
flux density are computed. Using the resulting flux density
and the B-H curve, the permeability value is updated and
reassigned to the reluctance calculation, and the MMF values
are updated accordingly. This iterative process continues until
the difference in permeability between iterations is less than
δ. The influence of the B-H curve and magnetic saturation
is illustrated in Fig. 7. By operating a superposition on the
primitive MMFs, the total primitive PM MMF is expressed as:

FPM (θ) = FyPM (θ) + FtPM (θ). (3)
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Fig. 8. FEA and analytical no-load air gap flux densities caused by the
PMs. (a) Without rotor modulator. (b) With rotor modulator.
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Fig. 9. FEA and analytical (a) flux linkage and (b) back-EMF profiles.

It is worth noting that the primitive function repeats every
π/NPM , and according to the asymmetric PM arrangement,
NPM is equal to 3. Next, FPM is exposed to the rotor
permeance function, which considers the effect of the rotor
saliency and can be expressed as:

Λr(θ, t) =

∞∑
j=0

Λrj cos( jNrt(θ − ωmt− θr0)), (4)

where for each j, Λrj is obtained as:


j = 0 → Λrj = Λr0 =

Nrt

π
(Λrtθrt + Λrsθrs)

j ̸= 0 → Λrj =
2

jπ
(Λrt − Λrs)× sin(jNrt

θrt
2
).

(5)

The final no-load curve (BPM
g ) is obtained by the product of

(3) and (4) and drawn in Fig. 6b. BPM
g is derived as:



BPM
g (θ, t) = FPM (θ)× Λr(θ, t) =
∞∑

n=odd

∞∑
j=0

an sin ((nNPM + jNrt)θ −jNrt(ωmt+ θr0))

+

∞∑
n=odd

∞∑
j=0

an sin ((nNPM − jNrt)θ +jNrt(ωmt+ θr0))

(6)
where an =

(bn+cn)×Λrj

2 . The comparison of FEA and ana-
lytical waveforms for the total primitive PM MMF and flux
density curve is drawn in Figs. 8a and 8b, respectively, which
verify a good precision of the analytical FMT.

The no-load FMT will continue to calculate the flux linkage
and back-EMF. The winding function Fourier series expansion

can be written as:
Nω(θ) =

∞∑
i=0

Ni cos(iPaθ)

Ni =
Nc Pa θsp

π
, i = 0 ,

Ni =
2Nc

iπ
sin(iPa

θsp
2

), i ̸= 0

(7)

The flux linkage is obtained from the integral of the product
of BPM

g , the effective air gap area (A), and the winding
function (Nw). Also, the back-EMF is derived in (8) and (9).
The accuracy of the analytical flux linkage and back-EMF
curves are illustrated in Figs. 9a and 9b, respectively, where
the analytical model shows a maximum error of 3.5%.

e(t) = − d

dt
ψ(t) = − d

dt
(

2π∫
0

Nω(θ).A.B
PM
g (θ, t)dθ) (8)

B. Armature FMT
The armature FMT process is divided into three levels, as

shown in Fig. 10a. First, the stator and rotor are considered
flat, and the primitive MMF functions for the three phases are
demonstrated by FA, FB , and Fc. Also, the primitive resultant
armature MMF Fs and it’s coeffiecient Fsk are obtained by
the superposition of the primitive MMF functions and can be
expressed as:

Fs(θ, t) =

∞∑
k=3d−2

Fsk cos(kPaθ −Nrtωmt)

+

∞∑
k=3d−1

Fsk cos(kPaθ +Nrtωmt),

(10)

Fsk =
3

4πk
×

(
2 sin

(
kPa(

π

NPMPa
− θw)

)
− sin

(
kPa(

π

Pa
+ θw)

)
+ sin

(
kPa(

π

NPMPa
− θw)

))
(11)

Next, Fs is modulated by only the stator teeth. The stator
modulator function is given in (12). The product of Fs and
Ms is the stator-modulated MMF function Fsm. Also, Msm

represents the Fourier series coefficient of the stator modulator
function. However, it cancels out in the final calculation as the
period of Fs is a multiple of the period of Ms.

Ms(θ) =Ms0 +

∞∑
m=1

Msm cos(m
NPM

2
θ) (12)

Ms0 =
NPM

π

(
2θsmt +

3hst × θtPM

2(hst + ht)

)
(13)

The stator-modulated MMF function is modulated by the rotor
permeance function in (14), forming the final waveform of
the air gap flux density generated by the armature BArm

g . The
Fourier series expansion of BArm

g is calculated in (15).

BArm
g (θ, t) = Fs(θ, t)×Ms(θ)︸ ︷︷ ︸

Fsm(θ,t)

×Λr(θ, t) (14)
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Fig. 10. FMT process of the air gap flux density caused by the armature.
(a) The accurate motor shape in each level. (b) The functions.

0 60 120 180 240 300 360
Rotor Position (mech. degree)

-0.5

-0.25

0

0.25

0.5

0.75

F
lu

x
 D

en
si

ty
 (

T
)

Analytical FEA

2

(a)

0 60 120 180 240 300 360
Rotor Position (mech. degree)

-0.5

-0.25

0

0.25

0.5

0.75

F
lu

x
 D

en
si

ty
 (

T
)

Analytical FEA

3

(b)

Fig. 11. FEA and analytical air gap flux densities caused by the
armature. (a) Without rotor modulator. (b) With rotor modulator.
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Fig. 12. (a) Maxwell’s stress tensor parameters. (b) Normal and tangen-
tial components of air-gap flux density waveforms.

TABLE II
QUANTITATIVE COMPARISON OF ANALYTICAL AND FEA RESULTS.

No-load Air-gap Flux Density (T) Armature Air-gap Flux Density (T)
Rotor position (Deg) Analytical FEA Error (%) Analytical FEA Error (%)

0◦ 0.00 0.01 - 0.17 0.18 3.3
30◦ 0.73 0.75 2.8 0 0.04 -
60◦ 0.01 0.01 0 -0.06 -0.07 3.5
90◦ -0.73 -0.71 3.3 -0.05 -0.04 3.4
120◦ 0 0 0 -0.05 -0.04 3.1

To validate the accuracy of the armature Flux Modulation
Theory (FMT) model, we compared the analytical and FEA-
obtained flux density curves at levels 2 and 3, as depicted in
Figs. 11a and 11b. The comparison reveals a strong agreement
between the analytical and FEA waveforms at most points,
underscoring the reliability of the FMT process. The point-
to-point comparison between FMT and FEA shows that the
analytical model accurately predicts both no-load and armature
air-gap flux densities, with deviations below 3.5%, thereby
validating the proposed approach (Table II).

C. Working Harmonics Analysis

In the final step of the FMT process, the no-load MMF
harmonics are grouped based on their mechanical speed as
listed in Table III. Each group has either a positive or negative
contribution to back-EMF and torque generation. Based on the
mechanical speeds, the rotation direction of these harmonics
in the air gap can be static, forward, or backward. One notable
point is that the harmonic orders can be generated by different
pole-pair numbers (PPNs); however, according to analytical
functions, the predominant influence in generating these har-
monics comes from the pole-pair numbers with smaller Fourier
series components n and j. Therefore, the harmonic orders
are assigned to the groups with the PPNs that have smaller
component amplitudes. The synchronous no-load and armature
flux density harmonics with the same orders are involved in
torque production. Table III shows the contribution of each
harmonic order to back-EMF and torque generation obtained
from the Maxwell’s stress tensor. The backward group has the
largest contribution in back-EMF generation. Although static
harmonics do not contribute to back-EMF generation, they
have the largest share of 80% in torque production.

Applying Maxwell’s stress tensor (16) to the proposed
motor can analyze and calculate the generated torque caused
by air-gap flux density working harmonics.

Tei =
πr2glst

µ0
BniBti cos(θni − θti), (16)

In (16), Tei and rg show the torque of ith harmonic and the
air-gap radius, and Bni, Bti, θni, and θti are the amplitudes
and phase angles of the ith harmonic for the radial (normal)
and tangential components, respectively.
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BArm
g (θ, t) =

∞∑
j=0

∞∑
k=3d−1,k=3d−2

FskMs0Λrj

2
cos

(
(kPa + jNrt)

(
θ − (j ∓ 1)Nrtωt+ jNrtθro

kPa + jNrt

))

+

∞∑
j=0

∞∑
k=3d−1,k=3d−2

FskMs0Λrj

2
cos

(
(kPa − jNrt)

(
θ +

(j ± 1)Nrtωt+ jNrtθro
kPa − jNrt

)) (15)

TABLE III
HARMONIC GROUPS AND CONTRIBUTIONS OF PREDOMINANT HARMONIC ORDERS IN BACK-EMF AND TORQUE GENERATION.

Group Pole-pair number Mechanical speed Direction Harmonic number BPM
g Back-EMF Torque Contribution

9 (n=3) 0.10 T 0.3%
15 (n=5) 0.21 T 3.9%
21 (n=7) 0.43 T 21.6%
27 (n=9) 0.47 T 54.5%

G1 nNPM 0 Static

51 (n=17) 0.05 T

-

0.08%
40 (n=5,j=1) 0.05 T -0.33 V 1.14%
46 (n=7,j=1) 0.09 T -0.50 V 2.42%G2 nNPM + jNrt

jNrtωm

nNPM + jNrt
Forward

52 (n=9,j=1) 0.05 T -0.25 V 0.8%

G3 nNPM − jNrt > 0
−jNrtωm

nNPM − jNrt
Backward 2 (n=9,j=1) 0.05 T 6.59 V -5.5%

4 (n=7,j=1) 0.07 T 4.63 V 4.8%G4 nNPM − jNrt < 0
jNrtωm

−nNPM + jNrt
Forward 10 (n=5,j=1) 0.05 T 1.30 V 2.74%
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Fig. 13. Phase vs. rotor position for (a) static and (b) rotating harmonics.
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Fig. 14. Speed and direction of each harmonic group.

The parameters in Maxwell’s stress tensor equation are
shown in Fig. 12a. The surface where the normal and tan-
gential components of the air-gap flux density are measured is
located at the air-gap’s center, equidistant from the stator and
the rotor by lg/2. Fig. 12b also shows the waveforms of the
normal and tangential components.

Since the 2nd harmonic has a negative rotational direction,
it generates a corresponding torque contribution. Additionally,
the static harmonics, particularly those of orders 21 and 27,
contribute more than 80% of the total harmonic impact, as
detailed in Table III. Also, given that the majority of torque
production, approximately 75%, is contributed by only two

hsy

Ro

Rsh

θsp

θPMhPM

hry

θrt θsmtθtPM

hsp

θrs
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ht
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hrt

(a)

Optimal region

(b)

Fig. 15. (a) Optimization parameters. (b) Convergence profile.

harmonic orders (21st and 27th), the torque generation is
effectively governed by these two components. It is noteworthy
that the static harmonics in the proposed IFRPM, which are
primarily responsible for torque production (approximately
80% of the full-load torque, see Table III, appear station-
ary from the rotor’s reference frame, i.e., they have zero
relative speed with respect to the rotor. However, from the
perspective of a stationary observer, these harmonics rotate
in the air gap at synchronous speed. The phase versus rotor
positions of the static harmonics are shown in Fig. 13a (with
negligible fluctuations), for normal components. It is clear
that the phases of the static harmonics remain constant with
rotor rotation, showing synchronous speed, in contrast to the
rotating harmonics, whose phases fluctuate, as demonstrated
in Fig. 13b. For better comprehension, the direction and speed
of each harmonic group are shown in Fig. 14. The number
of interacting harmonic pairs is significantly reduced, which
effectively contributes to the mitigation of torque ripple.

The FMT model is used to analytically attribute and trace
the harmonics of the normal air-gap flux density and back-
EMF, while the Maxwell stress tensor, fed by FMT-derived
Bn and FEA-based Bt, is employed independently to quantify
the torque contributions by harmonic order.
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Fig. 16. Optimization results for (a) FRPM, (b) CPFRPM, (c) BFSPM,
and (d) IMPM.

IV. SIMULATION RESULTS

This section compares four benchmark motors together with
the proposed IFRPM under no-load and full-load conditions
to demonstrate the superiority of the IFRPM’s topology.

A. Optimization Process

The motor design parameters, presented in Fig. 15a, are
considered for optimization using a GA. By coupling the FEA
with GA, 1500 structures are produced and examined. The op-
timization function is defined to maximize the average torque
(Tavg) while minimizing the torque ripple (Tr) with the cost
function of 0.8Tavg +0.2/Tr. In Fig. 15b, the average torque
is plotted versus torque ripple, where each point represents a
structure with specific motor dimensions. As the optimization
progresses, the points show lower cost function values and
generate more desirable outputs. The contribution of the multi-
tooth structure can be revealed by investigating different stator
and rotor teeth configurations. An essential step in the design
methodology is to identify feasible slot/pole combinations and
select the most appropriate candidates. The feasible combina-
tions that guarantee a balanced m-phase back-EMF are defined
according to the following conditions [8], [23]:

Nsp

GCD(Nsp, nrt)
= km, (17)

where Nsp, Nrt, and m denote the stator pole number, rotor
teeth number, and number of phases, respectively. Considering
the vital parameters (Nsp = 6 and m = 3), the ratio of Nsp

to the greatest common divisor (GCD) of Nsp and Nrt must
be a multiple of three (m = 3 and k is an integer).

The value of Nst (stator teeth number) has no direct effect
on determining Nrt (rotor teeth number) in this analysis.
Therefore, values of 12, 18, and 24 were selected for Nst,
primarily guided by structural design constraints of the motor.
Selecting a higher number of stator teeth was avoided, since

TABLE IV
OPTIMIZED CHARACTERISTICS OF DIFFERENT STATOR (Nst) AND

ROTOR (Nrt) TEETH NUMBERS.

Nst/Nrt Tavg (Nm) Tr (%) TQF (Nm/cm3)
12/10 0.72 55.5 0.2
12/11 1.02 9.6 4.3
12/13 0.95 7.5 3.5
12/14 0.43 23.5 0.3
18/16 0.8 38.1 1.1
18/17 1.1 6.9 6.1
18/19 0.9 5.0 5.5
18/20 0.5 32.1 1.5
24/20 0.6 52.1 0.2
24/22 0.6 23.5 0.5
24/23 1.0 5.0 6.2
24/25 1.1 3.1 7.7
24/26 0.6 117.0 0.2

TABLE V
OPTIMIZED MOTOR PARAMETERS.

Parameter Value (mm) Parameter Value (deg.)
hsy 5.4 θsp 4.9◦
hPM 5 θPM 2.5◦
hsp 11.8 θst 21.5◦
hst 3.1 θsmt 5◦
ht 2 θtPM 9.4◦
hrt 4.4 θrt 5◦
hry 10 θrs 6◦

increasing the tooth number leads to a significant reduction
in individual tooth width, which poses challenges in terms
of manufacturability. For optimal performance, such as max-
imizing average torque and minimizing torque ripple, it is
preferable for the stator and rotor tooth numbers to remain
relatively close. Overall, thirteen motor configurations with
different stator/rotor tooth number combinations and their
optimized performances are outlined in Table IV.

It can be observed that by splitting the teeth, both the
average torque and torque ripple are significantly improved.
The splitting of teeth improves the torque ripple and average
torque by 193% and 9%, respectively. Therefore, based on
the global optimization results, the proposed structure with
24 stator teeth and 25 rotor teeth demonstrates the optimal
performance. The optimized IFRPM parameters are listed in
Table V. It is worth noting that all benchmark motors are
optimized using the same optimization setup, cost function,
and algorithm under an identical current density (Fig. 16).

B. No-Load Results

The flux density waveforms obtained from FEA for the air-
gap under no-load conditions and the stator pole are presented
in Fig. 17a and Fig. 17d, respectively. The no-load air-gap
flux density of the proposed motor exhibits a 46% increase
in root-mean-square (RMS) value compared to the CPFRPM.
Also, under each 60◦ stator module, the proposed IFRPM
has, on average, improved the air-gap peak-to-peak (pk2pk)
value by about 30% (see Fig. 17b). The harmonics of air-gap
flux density distributions of the motors are shown in Fig. 17c
demonstrating that the IFRPM has a 15% enhancement in the
predominant harmonics magnitude. Furthermore, the IFRPM
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Fig. 17. Flux density comparison of (a), (b) no-load air-gap with Pk2pk
values, (c) air-gap harmonic distribution, and (d) stator pole.

reduces the stator pole flux density by 67%, attributed to the
interactive PM configuration.

The no-load flux density distributions of the motors are
illustrated in Fig. 18. It is observed that BFSPM experiences
a lower flux density in the stator pole. On the other hand,
IMPM shows more saturated regions than other structures.
The maximum flux densities of five selected points in each
motor are demonstrated in Fig. 18f. The advantage of the
interactive PM arrangement can be seen in the reduction of
the stator pole flux density compared to the original FRPM.
The pole flux density in the proposed IFRPM remains constant
compared to the CPFRPM, while the yoke PMs increase the
stator/rotor teeth flux densities, resulting in a higher air gap
flux density with no exposure to saturation. The back-EMF
profiles and their harmonic spectra are shown in Figs. 19a and
19b, respectively. The IFRPM presents a sinusoidal waveform
with a 9.21V root-mean-square (RMS) value and 3.3% total
harmonic distortion (THD). Although IMPM has twice the
RMS back-EMF, it has a THD of 6.3%, the highest among the
motors. The FRPM, BFSPM, and CPFRPM produce sinusoidal
back-EMF waveforms with a 9.97V, 4.35V, and 2.76V RMS
value, respectively. The IFRPM has the smallest cogging
torque (Fig. 20), with a peak-to-peak amplitude of 11mNm.
In contrast, the FRPM and IMPM motors show approximately
six times higher cogging torque than the IFRPM motor.

C. Full-Load Results
Since the motor is designed with natural cooling, the current

density is selected as 6A/mm2. The full-load flux density
distributions of the motors are shown in Fig. 21. The impact of
placing yoke PMs in the IFRPM structure can be demonstrated
by comparing the IFRPM and CPFRPM machines. The com-
parison reveals that the stator poles of the CPFRPM are satu-
rated due to the absence of yoke PMs, whereas the proposed
IFRPM exhibits improved magnetic performance with reduced
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Fig. 18. No-load flux density distributions of (a) proposed IFRPM, (b)
FRPM, (c) CPFRPM, (d) BFSPM, (e) IMPM, and (f) the maximum flux
densities of the specified points.
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Fig. 19. (a) Back-EMF profiles. (b) back-EMF harmonics spectra.

saturation (see Figs. 21a and 21c). Furthermore, the volume
and arrangement of the PMs in the IFRPM do not cause stator
saturation, whereas the IMPM experiences saturation in the
yoke, poles, and teeth due to its PM configuration and volume.
Overall, the IFRPM demonstrates the lowest risk of magnetic
saturation among the compared benchmark designs.

The IFRPM, IMPM, and CPFRPM have the same average
torque of 1.1N.m (Fig. 22a). However, the IFRPM has the
lowest ripple of 3.3% among these three motors. Furthermore,
FRPM and BFSPM have 9% and 15% lower average torques
compared to the IFRPM. For a better evaluation, the PM
volume (VPM ) and torque ripple are considered in torque
comparison by introducing a metric called the torque quality

factor (TQF), defined as TQF =
Tavg/VPM

Tr
×100. The TQF

metric for different current densities is plotted in Fig. 22b.
The TQF of the IFRPM has significantly improved, showing
an increase of 95%, 318%, 669%, and 1418% compared to
CPFRPM, BFSPM, FRPM, and IMPM, respectively.

In order to investigates the torque contribution from each
PM array (yoke and tooth PMs), the frozen permeability
method is used. The frozen permeability approach accounts
for the nonlinear B-H behavior of the iron material under
nominal load conditions by using the material’s permeability
corresponding to the nominal current. Additionally, by using
this technique, the sum of the torque generated by each PM
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Fig. 20. (a) Cogging torque. (b) Cogging torque harmonic spectra.
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Fig. 21. Full load flux density distributions of (a) proposed IFRPM, (b)
FRPM, (c) CPFRPM, (d) BFSPM, (e) IMPM, and (f) the maximum flux
densities of the specified points.

array constitutes the actual full-load torque, and the corre-
sponding torque generation profiles are shown in Fig. 23a. The
torque synthesis shows that the individual contributions of the
yoke and tooth PMs account for 28.7% and 71.3% of the total
torque generation, respectively. It can be observed that both
PM arrays have a significant impact on the full-load torque;
however, the torque generated by the tooth PMs (FR effect)
is approximately twice as high as that generated by the yoke
PMs (BF effect). Additionally, Fig. 23b presents the motors’
different parameters under nominal current density to have
a general comparison. Although the IFRPM and CPFRPM
exhibit the highest PM torque densities, the IFRPM has a
torque ripple that is less than one-fifth of the CPFRPM torque
ripple. This enables the IFRPM to outperform other motors in
terms of the TQF metric, achieving a value of 7.7 Nm/cm3,
nearly a 100% improvement compared to other motors. This
result indicates that, in addition to possessing a high PM torque
density, the IFRPM also demonstrates a low torque ripple.

The average core losses under different loads are illustrated
in Fig. 22c. At the nominal load, the core losses of BFSPM, the
IFRPM, IMPM, FRPM, and CPFRPM are 1.3W, 2.9W, 3.2W,
4.9W, and 7.2W, respectively. The same scenario exists for
overload conditions as well. It should be noted that although
BFSPM has a lower core loss, it delivers 13% less torque
and output power compared to the IFRPM. Furthermore, by
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Fig. 22. (a) Full-load torque profiles. (b) TQF performance, (b) average
core loss, and (c) torque ripple versus current density profiles.
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Fig. 23. (a) On-load torque and torque synthesis using frozen perme-
ability method. (b) TQF performance comparison.
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Fig. 24. PM demagnetization analysis at the temperature of 80◦C. (a)
Flux density distribution. (b) Flux density curves of different points.

comparing the FRPM-type motors (FRPM and CPFRPM) with
the IFRPM, the interactive array has resulted in a 40% and
59% reduction in core loss. In addition, the IFRPM offers a
torque ripple of maximum 3.3% across all loads, the lowest
among all, as presented in Fig. 22d.

In the IFRPM, five points on the edge of the PMs are
selected, which are more vulnerable than the central regions,
shown in Fig. 24a. Given that the chosen PM material is
NdFeB-N42, which has a demagnetization threshold of 0.1T at
the temperature of 80◦C, the maximum flux density is 0.32T,
as demonstrated in Fig. 24b. This indicates that there is no
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Fig. 25. PM demagnetization analysis at the temperature @ 80◦C. (a)
FRPM. (b) CPFRPM. (c) BFSPM. (d) IMPM.
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Fig. 26. (a) Efficiency and (b) core loss map of the IFRPM.

demagnetization risk for the PMs. For the other motors, the
flux density (under full-load condition), specifically the PMs
flux densities distributions, are shown in Fig. 25. The points
are placed in the vulnerable regions in the PMs. At 80◦C, the
working temperature of the motors, all points operate at a safe
condition and far from demagnetization limitation.

The efficiency and core loss maps of the IFRPM are plotted
in Figs. 26a and 26b, respectively. In the efficiency map, the
area with efficiencies greater than 90% covers 65% of the
map’s surface. Furthermore, the region with efficiency higher
than 80% accounts for 90% of the map’s area, indicating that
the motor maintains a high efficiency at most of the operating
points. For the core loss map, over 87% of the area has a core
loss below 1W. At the nominal point, the motor has 2.86W of
core loss with an efficiency of 86.1%.

Under nominal conditions and natural convection, the tem-
perature distribution across various parts of the motor (stator,
coils, and PMs) that are exposed to the heat source (windings)
is illustrated in Fig. 27. The temperature profile is presented
for the steady-state condition, particularly when the core losses
have reached thermal equilibrium. No part of the motor struc-
ture exceeds 70◦C under steady-state conditions. Due to the
placement of the excitation coils on the stator, the stationary
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Fig. 27. The temperature distribution in stationary parts of the motor
(main parts in the heat source). (a) Stator. (b) Coils. (c) PMs.
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Fig. 28. (a) Close-up view of the temperature distribution in the stator
module and PMs. (b) NdFeB-N42 material B −H curve.

1:Stand

3:Leveler

4:House 9:End cap

8:Shaft

7:Rotor

6:Stator

5:Coils

2:End cap

1 2 3 4 5 6 7 8 9

Exploded View:

Proposed IFRPM: Front View:

Fig. 29. Three-dimensional exploded view of the IFRPM.

components, including the stator, coils, and PMs, reach an
average temperature of approximately 68.5◦C. Furthermore,
this operating temperature can be significantly reduced by
employing a forced convection cooling method.

To provide a more detailed analysis, the temperature dis-
tribution for a single stator module is illustrated in Fig.
28a. It can be observed that no region exceeds 69.7◦C, and
the other modules exhibit lower temperatures than the one
shown. The thermal analysis confirms that all regions of the
motor, including the PMs, operate at temperatures below 80◦C.
The B-H curve for the NdFeB-N42 PM material and its
demagnetization limit are evaluated at 80◦C, verifying the
motor’s performance and the PMs’ reliable operation under
this condition. The B-H characteristic and demagnetization
limit of the PM material are illustrated in Fig. 28b.

V. EXPERIMENTAL VERIFICATIONS

A detailed illustration of the prototyped motor assembly
is presented in Fig. 29. Fig. 30a shows the rotor and stator
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Fig. 30. (a) IFRPM Motor prototype. (b) The test rig.
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Fig. 31. Measured 3-phase back-EMF waveforms at 400rpm.

prototypes with the yoke/tooth PMs and concentrated wind-
ings. Furthermore, the test rig is shown in Fig. 30b. The q-
axis current is controlled by the inverter, which injects the
nominal three-phase current into the windings. Additionally,
the motor is coupled to a magnetic powder brake through
a torque transducer. The experimental back-EMF waveform
at 400rpm is demonstrated in Fig. 31a. The experimental
waveform has an 8.2V RMS value with 3.5% THD, which
indicates less than 10% error compared to 2D-FEA due to end
effects and manufacturing tolerances. Therefore, the 3D-FEA-
obtained back-EMF is compared to the waveforms and shown
in Fig. 32. Comparing the 3D-FEA curve with experimental
results, an impressive accuracy with an error margin of less
than 4% at various speeds is observed (Figs. 32a and 32b).

The experimental torque waveform is compared with FEA
results in Fig. 33a. The motor operates with 1.05Nm average
torque and 4.7% ripple, showing less than 4% error compared
to the FEA results. For further verification of FEA results,
Fig. 33b demonstrates the motor efficiency at various speeds
and torque values as discrete points. Additionally, the errors of
these points compared to the FEA results are represented as a
gray-scale map. At full load, the motor has 82.61% efficiency.
The error between FEA and test results remains below 4%,
confirming the agreement between the FEA and test results.
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Fig. 32. Comparison of 2D, 3D FEA, and experimental back-EMF
profiles (a) at 400rpm and (b) RMS values versus speed.
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Fig. 33. Experimental results. (a) Torque. (b) efficiency and error map.

The IFRPM prototype shows a power factor that peaks near
0.50 at rated current, consistent with typical stator-PM/FRPM
motors. At the rated point, measured losses were 4.6 W
(copper), 3.0 W (core), and 0.4 W (mechanical), yielding an
output power of 42.5 W and efficiency of about 82.6%, with
notably low mechanical losses due to the rotor design.

VI. CONCLUSION

This article proposed a new multi-tooth interactive flux
reversal permanent magnet (IFRPM), which effectively re-
duced the pole flux density while increasing the air gap flux
density. By performing flux modulation theory (FMT), the
contribution of the harmonics generated by interactive PMs to
back-EMF and torque generation is unveiled. Four benchmark
motors with only the BF or FR effect are introduced to be
compared with the optimized IFRPM. The IFRPM improved
the torque quality (TQF) factor by 95% and 669% compared
to Consequent-pole FRPM and conventional FRPM, indicat-
ing a substantial increase in torque per PM volume and an
improvement in torque ripple at the same time. Moreover, the
novel IFRPM outperformed the biased flux motor, exhibiting
an improved TQF that is at least 318% higher. Thermal
analysis showed that the proposed motor maintains a safe
operating temperature below 70◦C. Finally, to validate the
FEA results, the IFRPM is manufactured and rigorously tested
under various torques and speeds. These tests confirmed the
accuracy of the analytical and simulation findings.
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