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Abstract: Net zero and electrification targets are continuing to enforce a need for the development
of high-performance electrical machines, increasingly based on the use of rare earth permanent
magnets. Biased flux motors have the potential to overcome some of the disadvantages associated
with more conventional electrical machines. Since their introduction, there has been a consistent
trend towards new and improved topologies, all relying on the same principles of operation. In this
paper, a new alternative operation is proposed where the magnetic flux density offset of each module
is different. The resulting asymmetric biased excitations of the magnets leads to a flux concentration
in the air gap. Placement of magnets in the slot-opening area is shown to produce a higher average
torque at a higher power factor. It is mathematically shown that the conventional methods used to
investigate the effect of each group of magnets separately cannot be used for the explanation of this
operation principle. Therefore, it is necessary to simultaneously consider both groups of magnets in
the magnetic equivalent circuit. Due to the use of magnets in these motors, thermal conditions are also
investigated. Finally, a comprehensive comparison between several stator-situated-magnet motors is
presented. The performance of the proposed motor is improved in terms of average torque, torque
density, PM torque density, power factor, and overload capability. The torque density specifically
has increased by 9%. Moreover, both motors have suitable thermal behaviour which confirms the
validity of the demagnetization analysis.

Keywords: biased-flux; finite element analysis; permanent magnet; stator-pm

1. Introduction

In recent years, stator permanent magnet (PM) motors have gained significant at-
tention in the realm of electric machines, primarily attributed to their potential for mit-
igating mechanical and thermal stress on PMs [1,2]. Compared to rotor-PM structures,
these motors are robust and have thermal and mechanical advantages of the rotor when
compared to rotor-PM structures. Apart from the recognized thermal and mechanical ad-
vantages [3], they are known to exhibit high-efficiency performance at low speed, thanks to
their magnetic gearing effect [2,4]. The stator-PM division encompasses distinct categories
of machine, characterized by unique features. It is helpful to discuss them in order to
explain the evolution of the topology considered in this paper.

1. Stator-slot PM (SSPM) motors [5] have the PMs in the slot opening of the stator,
preventing them from being in series with the armature magnetic field and therefore
providing effective protection for the PMs [6]. However, the PM-driven flux tends to
short-circuit in the stator yoke, leading to a reduction in torque density.

Energies 2024, 17, 3459. https://doi.org/10.3390/en17143459 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en17143459
https://doi.org/10.3390/en17143459
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0009-0006-8685-7452
https://orcid.org/0000-0001-5142-1305
https://orcid.org/0000-0002-2251-354X
https://orcid.org/0000-0003-0219-7081
https://orcid.org/0000-0003-0436-3231
https://orcid.org/0000-0001-6463-8888
https://doi.org/10.3390/en17143459
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en17143459?type=check_update&version=2


Energies 2024, 17, 3459 2 of 17

2. Flux-switching PM (FSPM) motors [7] offer heightened average torque at the
expense of compromised PM safety. PMs are enclosed by armature windings, which,
although they hinder direct access, does result in increased torque density.

3. Flux-reversal PM (FRPM) motors also achieve high torque density, but this comes at
the cost of compromised PM safety [8]. The proximity of PMs to the air gap in this design
makes it challenging to cool them effectively through heat transfer to the stator yoke [9].

4. The doubly salient PM (DSPM) motor strategically positions the PM as far as
the air gap in the stator yoke [10]. However, since its introduction this motor has been
operated with a square-wave current, resulting in elevated torque ripple due to inherent
imbalances in the reluctance network of each phase [11–15]. Various solutions have been
proposed to equalize the reluctance network of each phase. To reduce the torque ripple,
other methods, such as bevelled tooth and slot, can be used, but this deteriorates the torque
profile, efficiency, and current-torque profile [16].

5. The biased-flux PM (BFPM) motor is a recently proposed novel type of DSPM motor.
All PMs are placed in the stator yoke, facilitating easier thermal monitoring compared
to FSPM, FRPM, and SSPM topologies [17]. Although the BFPM structure offers more
slot/pole combinations compared to DSPM, resulting in reduced torque ripple, it does not
generate a significantly higher average torque [18]. To address torque density, improve-
ments have been proposed for BFPM motors. An analysis in [19] explores the impact of
multi-tooth structures on torque density, revealing that BFPM motors with a multi-tooth
stator exhibit higher torque density and lower torque ripple.

6. The combination of SSPM and BFPM structures is termed biased-flux slot PM
(BFSPM) and presents a more competitive solution, offering a higher torque density with a
lower torque ripple [20].

7. An inter-modular PM (IMPM) motor has bar PMs positioned between stator
modules [21]. The primary advantage of this topology lies in the circulation of magnetic
flux by the armature winding [22]. Given that the PMs are not entirely in series with the
armature, the power factor of the IMPM motor surpasses that of the BFSPM topology.
Additionally, the placement of the PMs provides complete and unique accessibility for
monitoring their temperature status.

A shared characteristic among all BFPM topologies, including IMPM, is their opera-
tional principle centred around the variation of a biased magnetic point. Various BFPM
structures exhibit distinct biased magnetic points and fluctuation amplitudes. Neverthe-
less, this operating principle has not undergone extensive refinement. In essence, a closer
examination of their operational principles offers an opportunity to optimize the torque
profiles of these structures. Innovative flux-focusing solutions can be devised without
compromising the fundamental operational principle of these topologies.

In this paper, a new IMPM motor, namely slot-IMPM (SIMPM), is proposed based
on scrutinizing the operation principle of the IMPM topology. To enable the flux-focusing
effect, slot PMs with different synergistic directions are considered. Those slot PMs will
intensify or reduce the biased operating point in the middle teeth, helping the IMPM
to regain its high torque density while protecting the PMs from demagnetization and
also increasing the power factor. Although this asymmetric flux distribution improves
the SIMPM motor’s performance, it complicates the prediction of how each PM group
contributes to the total flux distribution. In most of our works and by using the symmetry
condition of flux distribution, we could simplify our analysis by considering only a small
portion of the stator. However, in the SIMPM motor we have to investigate a larger
portion of the stator to fully analyse the flux density distribution in the air gap. Due to the
stator teeth saturation caused by the slot PMs, the slot and inter-module PMs cannot be
investigated independently.

In response to this complexity, this paper proposes an analytical method which in-
vestigates both slot and inter-module PMs simultaneously. Harmonic components of the
flux density are analysed using flux modulation theory (FMT). Finally, the Maxwell stress
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tensor has been used to determine the contribution of each harmonic component to the
electromagnetic torque generation.

Section 2 fully addresses the topology of the proposed motor and its operation princi-
ple. It also establishes the proposed structure’s flux modulation and identifies the working
harmonics. The FMT method is a well-known analytical method for solving electromag-
netic problems and is currently widely used due to its fast approach. Section 3 delves into
the optimization algorithms and design parameters. The no-load and full-load operations
are explored in Section 4 through finite element analysis (FEA), and a comparative study
is also delivered in this section to better evaluate the advantages of the proposed IMPM.
Furthermore, the PMs have been fully studied from the perspective of demagnetization
and thermal stress. Finally, a conclusion is provided in Section 5.

2. Operation Schemes

This section begins by outlining the fundamental principles governing the operation
of the IMPM motor and then describes the new operational principle through magnetic
equivalent circuit modelling.

2.1. IMPM’s Operation Principle

Figure 1c,d illustrate the structure of an IMPM motor. The motor’s pole-pair number
is equal to the number of rotor teeth, in this case 11. The direction of PM magnetization and
winding connection is demonstrated in Figure 1. It is worth noting that the coils of each
phase are connected in series. M470-50A is used as the lamination material of the rotor
and stator. The rotation of the rotor is linked to the displacement of its magnetic balance
point—the pivotal location where all magnetic forces acting on the rotor attain equilibrium.
This delicate balance is perturbed when the armature windings are energized, compelling
the rotor to realign itself with the magnetic balance point. In configurations featuring
biased-flux, each stator module is predisposed to a fixed magnetic point. Upon activation
of the armature, the stator modules undergo oscillations around this predetermined point,
inducing a consequential shift in the rotor’s balance point.

Stator module

Winding

Inter Slot PM Inter Module PM

Rotor

(a)

PM

Rotor

Stator Module
Winding

A1

B1C1

B2

A2

C2

(b)

Stator module

Winding

Inter Module PM

Rotor

(c)

Stator module

PM

Winding

Rotor A1A2

C2B2

B1C1

(d)

Figure 1. Structure of the (a) SIMPM in 3D, (b) SIMPM in 2D, (c) IMPM in 3D, and (d) IMPM in 2D.
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2.2. Asymmetric-Biased-Flux Operation

The manipulation of the biased magnetic point for each module offers a viable means
to augment the concentration of flux density in the air gap. Introducing asymmetry into
the flux density profile can be achieved by placing PMs within the stator slot opening.
The added advantage of the supplementary PMs lies not only in their safeguarding against
demagnetization, owing to their parallel alignment with the armature windings, but also
in their ability to selectively amplify or diminish the flux density in the air gap, based on
their orientation.

2.3. Mathematical Verification

This section provides the mathematical analysis of the asymmetric-biased-flux oper-
ation for this structure. It is essential to highlight a key distinction in operational princi-
ples—specifically, the ineffectiveness of the superposition principle in this context. Unlike
the conventional approach, the interplay of inter-modular magnets alters the saturation
point of the stator middle teeth. Consequently, the slot magnets encounter varying reluc-
tance in the stator core. As a result, the involvement of each PM in torque production
is contingent upon the saturation conditions induced by the presence and influence of
other PMs. Figure 2a illustrates the flux density profile in the air gap under no-load con-
ditions induced by individual sets of PMs. Each case considers only one set of PMs at
a time. The observation reveals that the summation of flux densities generated by each
PM independently does not align with the no-load flux density of the SIMPM when all
PMs are collectively modeled. In Figure 2b, the flux density profiles are depicted under
conditions where a narrow air gap is introduced in the stator middle tooth. This gap
serves to prevent short-circuiting of the slot PMs in the stator core, with the exclusion of
the inter-modular magnets in the modelling. Clearly, in comparison with the preceding
scenario, the combined flux density contribution from both slot PM and IMPM is closer to
the flux density in the SIMPM model.
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Figure 2. Normal flux density distribution: (a) the effect of each PM is individually considered;
(b) there is a gap in the stator middle teeth to prevent the slot PM’s flux short circuit; (c) comparison
between the SIMPM and IMPM.

Having established the ineffectiveness of the superposition principle in analytically
exploring this operational principle, an alternative mathematical approach is required
to differentiate between SIMPM and IMPM. Figure 2c illustrates how the flux density
under one stator module significantly differs from its neighboring modules. The magnetic
equivalent circuit (MEC) of the structures is shown in Figure 3. This diagram provides
an overview of various reluctances influenced by the saturation effects of inter-modular
magnets. Simplifying this circuit, we can isolate an individual module, as shown in
Figure 4a. A more streamlined perspective into the magnetic circuit is presented in Figure 4b
by eliminating certain core reluctances. Once the magnetic circuit is established, the impact
of each PM can be studied under a specific condition: the SPMs undergo variable reluctance
adjusted by the inter-modular magnets. Figure 4c,d display this condition, providing a
nuanced understanding of the magnetic interactions within the structure.
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Figure 3. General magnetic equivalent circuit.
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Figure 4. SIMPM’s one-module magnetic equivalent circuit when (a) all of the core reluctances are
modelled, (b) just the necessary ones are modelled, (c) only the inter-modular magnets are modelled,
and (d) only the slot PMs are modelled.

Equation (1) shows the flux linkage of two adjacent modules in the SIMPM. φ1 and φ2
are the flux linkage induced by SPMs and φ′

1 and φ′
2 represent the inter-modular magnets’

flux linkages.
φ̄1 = φ1 + φ′

1
φ̄2 = φ2 + φ′

2
(1)

where φ′
1 and φ′

2 can be calculated as

φ′
1 = φ′

2 =
RaFpmh

(Rgm + Rgs)(Ra + Rpmh) + R1Rpmh
(2)

and φ1 and φ2 can be formulated by solving the magnetic circuit in Figure 4d.

φ1 = −φ2 =
FpmvRgs(Ra + Rpmh)

2Rgs(Ra + Rpmh)(Rgm + 1) + Rpmv

[
(Ra + Rpmh)(Rgm + Rgs) + RaRpmh

] (3)

It is evident that the flux density in SIMPM’s module is either subtracted or added with (3).
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2.4. Space Harmonics

To examine distinct harmonic orders in the SIMPM topology, the flux modulation
theory is applied, isolating PM-MMF and armature MMF, as depicted in Figure 5. Each
structure adjusts the primary PM-MMF and armature MMF using stator and rotor teeth,
and the values of (Fmat), (Fsat), (Fmbt), (Fsbt), (Fam), (Fasb), and (Fass) shown in Figure 5
are calculated. Employing a fast Fourier transform (FFT) and leveraging the evident
even symmetry in Figure 6a, the primary PM-MMF of the SIMPM can be formulated,
as illustrated in (4). Notably, the Fourier coefficient (apm) of the SIMPM differs from the
IMPM configuration, as the asymmetric-biased-flux operation introduces an additional DC
term (aopm).

mbtF

satF
matF

sbtF

(a)

amF

assF
asbF

amF−

assF−

asbF−

(b)

Figure 5. SIMPM’s (a) PM MMF and (b) armature MMF.

Fpm(θ) = aopm +
∞
∑

j=2
apm cos(

3jθ
2

); j : even

aopm =
3

2π
[θsmt(Fmat + Fmbt) + θsst(2Fsat + 2Fsbt)]

apm =
4
jπ

{
sin

(
3jθsmt

4

)[
Fmbt cos

(
jπ
2

)
+ Fmat

]
+

Fsat cos
(

jπ
2

)[
sin

(
jπ
4

+
3jθpmv

4
+

3jθsst

2

)
−

sin
(

jπ
4

+
3jθpmv

2

)]
+ Fsbt cos

(
jπ
2

)[
sin

(
jπ
4

−
3jθpmv

4

)
−

sin
(

3jπ
4

−
3jθpmv

4
− 3jθsst

2

)]}

(4)

Then, (4) is modulated with rotor teeth (5),

Λr(θ, t) = aor +
∞
∑

i=1
ari cos(iNrt(θ − ωmt − θro))

a0r =
Nrt

π
(Λrtθrt + Λrsθrs)

ari =
2

iπ
(Λrt − Λrs) sin(

iNrtθrt

2
)

(5)
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to build the flux density (6).

Bpm(θ, t) = Λr(θ, t)Fpm(θ) =

aoraopm + aor

∞

∑
j=1

apm cos(
3jθ
2

)+

aopm

∞

∑
i=1

ari cos(iNrt(θ − ωmt − θro))+

∞

∑
i=1

∞

∑
j=1

apmari cos(
3jθ
2

) cos(iNrt(θ − ωmt − θro))

(6)
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Figure 6. (a) SIMPM’s normal flux density for PM-only-enabled condition, (b) its FFT, (c) IMPM’s
normal flux density for armature-only-enabled condition, and (d) its FFT.

Table 1 categorizes different PM-MMF harmonics resulted from (6).

Table 1. Harmonic groups of the PM flux density.

Group Pole Pairs Mech. Speed Harmonic Orders Direction

1
nNs

2
0

3, 6, 12, 15
18, 21, 24, 27
30, 33, 36, 39

Static

2 mNrt ωm 11, 22 Forward

3 mNrt +
nNs

2
2mNrt

2mNrt + nNs
ωm

14, 17, 20, 23, 25
26, 28, 29, 31, 32
34, 35, 38, 37, 40

Forward

4

{
mNrt −

nNs

2
2mNrt > nNs

2mNrt

2mNrt − nNs
ωm 2, 5, 8 Forward

5

{ nNs

2
− mNrt

2mNrt < nNs

2mNrt

2mNrt − nNs
ωm

1, 4, 7, 9
10, 13, 16, 19 Backward

The same procedure can be applied to armature MMF, as shown in (7),

Farm(θ) =
∞
∑

k=2
barm sin( kNs

2 θ)

barm =
2

kπ

(
Fasb

(
cos

(
2k
(

π

6
+

θpmv

2

))
−

cos
(

2k
(

π

6
+

θpmv

2
+ θsst

)))
+ Fam

(
cos

(
2k
(

π

3
− θsmt

2

))
−

cos
(

2k
(

π

3
+

θsmt

2

)))
+ Fass

(
cos

(
2k
(

π

3
− θsmt

2
− θsst

))
−

cos
(

2k
(

π

2
−

θpmv

2

))))
,

(7)
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to build up the armature flux density (Figure 6c and (8)),

Barm(θ, t) = Λr(θ, t)Farm(θ) =

aor

∞

∑
k=2

barm sin(
kNs

2
θ)+

∞

∑
k=2

∞

∑
i=1

barmari cos(iNrt(θ − ωmt − θro)) sin(
kNs

2
θ)

. (8)

Table 2 categorizes the different armature harmonics shown in (8). To generate average
torque, each PM MMF harmonic shall be synchronized with the same space harmonic in
Table 1.

Table 2. Harmonic groups of the armature flux density.

Group Pole Pairs Mech. Speed Harmonic Orders Direction

1
nNs

2
0

3, 6, 9, 12, 15
18, 21, 24, 27, 30

33, 36, 39
Static

2 mNrt +
nNs

2
2mNrt

2mNrt + nNs
ωm

14, 17, 20
23, 26, 29
32, 35, 38

Forward

3

{
mNrt −

nNs

2
2mNrt > nNs

2mNrt

2mNrt − nNs
ωm 2, 5, 8 Forward

4

{ nNs

2
− mNrt

2mNrt < nNs

2mNrt

2mNrt − nNs
ωm

1, 4, 7, 10, 11
13, 16, 19, 22, 25
28, 31, 34, 37, 40

Backward

Using the Maxwell stress tensor, the contribution of each PM flux density harmonic is
calculated as shown in Table 3. It should be noted that the first 40 harmonics are considered
and the major ones are analysed for their effective contribution.

The sum of the torque contribution of each harmonic component (Table 3) is not equal
to 100% as some harmonic components are missing.

Table 3. Contribution of each PM flux density harmonic group to the torque production.

Group Harmonic Orders Torque Contribution Sum

1 3 (n = 1), 6 (n = 2)
15 (n = 5), 21 (n = 6)

10.7% (n = 1), 3.2% (n = 2)
46.7% (n = 5), 4.9% (n = 6) 65.5%

2
11 (m = 1)
22 (m = 2)
33 (m = 3)

0.01% (m = 1)
0.1% (m = 2)
0.1% (m = 3)

0.2%

3

14 (m = 1, n = 1)
25 (m = 2, n = 1)
26 (m = 1, n = 5)
37 (m = 2, n = 5)

19.6% (m = 1, n = 1)
2.2% (m = 2, n = 1)
7.5% (m = 1, n = 5)
3.5% (m = 2, n = 5)

32.8%

4
2 (m = 1, n = 3)
5 (m = 1, n = 2)
8 (m = 1, n = 1)

2.9% (m = 1, n = 3)
2.1% (m = 1, n = 2)

40.0% (m = 1, n = 1)
45.0%

5
4 (m = 1, n = 5)
7 (m = 1, n = 6)

9 (m = 3, n = 14)

−15.1% (m = 1, n = 5)
−4.6% (m = 1, n = 6)
−15.3% (m = 3, n = 14)

−35.0%
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3. Optimization

Figure 7 delineates the optimization parameters utilized for both configurations. Em-
ploying random search algorithms and multi-objective optimization techniques, the ob-
jective is to augment torque density while concurrently minimizing torque ripple in the
structures. Notably, the optimization process places a premium on enhancing torque den-
sity. In this research, a genetic algorithm (GA) is used to optimize the motors. The cost
function or objective function is defined as shown in (9).

CostFunction = CFM − ATC
α

PAT
− TRC

PTR
β

(9)

In (9), CFM, ATC, TRC, PAT, and PTR represent the cost function margin, the average
torque coefficient, the torque ripple coefficient, the predicted average torque, and the
predicted torque ripple, respectively. Also, α and β represent the average torque and torque
ripple values measured in the simulation. In IMPM’s and SIMPM’s optimization, CFM,
ATC, TRC, PAT, and PTR values are equal to 1.3, 0.75, 0.25, 2, and 0.005, respectively.
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Figure 7. Optimization parameters for the (a) SIMPM and (b) IMPM.

As illustrated in Figure 8, the optimization generates multiple samples, with the
best-performing sample for each structure marked in red. The conclusive values for the
optimization parameters are detailed in Table 4. This optimization approach does not
impose specific constraints on copper loss or PM mass. Instead, the primary constraints are
centered around total volume and current density considerations.
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Figure 8. Optimization samples for the (a) SIMPM and (b) IMPM.

Both motors are optimized to improve the average torque and torque ripple. Each
of the structural parameters is changed in a specific range. The maximum and minimum
values of these ranges are defined according to the motor geometry. For every optimization
sample, the rotor yoke thickness along with other structural parameters are changed,
and these variations result in a different motor geometry with different performances in
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terms of average torque and torque ripple. According to the average torque and torque
ripple of each sample, the cost function is calculated. Considering the cost of each sample,
the optimum sample is chosen.

Table 4. Optimized design variables.

Symbol
Value

SIMPM IMPM

Rotor tooth height (mm) Hrt 4.38 4.63

Rotor yoke width (mm) Hry 11.23 13.45

Stator yoke width (mm) Hsy 3.14 3.26

Horizontal PM height (mm) Hpmh 2.10 -

Vertical PM angle (deg.) θpmv 8.10 6.99

Rotor tooth angle (deg.) θrt 8.88 7.44

Rotor slot angle (deg.) θrs 9.39 13.37

Stator side tooth angle (deg.) θsst 6.93 8.96

Stator middle tooth angle (deg.) θsmt 11.58 12.94

A Sensitivity analysis is conducted to investigate the effect of rotor yoke thickness
on the motor’s performance in terms of average torque and torque ripple. Other motor
structural parameters are not changed during the sensitivity analysis. The results are
demonstrated in Figure 9a,b. As Figure 9a shows, decreasing the rotor yoke width causes a
decrease in the average torque. Also, decreasing the rotor yoke width causes an increase
in the torque ripple, which has been shown in Figure 9b. So, although decreasing the
rotor yoke thickness lowers the rotor’s weight, it does not have any positive effect on the
motor performance.
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Figure 9. Effect of different rotor yoke thicknesses on the (a) average torque and (b) torque ripple.

4. FEA Study

This section covers the performance analysis of both the SIMPM and an optimized
IMPM including no-load indices such as flux density distributions and back-EMF voltages.
Subsequently, the examination extends to full-load parameters, encompassing torque
profiles and overload capabilities in the following subsection. To highlight the superior
performance of the proposed SIMPM, a comparative analysis is conducted under equitable
conditions. Additionally, a comprehensive investigation into the demagnetization of the
permanent magnets is carried out, accompanied by a three-dimensional thermal verification.
These simulation results are derived using the ANSYS Electronic Desktop software package.
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4.1. No-Load Performances

The magnetic flux density distributions of the presented structures under no-load
conditions are depicted in Figure 10. It is evident that neither of the motors experiences
global saturation. Notably, the flux line representation in Figure 10 illustrates that the
SIMPM effectively directs the PM flux towards the air gap, thereby amplifying torque
density. The back-EMF waveforms for the motors are displayed in Figure 11.
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Figure 10. No-load flux density and flux lines: (a) SIMPM and (b) IMPM.
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Figure 11. Comparison of (a) back-EMF and (b) cogging torque.

Given the concentrated flux density in the air gap of the SIMPM, it is reasonable to
observe a higher amplitude in the back-EMF waveform. Furthermore, the cogging torque
curves, plotted for a 360 electrical degrees period in Figure 11b, reveal that the cogging
torque peaks for SIMPM are elevated. This is attributed to the higher flux leakage from the
air gap in this structure, as depicted in Figure 10.

4.2. Full Load

Figure 12 illustrates the magnetic flux density distributions of the presented SIMPM at
a rated current density of 6 A/mm2 and a speed of 900 rpm. Figure 13 displays the full-load
torque profiles. The proposed structures produced approximately 9% more average torque
compared to the IMPM. This is because of the flux concentration of the PMs and increased
effective harmonics. In other words, reluctance torque is negligible.

In terms of overload capability, both of the structures maintain their average torque
value difference while increasing the armature current (Figure 14a). Figure 14b also shows
that electromagnetic torque is the main source of produced torque for both of the structures.

Table 5 compares the SIMPM with conventional topologies. It can be seen that the effi-
ciency, torque density, and power factor of the proposed topology exceed others. The torque
density of the SIMPM is significantly higher than IMPM, which proves the efficient uti-
lization of the PMs in this structure. It is worth noting that, although this study has not
considered cost, to make a fair comparison between the previous motors we must imple-
ment the simulation using the same specifications, such as the outer diameter and stack
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length. Moreover, some conventional motors are simulated and optimized using the same
specifications and assumptions.
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Figure 12. Full-load flux density and flux lines: (a) SIMPM and (b) IMPM.
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Figure 13. Comparison of (a) torque profile and (b) torque profile FFT.

0 3 6 9 12
Q Axis Current (A)

0

0.4

0.8

1.2

1.6

2

T
o
rq

u
e 

(N
m

)

SIMPM IMPM

(a)

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

-1.2

-0.8

-0.4

0

0.4

0.8

1.2

T
o
rq

u
e 

(N
m

)

SIMPM IMPM

(b)

Figure 14. Comparison of (a) overload capability and (b) static torque profile.

To make a fair comparison between the proposed SIMPM and conventional IMPM
motors, both motors are simulated in the same main dimensions, such as the outer stator
diameter, stack length, and shaft radius. Other dimensions for both motors are optimized
to improve the average torque and torque ripple, and the motors’ dimensions are changed
during the optimization. Although some parts of the motor structure are narrowed, causing
an increased flux density in these parts, none of the motors are saturated globally. As Table 5
shows, the torque density and torque per PM volume increases by 8.2% and 3.2%, respec-
tively. Moreover, the core loss and efficiency are two parameters that can investigate the
motor’s global magnetic condition. Therefore, the slot PMs have not drastically increased
the core loss in the SIMPM.
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Table 5. Comparison between different stator-PM topologies (In DSPM [23], the material of the PMs
is NdFeB-30SH and the material of the core is Transil310-50. In PMaSRM [6], the material of the PMs
is NdFeB42 and the material of the core is M19-26G. The efficiency of DSPM [23] is calculated without
considering core loss).

Parameter DSPM [23] TBFSPM [20] HESSPM [24] PMaSRM [6] Sh-BFPM [25] SSPM [5] IMPM [21] SIMPM

Volume

Core volume (mL) 159 139 139 139 139 139 139 139

PM volume (mL) 7.7 8.6 5.5 2.2 11.7 6.2 12.0 12.6

Stack length (mm) 25 20 20 20 20 20 20 20

Loss
Copper loss (W) 20 3.8 15.8 15.1 5.8 9.3 6.0 6.7

Core loss (W) N.R. 0.9 1.0 16.0 2.2 10.7 3.6 3.7

Electromechanical
performance

Average torque (Nm) 0.98 0.77 0.69 0.67 1.0 1.18 1.09 1.18

Torque ripple (%) 23.5 17.5 15.7 119.2 17.8 7.0 5.0 6.4

Torque density (Nm/L) 6.16 5.54 4.96 4.82 7.19 8.49 7.85 8.49

Torque per PM
volume (Nm/L) 127.3 89.5 125.5 304.5 85.5 190.3 90.8 93.7

Ang. speed (rpm) 400 400 400 900 900 900 900 900

Electrical
performance

Power factor (%) 38.0 29.7 41.2 N.R. 58.1 17.2 53.4 55.6

Output power (W) 33.9 32.3 28.9 63.1 94.3 111.2 102.7 111.2

Efficiency (%) 67.3 87.3 63.2 67.0 92.2 84.8 91.4 91.4

Figure 15 also shows the efficiency maps of the two structures. SIMPM topology has
an increased torque-speed region compared to the conventional IMPM. On the other hand,
the high-efficiency region of IMPM is a little more extended than SIMPM. This resulted
from reduced core loss due to the absence of slot PMs.
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Figure 15. Efficiency map: (a) SIMPM and (b) IMPM.

The demagnetization state of the proposed SIMPM is analysed, as depicted in
Figure 16a. Notably, none of the PMs approach the demagnetization region of NdFeB-42. It
can be seen that both motors’ PMs are far from the irreversible demagnetization region [26].
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Figure 16. Demagnetization assessment: (a) SIMPM and (b) IMPM.
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Figure 17 summarizes the comparison between SIMPM and IMPM. This shows that,
due to the insertion of slot PMs, the torque per PM density has decreased for the SIMPM.
However, the torque density has increased by approximately 9%. The other difference lies
in the power factor in which the SIMPM takes the lead compared to the IMPM because of
higher back-EMF and lower magnetic reluctance.
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Figure 17. Exclusive comparison between SIMPM and IMPM.

4.3. Thermal

For both IMPM and SIMPM motors, thermal studies are conducted by Ansys Maxwell–
Icepack to validate the PM temperature. The natural convection defaults is set as the cooling
type. For both IMPM and SIMPM motors, the frequency is equal to 165 Hz. The magnetic
field sampling is equal to 20 times per electrical cycle. Therefore, the frequency of the
magnetic field measurement is equal to 3300 Hz. Also, the material’s thermal conductivity
and specific heat is listed in Table 6. Illustrated in Figure 18, the simulation depicts the
temperature distribution of SIMPM. Notably, all PMs maintain temperatures below 70 ◦C
(10 ◦C lower than the demagnetization temperature). It can be seen that there are lower
temperatures at the outer face of the magnets, where they come into contact with the
dissipator. Due to the axial airflow assumption, both motors have temperature variations
in the axial direction. It is worth noting that no forced cooling mechanism is used in the
simulation, but an axial natural airflow assumption is more like real conditions. Figure 19
demonstrates the thermal analysis results (TAR) at the same scale. In comparison to the
FSPM topologies, the temperature distribution of the SIMPM is notably more uniform,
fluctuating within ±1 ◦C. This uniformity stems from the distinctive structure where the
PM is not enveloped by the armature. This design choice therefore has the additional
advantage of enabling temperature regulation of the PM’s inner face through control of the
outer face temperature.

Table 6. The specific heat and thermal conductivity of motors’ materials.

Material Specific Heat (J/kg·◦C) Thermal Conductivity (W/(m·◦C))

Core M470-50A 1.24 29.2

PM NdFeB-N42 8.93 6.16

Winding Copper 116.5 400

Frame Aluminum 6.9 237.5
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Figure 18. Thermal analysis: (a) SIMPM’s stator, (b) SIMPM’s PMs, (c) SIMPM’s rotor, (d) SIMPM’s
coils, (e) IMPM’s stator, (f) IMPM’s PMs, (g) IMPM’s rotor, (h) IMPM’s coils.
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Figure 19. Thermal analysis results in a common scale for (a) IMPM motor and (b) SIMPM motor.
(c) IMPM and (d) SIMPM thermal analysis results with the same range.
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5. Conclusions

This paper introduced a new operational principle for biased-flux motors by intro-
ducing small circumferentially magnetised magnets into the stator slots. The resulting
magnetic field is asymmetric and concentrated in the air gap. The added magnets are
shielded from demagnetization and mitigate flux fluctuations induced by the armature
winding. Mathematical proof of the machine performance was presented, establishing that
the superposition principle is no longer a viable tool for analysing the impact of each set of
PMs in this configuration. A finite element analysis investigation of optimised topologies
suggests the proposed structure has a significant increase in torque density. Analytical
evidence supported the assertion that the DC offset resulting from asymmetric biased
point operation positively contributed to the average torque. The additional stator slot
magnets increased the simulated torque by nearly 20% and the torque density by 9% and
improved the power factor from 0.54 to 0.56 whilst reducing the torque ripple by 2%.
The efficiency was unaltered. Thermal analysis ensured that the SIMPM topology posed no
risk of demagnetizing the PMs, and the uniformity of PM temperature distribution was
identified as an additional advantage. Comparative assessments with other biased-flux
or stator-PM topologies underscored the SIMPM motor’s distinctive superiority in terms
of torque density and overall efficiency. This innovative motor configuration presents a
significant leap forward in the realm of biased-flux motors, offering a promising avenue for
enhanced performance.
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