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Abstract

Due to the widespread adoption of high-performance electric vehicles (EVs), Interior
Permanent Magnet (IPM) machines have achieved significant advancement in the field
of electric motors due to their high torque density and efficiency. However, research has
been ongoing for many decades to suppress the rare-earth permanent magnet (PM) usage
without sacrificing electromagnetic performance while still achieving the required torque,
power, and efficiency. In this regard, various EV manufacturers, such as Honda, Toyota,
Chevrolet, BMW, and Nissan, have developed different types of IPM topologies; however,
the rare-earth PM usage is extensively high, and the torque density is lower. Thus, to
reduce the PM consumption and improve the electromagnetic performance, especially
torque density, this paper proposes a novel segmented delta-shaped IPM (SA-IPM) with a
three-notched rotor pole shape having two different specifications and featuring embedded
circular flux barriers and an intermediate flux bridge. Secondly, torque performance is
analytically discussed, and electromagnetic performance has been evaluated using 2D finite
element analysis (FEA). Due to its unique design featuring improved magnetic field shifting,
an average torque of 393.7 Nm with torque ripples of 5.1% and a cogging torque of 0.57 Nm
has been achieved. Finally, an extensive comparative analysis of the aforementioned ten
state-of-the-art industry models has been conducted, which confirms the effectiveness of
the proposed design for high torque density with minimum PM usage.

Keywords: interior permanent magnet; IPM motor; magnetic field shifting; synchronous
machine; electric vehicles

1. Introduction

Electric vehicle (EV) and hybrid EV (HEV) technologies and applications have become
more accessible due to the rapid growth of electric machines and drive systems over the
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last few years [1]. The power densities for electric machine drive systems are now on par
with or even higher than those of current internal combustion engines (ICEs). A general
tree diagram of EV electric machine topologies is shown in Figure 1. Compared with other
machine types, permanent-magnet (PM) machines now have the highest power density
and efficiency. Based on where the PM is located within the machine, these machines
are divided into rotor- and stator-PM machines. Additionally, there are four different
types of rotor PM machines: surface-mounted, interior radial, surface-inset, and interior
circumferential. Numerous studies have been conducted on the functionality, design, and
control strategies of these machines [2-5].

Electric machines for electric vehicle
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Figure 1. Electric machines classifications for EV/HEV applications.

IPM machines with high efficiency, high power density, and a broad, constant-power-
speed range have been used in Toyota Prius and other HEV systems [6]. The structure and
control of IPM machines have been examined in [7]. Due to their high torque density, easy
heat dissipation, high robustness, and good resistance to centrifugal forces, stator-PM ma-
chines have rekindled interest. Stator PM machines, on the other hand, offer the benefits of
high robustness, efficient heat dissipation, high torque density, and strong durability against
centrifugal forces [8]. Flux-reversal PM (FRPM), doubly salient PM, and flux-switching PM
(FSPM) machines are the three main categories of stator-PM machines [8-10]. However, the
aforementioned cutting-edge electric machines are used only for research, whereas surface-
mounted PM (SPM), interior PM (IPM), and permanent magnet synchronous machines
(PMSMs) are extensively used in a variety of commercial automotive applications across
various industries.

EVs and HEVs have been extensively studied due to increased concerns about en-
ergy issues and environmental degradation [11]. The design of their motors, particularly
permanent-magnet motors, is a key innovation for EVs and HEVs. Due to their high torque
density, high power density, and high efficiency, PM brushless motors have received the
most attention among the numerous types of electric motors [12,13]. Due to their high
torque density, high efficiency, and extended speed range, which are enabled by both PM
and reluctance torque, interior permanent magnet (IPM) motors have attracted significant
attention in the global push for sustainable transportation solutions [14,15] and the rapid
development of electric vehicles [16].

Numerous rotor configurations of IPM machines are described in the literature, in-
cluding bar-shaped [15], V-shaped [15,17,18], delta-shaped [18], double-V-shaped [19], and
spoke-type [20] structures. The V-type IPM motor, which has been used in Prius models
from 2004 to 2010 [21,22], has a higher saliency ratio and smaller PM losses than the flat-type
motor, making it more suitable for high-speed applications. There have been numerous
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proposals to replace the V-type IPM motor. Due to its split-rotor structure, the spoke-type
PM motor has a high PM material utilisation ratio but poor mechanical robustness [23,24].

The ferrite PM-assisted synchronous reluctance motor has been considered a potential
replacement for the V-type IPM motor due to the high cost and erratic supply of rare-
earth PMs [25,26]. Additionally, multi-layer rotor topologies have received extensive
attention in research [27,28] and are frequently referred to as PM-aided synchronous
reluctance machines. Additionally, substantial research has been conducted on delta-type
IPM motors, in addition to V-type, double V-type, and spoke-type IPM motors [29]. The
overall performance of the delta-type IPM is remarkable in terms of power density and
torque ripple. Compared to a machine with a surface-mounted permanent magnet, the
IPM machine offers higher salient reluctance torque [28]. Additionally, the delta-type
IPMSG’s multi-layered permanent-magnet structure produces more reluctance torque than
a single-layered one [30,31].

To improve the torque profile, torque density, torque-to-magnet-weight ratio, power
density, and power-to-magnet-weight ratio, and to reduce the torque ripple of the bench-
mark IPMs, in this paper, a novel segmented delta-shaped IPM (SA-IPM) with a three-
notched rotor pole shape and circular flux barriers has been proposed, as shown in Figure 2.
Some of the main novelties from a design perspective are as follows:

Design of segmented delta-shaped PMs.

Integration of a three-notched rotor pole shape with two different notch specifications.
An intermediate flux bridge between the bar-type magnets.

Embedding of circular flux barriers within the rotor poles.

Improved magnetic field shifting due to segmented PMs.

Insertion of flux barriers between the PM segments.

Three notches rotor

=

Segmented Delta \ /

| ¥
0] Shape PMs ¢
(a) (b)

Figure 2. Proposed SA-IPM: (a) cross-sectional view and (b) 3D view of rotor.

The rest of the article is organised as follows: Section 2 discusses the design topol-
ogy and torque capability; the evaluation of electromagnetic performance is analysed
in Section 3; the performance comparison with state-of-the-art designs is presented in
Section 4; and finally, some conclusions are drawn in Section 5.

2. Design Topology and Torque Capability

A cross-sectional view of the rotor and stator of the proposed SA-IPM is shown in
Figure 2, with the design parameters illustrated in Figure 3 and listed in Table 1. The stator
is composed of 48 slots with an integral-slot distributed winding, whereas the rotor has
eight poles in the form of a segmented delta. It is clear that, in the PM arrangements, two
types of PMs are used. The first is V-shaped PMs, whereas the second is bar-type PMs in
the segmented form with a flux bridge between them. The reason for forming a segmented
delta with the combination of two types of PMs is to improve both the reluctance torque
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and the PM torque performance. This torque performance is explained using the d- and
g-axis coordinates and the vector diagram based on the PM flux and the stator current
defined by rotor saliency, as shown in Figure 4.

_D’ pm

Figure 3. Parameters of SA-IPM: (a) stator, (b) rotor, and (c) segmented magnet.

Table 1. Design parameters of the proposed SA-IPM.

Symbol Value (mm) Symbol Value (mm)
Rsin 75 Wsy 19
Rso 120 hs 45
Ror 74.3 hy 31.3
R; 43 W 2

Ls 120 Wy 4
hss 24 Wpm 2
Wso 0.81 hpm 10
Wet 6 ap 45°
Ypm 36.72° Wp1 3
Wy 11 W3 8
Wpy 5 Wys 3.68

Figure 4. Proposed SA-IPM: (a) d and g-axis coordinates, and (b) vector diagram.
The d- and g-axis flux linkages are written as [32]
¥y = Yra+ Laig @

¥y = ¥y + Lyig @)

where ¥y, and ¥y, are the synthetic PM fluxes at the d- and g-axis, respectively, and L; and
L4 are the parameters on the d-axis and the g-axis, respectively.
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Accordingly, the PM flux linkages are modified as:
For IPM
le = lf,pm — Ldissin/% (3)
¥y = Lgiscosp
For AIPM
¥q = ¥pmcosa — Lyissinf 4)

Yy = Ppmsina + Lqiscos,B

where i, is the stator current.

According to the principle of torque mechanism, the effective synthetic torque is
composed of two main components: reluctance torque that is produced as a result of rotor
saliency (L; — Ly) and PM torque which is generated as a result of PM flux linkage (¥ym)
interaction with the armature current (i;). This general torque is written as:

where 3
Ty = 7*7 (‘f’fdid i ‘quid> ©6)
3 ..
T, = ;(Ld — Lg)igig @)

where Ty, and T, are the PM torque and reluctance torque, respectively. These torque
components for IPM and AIPM machines are expressed as:

For IPM
Tym = 37’“1"p,,11'5cos(,8) 8)
_ 3 _ 2.
T, = 5F (Lg — Lg)iZsin(2B)

For AIPM
T, = 2 (L — Ly)2sin(2B)
Thus,
For IPM
T, = % [¥pmiscos(B) + 4 (Ls — Ly)Zsin(2B)] .
For AIPM

T. = 37]0 [Ypmiscos(ﬁ —a) +5(La— Lq)igsin(Zﬁ)}

where f is the advanced current angle and « is the shift angle.

The torque profile and torque components with this advanced current are shown
in Figure 5. It is evident that Tj, reaches its maximum value at advance angle of 20°
and T, reaches its maximum value at advance angles of 50° and 60° electrical degrees.
However, for conventional IPMs, Ty, reaches its maximum value at an advance angle of
0° and T, reaches its maximum value at an advance angle of 45°. Consequently, the angle
difference for conventional IPMs becomes AB = 45°, whereas for the proposed SA-IPM,
this difference becomes A = 50° — a. This shows that the maximum point of the PM and
reluctance torque components is shifted close to each other with a shift angle of & = 20°.
This analysis evidently shows that, despite the symmetrical design, due to the novel design
approach of using the segmented delta with flux bridge and circular flux barriers, magnetic
field shifting has been achieved in the PM torque component, thus improving the average
synthetic torque.
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Figure 5. Advance current angle—torque components characteristics.

3. Evaluation of Electromagnetic Performance

Finite element analysis (FEA)-based electromagnetic performance is investigated
under no-load and on-load conditions.

3.1. No-Load Characteristics

Under the no-load study, air-gap flux density, back-electromotive force (EMF) and
cogging torque have been investigated as shown in Figures 6-8.

Air-gap flux density describes how strong the magnetic field is in the air gap between
the rotors and the stator. Due to operational and design considerations, air-gap flux
density is not always a sine wave, resulting in harmonic components as clearly shown
in Figure 6. The no-load air-gap flux density illustrated in Figure 6 shows a symmetrical
waveform with notably minor distortion. The harmonic spectra confirm the existence of
distortion in the form of higher-order harmonic components with small magnitudes. These
extra frequencies are analysed via harmonic spectra, which highlight variations from the
fundamental component waveform. Furthermore, the magnetic flux lines, linkages and
flux distribution (as shown in Figure 6d,e) show that the design features of special flux
barriers, flux bridges, and notches reshape and direct the flux linkages with minimum
leakages and maximum linkages, which helps in improving torque components.

0.5
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Figure 6. Air-gap flux density: (a) waveform; (b) harmonic spectra; (c) fundamental component;
(d) flux lines and flux linkage; and (e) magnetic flux distribution.
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Figure 7. Back-EMF: (a) waveform and (b) harmonic spectra.
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Figure 8. Cogging torque: (a) waveform and (b) harmonic spectra.

Under the no-load condition, when the rotor rotates, a voltage is induced that is
opposed to the one being applied and is referred to as back-EMF. This self-induced voltage
results from the magnetic interaction between the magnetic fields of the stationary stator
and the revolving rotor. Back-EMF has a significant role in restricting current flow and
regulating motor speed. This back-EMF waveform and the harmonic spectra for the
proposed design are shown in Figure 7. The waveform consists of a basic frequency and
harmonics, which are analysed in terms of harmonic spectra. The harmonics are integer
multiples of the fundamental frequency, which is the same as the rotor’s rotational speed.

Under the no-load condition, the cogging torque waveform, peak-to-peak values, and
the harmonic spectra have been investigated as shown in Figure 8. This cogging torque
is generated when the rotor periodically encounters magnetic resistance because of the
interaction between the permanent magnets and the magnetic field of the stator, resulting
in fluctuations in instantaneous torque in the form of torque ripples. But the peak-to-peak
values obtained are 0.57 Nm, which is acceptable. Moreover, the harmonic spectra show
that the dominant cogging torque harmonic components are the 12th order harmonic,
whereas the 4th, 8th and 16th components demonstrate minor contributions.
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3.2. On-Load Characteristics

In on-load characteristics, the torque profile and torque ripples are investigated. In this
regard, the instantaneous torque is shown in Figure 9a. It is evident that the average torque
of 393.7 Nm is obtained with a torque ripple ratio of 5.1%. This low level of ripples confirms
safe operation in terms of the pulsation in the torque profile. Additionally, the impact
of armature reaction on the overload capability of the proposed design is investigated
by examining average torque production as a function of applied current, as shown in
Figure 9b. It is evident that the proposed SA-IPM design offers excellent overload capability
even under higher applied current and torque production. Consequently, the average
torque and torque ripple ratio under different applied currents and advance current angles
have been evaluated as shown in Figure 10. It can be clearly seen that with increasing
applied current, the average torque increases, whereas the torque ripple ratio first increases
and then decreases at the optimum operating advance current angle. It is evident that at
an advance angle of 50°, the torque ripple ratio reaches a minimum value of 5.1% and a
maximum torque of 393.7 Nm at 600 A. Finally, some additional characteristics such as
machine weight, output power, losses and efficiency are computed as listed in Table 2.

400pa"E0g0gR0EnEaERenErPBErE g PR nnEE08s
£ 300} 1
Q
5,200 ]
g Torque ripple = 5.1%
= 100 1
0

50 100 150 200 250 300 350
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Figure 9. Torque: (a) Instantaneous waveform and (b) torque vs. current.
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Figure 10. Effect of advance current angle on (a) average torque and (b) torque ripple ratio.
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Table 2. FEA-based predicted performance of the proposed SA-IPM.

Performance Value Unit
2D FEA 3D FEA

Average torque 393.7 391.4 Nm

Torque ripple ratio 51 5.4 Yo

Output power 103.073 102.416 kW

Machine weight 32.23 32.23 Kg

Copper losses 1.0789 1.365 kw

PM eddy current losses 1.795 1.859 \

Core losses 3.719 3.787 kW

Efficiency 93.98 93.59 %

3.3. High-Speed Operation

To elaborate on the mechanical robustness of the segmented delta design rotor under
various operating conditions, such as high-speed operation, structural analysis is executed
to examine mechanical stress on the various rotor sections of the proposed SA-IPM, es-
pecially the thin bridge, holes and segment areas, to investigate the von Mises stress due
to electromagnetic force, centrifugal force and attractive force as shown in Figure 11a. It
is important to note that the hole in the rotor inner section is already merged to reduce
rotor mass and overcome centrifugal forces. The different forces act in different directions.
Centrifugal forces act radially on the rotor; electromagnetic forces between the rotor and
stator, predominantly in the radial direction; and attraction forces between the permanent
magnet and the rotor. The attraction forces have opposite directions to the above two forces
due to the permanent magnets, which are vertical to the boundary of the magnets.

@ Electromagnetic forces
-

e

Mises Stress
Contour Plot : MPa

45.000
40.000
35.000
30.000
25,000
20.000
15.000

10.000
5.000
0.000

Maximum: 41,1229
Minimum: 0.0000

(b)

Figure 11. Distribution of (a) force on the rotor and (b) Mises stress @30,000 rpm.

Mechanical stress analysis of the rotor is conducted by applying actual conditions
and constraints in accordance with the material characteristics [33]. Since the rotor is
subjected to centrifugal forces, the mechanical stress condition of the rotor structure is
dominated by centrifugal force due to longitudinal rotor rotation. This centrifugal force is
strongly influenced by the rotor’s angular velocity; therefore, analysis is carried out under
various high-speed operating conditions to investigate the variation in principal stress
across rotor sections. Since von Mises stress on the rotor varies with operating condition,
i.e., rotating angular speed, the analysis is carried out from 0 to 30,000 rpm. Figure 11b
shows a nephogram of the von Mises stress distribution on the rotor at 30,000 rpm, whereas
its variation with operating speed is illustrated in Figure 12. Analysis reveals that with the
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change in rotating speed, the principal stress increases exponentially. Thus, it is concluded
that rotor structures can withstand higher von Mises stress levels, ensuring their safe
operation under high-speed operating conditions. Note that the smaller the principal stress,
the better the machine safety is.

45 T T T T T
40+ A

N N w w
o [&] o (8]
T T T T

\
\,
\
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N
1 1 1 1

Mises Stress (MPa)
o
\
X
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Speed (rpm) x10%

Figure 12. Variation in the von Mises stress with operating speed.

3.4. Thermal Analysis

IPM motors have been a research focus in the past decades due to growing interest
in high efficiency and power/torque density. However, under high loading conditions,
temperature rises due to heat generation by electromagnetic losses, i.e., core loss and eddy
current losses, which affect machine performance. Therefore, thermal analysis is required
at the design stage to ensure safe and reliable operation.

The proposed SA-IPM under rated condition has been investigated for temperature
distribution using the coupled electromagnetic—-thermal analysis [34-36]. Finite element
analysis-based thermal analysis for temperature distribution under rated operating con-
ditions is implemented as shown in Figure 13. The analysis shows that the maximum
temperature of 120 °C is reached at the stator teeth, rotor flux bridge, and flux barriers.
To ensure safe and reliable operation, class B and class F insulation is sufficient, and force
cooling can further improve performance and maintain a lower temperature distribution.

Temperature
Contour plot: deg C
130

120
110

100

Figure 13. Temperature distribution at the rated operating condition.
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4. Performance Comparison with State-of-the-Art Designs

In order to show the effectiveness of the proposed SA-IPM design over existing state-
of-the-art designs, a comparative analysis is conducted with Honda Accord 2005 (HA),
Honda Civic 2005 (HC), Toyota Prius 2010 (TP1), Toyota Prius 2018 (TP2), Chevrolet Volt
2016 (CV1 and CV2), BMW i3 2014 (BI), Nissan Leaf 2012 (NL), Renault Zoe 2014 (RZ)
and Tesla Model S (TS) as shown in Figure 14. The leading design parameters are listed in
Table 3, and the performance summary is illustrated in Table 4. An extensive performance
analysis is performed with key metrics such as PM weight, cogging torque, torque ripples,
torque density, and power density. A detailed quantitative performance analysis of the
proposed SA-IPM with the aforementioned state-of-the-art designs is discussed below.

-
et \ma L e .

(a) HA: Honda Accord 2005 (b) HC: Honda Civic 2005 (c) TP1: Toyota Prius 2010(d) TP2: Toyota Prius 2018(e) CV1: Chevrolet Volt 2016

J ty,
\E"'/((%/,z ,’// i, 'I
€

(f) CV2: Chevrolet Volt 2016 (g) Bl BMW i3 2014  (h) NL: Nissan Leaf 2012 (i) RZ: Renault Zoe 2014  (j) TS: Tesla Model S

Figure 14. State-of-the-art industry models: (a) HA, (b) HC, (c¢) TP1, (d) TP2, (e) CV1, (f) CV2, (g) BL,
(h) NL, (i) RZ, and (j) TS [33].

Table 3. Design specifications of the proposed SA-IPM and state-of-the-art designs [33].

Specification HA HC TP1 TP2 Ccvil Ccv2 BI NL RZ TS Proposed
Topology SPM SPM IPM IPM IPM PMSM PMSM IPM FW M IPM
Winding type C-DL C-DL D-SL D-SL D-SL D-SL D-SL D-SL D-SL D-DL D-SL
Coil per phase 8 8 8 8 12 12 12 8 8 12 9
Peak phase current 225 250 235 700 325 325 400 480 480 900 600
Stator slots 24 24 48 48 72 72 72 48 48 60 48
Rotor pole pairs 8 8 8 8 12 12 6 4 8 4 8
(Srtrf‘rtn")r outer diameter 335 265 264 214 340 340 242 19812 250 254 240
Axial length (mm) 40 40 50.8 60 51.5 315 132 151.16 155 152 120
PM weight (kg) 0.79 0.79 1.39 0.66 42 0.9 2 1.7 - - 0.57
Total motor weight (kg) 22.86 18.22 19.08 159 30.15 19.6 42 33.1 48.6 60.3 32.23

C-DL: Concentrated double layer, D-SL: Distributed single layer, PMSM: Permanent magnet synchronous machine,
IM: Induction machine.

e  Comparison of the proposed SA-IPM with HA shows a 27.84% reduction in PM
weight and 2.33- and 2.71-fold increases in torque and power density, respectively.
Furthermore, torque ripples are suppressed by 72.38%, and cogging torque is reduced
by 94.80%.

e Quantitative study of the proposed SA-IPM compared with HC shows a 27.84%
reduction in PM weight and enhanced torque and power density by 1.81- and 1.88-fold,
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respectively. Additionally, cogging torque is reduced by 93.64% at the cost of a 45.29%
increase in torque ripples.

Comparative study of the proposed SA-IPM with TP1 shows a 58.99% reduction in PM
weight, whereas torque density is improved by 2.62% at the cost of a 20.64% reduction
in power density. In addition, cogging torque is reduced by 43.45%, and torque ripples
are suppressed by 47.9%.

Comparative analysis of the proposed SA-IPM with TP2 shows a 13.63% reduction
in PM weight, 7.45% reduction in cogging torque and 83.65% suppression in torque
ripples. Consequently, torque density improves by 2.62%, while power density reduces
by 25.62%.

Analysis of the proposed SA-IPM with CV1 exhibits an 86.42% reduction in PM weight
and an 82.93% reduction in cogging torque, along with a 92.45% increase in torque
ripples. Moreover, torque density increases by 18.9%, while power density decreases
by 3.3%.

Comparison with CV2 demonstrates a reduction of the PM weight by 36.6% and an
enhancement of torque density by 84.19%, whereas power density reduces by 18%.
In addition, cogging torque is reduced by 26.6%, and torque ripples are reduced
by 82.27%.

Quantitative comparison of the proposed SA-IPM with BI shows a 71.5% reduction in
PM weight and enhanced torque and power density by 83.91% and 23%, respectively.
Furthermore, cogging torque is reduced by 78.07%, and torque ripples are reduced
by 79.6%.

Comparative analysis of the proposed SA-IPM with NL shows a 66.47% reduction in
PM weight and an 82.93% decrease in cogging torque, and torque ripples are reduced
by 96.96% and 53.21%, respectively. Additionally, torque density improves by 28.54%
at the expense of a 31.22% reduction in power density.

Finally, a comparison of the proposed SA-IPM with RZ and TS was conducted. Since
RZ and TS adopt traditional wound-field design, comparisons of PM usage are ex-
cluded. It is important to note that RZ uses a DC rotor (wound-field, WF), while TS
adopts an induction machine. Based on the available performance data, it is evident
that the proposed SA-IPM offers 96.47% lower cogging torque and 81.13% lower torque
ripple than RZ, and 43.27% lower torque ripple than the TS design. Moreover, torque
and power density are 75.20% and 72.86% higher than the RZ model, respectively. Ad-
ditionally, compared with the TS model, a 2.23 increase in torque density is achieved
at the cost of a 22% reduction in power density.

Table 4. Performance comparison of the proposed SA-IPM with state-of-the-art designs [33].

Performance HA HC TP1 TP2 CVl CV2 BI NL RZ TS Proposed
Cogging torque (pk-pk) (Nm) 1097 897 1.31 0.53 3.34 0.45 2.6 18.8 16.19 - 0.57
Torque ripples at peak current 18.47  3.51 9.79 31.2 2.65  28.78 25 109 27.03 8.99 5.1

Average torque at peak current

1195 1228 2279 191 309.8 130.1 300 3147 339 330 393.709

Torque density (Nm/kg) 522 6.73 11.9 12 10.27  6.63 6.64 9.5 6.97 547 12.212
Torque per PM weight (Nm/kg) 1512 1554 1639 289 7376 1182 9375 185 - - 683.64
Maximum output power (kW) 27.2 31 77 684 1004 782 121 154 90.2 250 103.073
Power density (kW /kg) 1.18 1.7 4.03 43 3.3 3.9 2.6 4.65 1.85 4.1 3.198

PM weight (kW /kg) 344 39.2 5539 1036 239 86.8 37.8 90.5 - - 178.977
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Thus, based on the detailed summarised performance and comparative investigations,
it is evident that the proposed SA-IPM offers better performance than most state-of-the-art
alternatives, not only in terms of PM usage and torque density but also in terms of other
electromagnetic performance metrics listed in Table 4. However, a potential trade-off is
lower power density compared to some reported models.

5. Conclusions

In this paper, a novel SA-IPM with a three-notched rotor pole shape and circular flux
barriers has been proposed. Torque performance is analytically discussed, and 2D FEA is
used to evaluate the extensive electromagnetic performance. The analysis shows that due
to the unique design featuring an intermediate flux bridge and circular flux barriers, an
average torque of 393.7 Nm with torque ripples of 5.1% and a cogging torque of 0.57 Nm
has been achieved. Additionally, an extensive comparative analysis with various state-
of-the-art designs has been conducted, which confirms the effectiveness of the proposed
design for high torque density. Thus, the analysis concludes that the proposed SA-IPM can
be the best-suited design for high-performance EV applications.

The results demonstrate substantial minimisation of rare-earth PM usage, with re-
ductions of up to 86.42% compared to existing designs, while still achieving significant
improvements in torque density and acceptable overall performance across key metrics.
These findings confirm that the proposed SA-IPM machine successfully realises the research
goal by delivering a high-performance EV drive solution with markedly reduced reliance
on rare-earth materials.
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Abbreviations

The following abbreviations are used in this manuscript:

EV Electric Vehicles

rM Interior Permanent Magnet
PM Permanent Magnet

FEA Finite Element Analysis

SA-IPM  Segmented delta-shaped IPM

HEVs Hybrid EVs

ICE Internal Combustion Engines

FSPM Flux Switching Permanent Magnet

FRPM Flux Reversal Permanent Magnet

SPM Surface-mounted Permanent Magnet
PMSM  Permanent Magnet Synchronous Machines
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