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ABSTRACT This paper proposes a design of an asymmetric spoke and delta-shape interior permanent
magnet (AIPM-P) synchronous machine for electric vehicles that use the magnetic-field-shifting (MFS)
technique to improve the average torque and reduce torque ripples. The asymmetry of the AIPM-P is due
to the asymmetric rotor structure, asymmetric permanent magnet (PM) placement, and asymmetric flux
barriers (AFB). Due to this asymmetry, the MFS is utilized, which decreases the current angle difference
between the peak PM torque (TPM ) and reluctance torque (Tr ) components. In the delta-shape, the bar
magnet helps reduce the d-axis inductance, which helps in increasing the reluctance torque, ultimately
increasing synthetic torque. Furthermore, the combination of delta-shape and spoke shape PM makes the
novel hybrid layer structure that improves the average torque. The proposed AIPM-P is then compared
with the conventional designs in the literature having the same stator and rotor radius, with a 4-pole and
24-slot combination. The open circuit, on-load characteristics, efficiency, copper, and iron loss maps of the
proposed and conventional designs are investigated and compared. Compared to the conventional designs,
the proposed AIPM-P synchronous machine has high efficiency and a good torque profile, which is suitable
for EV applications.

INDEX TERMS Asymmetric rotor, asymmetric interior PM cavity, delta and spoke type PM, magnetic-
field-shifting.

I. INTRODUCTION
Permanent magnet (PM) machines are primarily used in
industrial and electric vehicle (EV) applications because they
have high power density, torque density, efficiency, power
factor, and constant power speed range (CPSR) [1]. Due to
these advantages, it is more applicable for EVs and environ-
mentally friendly. In PM machines, different PM types are
used for the performance criteria, such as a rare-earth magnet
(NdFeB) and a ferrite magnet [2]. The more suitable interest
for these types of machines has a rare-earth magnet that has
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a good flux linkage power [3]. Nowadays, researchers are
also involved in employing inexpensive PM materials like
ferrite and Al-Ni-Co in multilayer IPM machines to reduce
the need for rare-earth materials, but the structure of the
machine becomes complex due to the multilayer. For appli-
cations requiring high torque density, a synchronous motor
with ferrite magnets is recommended in [4].

According to the PM placement, the PMs machine’s rotor
is divided into two categories, surface mounted permanent
magnet (SPM) and interior permanent magnet (IPM) motor
rotors [4]. In SPM, the PMs are attached to the outer side
of the rotor while in IPM, the PMs are buried inside the
rotor. SPM motors’ mechanical strength is lower than that
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TABLE 1. Structure wise differences in the topologies presented in literature.

of an IPM motor since the magnets are fixed to the rotor
surface’s outside. IPM motors are adaptable to different EVs
because of their magnetic saliency, allowing them to create
torque by using both the motor’s magnetic and reluctance
torque components. In accordance with all research, the IPM
motors have become popular driving motors for EVs such
as the Lucid, Rimac Nevera, Camry, leaf, Honda accord,
GM ChevyBolt, Mitsubishi outlander, Renault Zoe, Audi e-
Tron, Porsche Taycan, Tesla model, Toyota Prius, etc. [5], [6],
[7], [8], [9], [10], [11].

Many IPM rotor structures have been reported in the liter-
ature [12], [13] and used in industry because the performance
of IPM machines greatly depends on the rotor topologies,
which are characterized by the PM placement and rotor core
geometry, including the design of the PM placement cav-
ity, iron bridges, and barriers. The most often used topolo-
gies include one and one-half-layers configurations, such as
spoke-PMs,V- and flattened form IPMs, and assorted double-
layers delta designs because of their superior performance
and simplicity in manufacturing. These topologies, together
with aU-type structure, are intended for use in electric vehicle
applications, and the electromagnetic performances of these
topologies are compared. However, these topologies are com-
plex designs based on manufacturing when a detailed perfor-
mance is investigated [1]. At the same time, [12] reports a
comparison of theV-type, U-type, flattened form, and double-
layer V and U-type topologies, both comparisons show that
the machines with a V-shape design may provide the highest
torque density, but the contribution of torque ripples is not
considered. The Y-shaped rotor topology for IPM machines
is presented in [13], using a 12-slot/10-pole combination
and three-phase concentrated winding. The Y-shaped IPM
machines have the maximum torque density and lower torque
ripples compared to V-shaped and spoke-type machines, but
the air gap harmonics occur due to the concentrated winding.

For innovative IPM rotor topologies, increasing torque
density without the utilization of high PM volume is still
desirable for enhancing machine efficiency. To do this,
hybrid rotor designs have received extensive research for
enhancing reluctance torque owing to high saliency. Authors
in [14] compare IPM machines with different layers of PMs,
which enhance the average torque, but multi-layer PM rotor
topologies make optimization design challenging and provide

difficulties for PM manufacturing. A spoke-type PM, which
has 12-slot and 10-pole, and detachable rotor laminae, are
used in the study [15] to propose an IPMmachine with a high-
power density. Several IPM rotor topologies are documented
in the literature, including bar, V-shape, delta, and double
V-shape PM placement in the rotor [16] and [17], as well
as hybrid or multi-layer designs [14], and the spoke-PM
placement topologies [18], [19]. Out of these concepts, the
spoke-shape IPM motors are attractive options for certain
applications because of their simple rotor structure of a piece
of PM, which is placed to concentrate each pole-potential
flux, low cost, and simplicity of quick manufacturing with
automated PM assembly [19] through [20]. Although the
reduction of torque ripples occurs due to the spoke PMs, but
the torque density is also reduced. Optimization of geometry
parameters also plays an important role in improving the per-
formance of machine. Several multi-objective optimization
technique were proposed in literature for the said purpure.
In [28], a system-level design optimization method based on
the actual operating environment is proposed. In [29] and [30]
multi-objective optimization based on sequential subspace
optimization and sequential Taguchi method was proposed,
respectively. These researches mainly focus on the compre-
hensive optimization of motor efficiency and electromagnetic
performance by using different multi-objective optimization
methods.

The current generation of IPM machines features sym-
metrical rotor constructions with current angles generally
45 electrical degrees (ED) for the maximum PM and reluc-
tance torque components, which reduces the utilization ratios
of both portions in the maximum resultant torque. Utiliz-
ing the MFS effect, a unique asymmetric rotor construction
closely changes the peak points of the PM and reluctance
torque components, increasing the torque while utilizing the
same volume of PM [21]. In [22], different design struc-
tures are explained, which are symmetric and asymmetric to
rotor core structure and PMs cavity configurations. In these
designs, the asymmetric design torque profile is better than
the symmetrical one. Mainly there are four categorization
methods of AIPM machine topologies explained. IPM with a
V-type magnet configuration [23] introduces an asymmetric
flux barrier (AFB) that increases the average torque. A mix
of V-type magnet configuration and spoke-type PMs with
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AFB are introduced for torque enhancement. This clearly
shows the average torque increase using the magnetic field
shifting effect phenomenon [24]. Some other relevant studies
are reported in [25]. The relevant literature is summarized in
Table 1, which presents the structure wise differences in the
topologies mentioned in this paper.

To overcome the aforementioned flaws in a different state
of the art, this paper proposes an asymmetric delta-shape and
spoke-shape permanent magnet synchronous machine which
has the asymmetric rotor and PM structures with AFB that
enhance the torque and decrease the torque ripples. The delta-
shape PMs contribute to enhancing the torque, and spoke-
type reduces torque ripples. This paper has the following
sections: Section II explains the proposed design of AIPM-P,
AIPM-I, and AIPM-II, shown in Fig. 1, the concept of MFS
techniques and parametric optimization. Section III compares
the three designs’ electromagnetic (EM) performance, power
vs. speed, and torque vs. speed characteristics and the com-
parison of the efficiency mapping. At last, Section IV is the
conclusion of this paper.

II. MACHINE DESIGNS
A. DIFFERENT MACHINE DESIGNS
The proposed design of asymmetric spoke and mixed delta-
shape PM cavities with additional asymmetric flux barriers
is illustrated in Fig. 1a. The two AFB are attached to the
right sides of delta-shape PMs and at the left sides of spoke-
type PMs, close to the rotor surface on each pole side, which
is compared with conventional (AIPM-I) asymmetric rotor
topology with a one and one-half layer combined spoke-PM
and V-shape structure is shown in Fig. 1b. The angle changes
between the axis of the delta and spoke PMs cavities, as well
as the location and size of the AFB, highlight the asymme-
try of the two structures. These features lead to an uneven
distribution in the cavity design and PM configuration of the
AIPM, which produces the MFS effect for torque enhance-
ment. Also, another structure (AIPM-II) for the benchmark is
illustrated in Fig. 1c, which has a hybrid layer asymmetric PM
configuration in an asymmetric rotor structure. So this design
also uses the magnetic field shifting technique to improve
torque. As with AIPM-P, AIPM-I, and AIPM-II, all three
designs use the same rotor and stator diameter. The stator
has identical 24-slot and 4-pole distributed windings for all
presented designs, depicted in Fig. 1d. The magnetization
pattern of all the PM is given in Fig. 1.
Fig. 2 indicates the rotor geometrical model for the pro-

posed AIPM-P. The AIPM-P q-axis stays at a 90◦ angle from
the d-axis, whereas the d-axis is situated at the middle axis
among neighbouring spoke-shape PMs. The electrical angle
among the central axis of the spoke-PMs and delta-shape PMs
distinguishes the location of the delta-shape PMs structure
called θds in four poles, which shows the asymmetry of the
delta-shape PMs configuration. βds is the asymmetry factor
for the delta-shape PMs in AIPM-P, which is given below:

βds =
4pθds
360

(1)

FIGURE 1. Different designs (a) AIPM-P (b) Benchmark AIPM-I (c) Hybrid
layer AIPM-II, (d) 24-slot stator.

FIGURE 2. Geometrical model of the proposed AIPM-P design and certain
key design parameters.

The flux barrier widths wb1 and wb2 represent the delta-
shape barriers, while the hb2 is the thickness of the delta-
shape barriers, which are connected to the delta-shape PMs
structures, hb1 is the thickness of the spoke barriers which
control the leakage flux of the proposed model, also different
layers of the PMs used in the proposed model just like the
upper magnet of the delta-shape which has a flux barrier
for enhancing the average torque. Concerning the conven-
tional design AIPM-I, the proposed design has 2-layers of
the proposed AIPM-P. The proposed AIPM-P uses the same
volume of PMs as AIPM-I and AIPM-II with an asymmetric
rotor construction to take advantage of the MFS effect and
improve average torque. In addition, the proposed AIPM-P
and AIPM-I only require four and three pieces of PMs
respectively, thus there is not a significant increase in prices
or difficulties in manufacturing. Some other dimensions are
bod1, bod2, bos, and bis, which show the thickness of the
iron bridges connected with the delta-shape PMs, spoke-type
PMs, and flux barriers, respectively, wpm1 and wpm2 are the
widths of the spoke and delta-shape PMs. There are some
other parameters which are θap, θb3 also affect the torque
components, θb3 is the barrier angle of the upper magnet
of the delta which reduces the leakage flux. θap for the
proposed design AIPM-P is 124◦, while 87◦ for the con-
ventional design AIPM-I dramatically enhances the average
torque.
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FIGURE 3. AIPM d-axis and q-axis phasor diagram.

FIGURE 4. Torque segregation of AIPM.

B. CONCEPT OF MFS TECHNIQUE FOR
TORQUE ENHANCEMENT
The enhancement of average torque is due to the utilization
of the MFS effect phenomenon. To explain the MFS phe-
nomenon take a basic analytical model for a general AIPM
machine without considering the magnetic saturation and
cross-magnetization. Fig. 3 shows the different terms used for
PMs flux linkages, stator current, and flux linkages. In this
vector diagram, the id and iq are the d-axis, q-axis and the
stator phasor current. While 9d and 9q are the q-axis and
d-axis flux linkages which are shown in Eq. (3), (4), 9pm,
9pmd and 9pmq are the PMs flux linkages and its d-axis
and q-axes components. While αs is the asymmetric angle
of the AIPM machine and β is the current angle shown
in Eq. (2).

β = tan−1
(
id
iq

)
(2)

9d = 9pmd − Ld id = 9pmcosαs − Ld issinβ (3)
9q = 9pmq + Lqiq = 9pmsinαs − Lqiscosβ (4)

The general equation of the torque for the IPM machine is
given in Eq. (5).

Te =
m
2
p(9d id + 9qiq)

=
3
2
p9pmiscos(β − αs) +

3
2
p(Lq − Ld )i2s sin2β (5)

TABLE 2. Main design parameter of all three topologies.

FIGURE 5. Comparison of flux lines distribution at no-load of the three
designs (a) AIPM-I, (b) AIPM-II, (c) AIPM-P.

where Te is the total torque, m = 3 is the phase number, and
p is the number of poles for general IPM.

Tm =
3
2
p9pmiscos(β − αs) (6)

Tr =
3
2
p(Lq − Ld )i2s sin2β (7)

Te = Tm + Tr (8)
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FIGURE 6. Comparison of no-load coil flux linkages and air gap flux
densities (a) Coil flux-linkage waveform (b) Spectra (c) Air gap
flux-densities waveform (d) Harmonic spectra.

Eq. (8) shows the equivalent torque (Te) which is the sum of
reluctance torque (Tr ) and PM torque (TPM ). The TPM torque
is produced from the PM flux interaction with an armature

FIGURE 7. No-load Phase-A back-EMFs comparison. (a) Waveforms,
(b) Spectra.

TABLE 3. Comparison of the proposed design with conventional designs.

rotating magnetic field, and the Tr is due to the rotor saliency.

1βAIPM =
π

4
− αs (9)

Theoretically, the advanced current angle difference
(1βAIPM = 45−αs) of IPMmachines is normally 45 electri-
cal degrees (ED) because αs for IPM machine is zero while
the current angle difference of AIPM between the Tr and
TPM becomes closer together due to the MFS effect with
the positive value of αs which is the asymmetry factor of
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FIGURE 8. Cogging torque. (a) Wave shape, (b) harmonic spectra.

FIGURE 9. Torques versus current angles of all the presented topologies
at 1500 rpm and Imax = 10A.

the AIPM synchronous machine shown in Eq. (9). In this
way, when the current angle difference decreases, the average
torque of the AIPM increases due to the peak point of PM
torques, and reluctance torques are shifted to be closer as
shown in Fig. 4.

C. PARAMETRIC OPTIMIZATION
Additionally, the parametric optimization procedure is used
to refine the angle between V-shape PMs (θap), the position
of bar magnet and the position of asymmetric flux barrier

FIGURE 10. Instantaneous torque curve at 1500 rpm at a current of 10A.

FIGURE 11. Torques vs current (A) waveform comparison at 1500 rpm.

parameters with its main objective being to maximize the
average torque. Table 2 provides a summary of the essential
design parameters for the three topologies ultimate optimum
designs, and Fig. 5 shows the distributions of the open-circuit
field and flux lines for the best structures. It illustrates how the
right of the delta-shaped cavity in the regular AIPM-P opti-
mum solution is connected to the flux barrier, while the left
side of the barrier cavity is shifted to be nearer to the spoke-
shaped PMs. Both characteristics are in line with the findings
of the parametric analysis. In section III, the EM of all three
topologies AIPM-P, AIPM-I, and AIPM-II to conduct a more
in-depth analysis are compared.

III. COMPARISON OF ELECTROMAGNETIC
PERFORMANCES
A. NO-LOAD ANALYSIS
Fig. 6 shows the comparison of no-load coil flux link-
ages wave shape and harmonic spectra of the three designs.
Besides the open circuit air gap flux density wave shape,
spectra, and essential components of the three asymmetrical
machines, the air gap flux density of the presented designs
are almost the same, although the AIPM-P, AIPM-I, and
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FIGURE 12. Display of load magnetic flux density and flux line linkages
(a) AIPM-I, (b) AIPM-II, (c) AIPM-P.

AIPM-II have relatively the same results of harmonic distor-
tion because the higher value of the air gap flux density of
the AIPM illustrates the MFS effect at the no-load condition.
While Fig. 7 shows the comparison of no-load back elec-
tromotive force (EMF) waveforms and spectra of Phase-A
windings in three asymmetrical designs. The difference in the
back-EMF of the proposed AIPM-P, AIPM-I, and AIPM-II is
less compared to its effect, but the proposed model has a more
significant EMF than the other two conventional designs. The
overall harmonic distortion of the back-EMF is without the
third harmonic distortion, which is negligible in Y-connection
windings in three topologies. Fig. 8a compares the cogging
torque waveform of the three designs, showing that the pro-
posed design has lower cogging torque than the other two
asymmetrical topologies. The spectra of the cogging torque
presented in Fig. 8b also reveal that the 12th harmonic is the
dominant harmonic in all three asymmetrical.

B. LOAD ANALYSIS
The comparison of the EM performances of the three topolo-
gies is given in Table 3, and the torque-current angle of the
presented topologies at the current of 10A and 1500 rpm is
shown in Fig. 9. The proposed design of asymmetric spoke-
type and mixed-delta shape achieves higher torque than the
other two asymmetrical machine topologies AIPM-I and
AIPM-II, due to the upper flat shape PM flux linkages of the

FIGURE 13. Comparison of constant power speed range characteristics at
Vdc 120V, current amplitude 10A, (a) Torque vs Speed waveform,
(b) Power vs Speed waveform.

delta is higher than the V-shape PMs because of the decreases
in d-axis inductance.

Additionally, it can be shown that when compared with the
asymmetrical topologies AIPM-I and AIPM-II, the AIPM-P
achieves the maximum average torque, which is 6.78 Nm at a
little greater phase angle. Besides, the torque of the AIPM-
P hits ‘0’ at the current angle of roughly 95 ED, whereas
the average torques of the two asymmetrical topologies do so
at 90 ED, which suggests that the MFS effect has an impact
on torque performance, which always shows that this effect
enhances the average torque of the AIPM-P machine.

Thus, it is shown that the hybrid layer structure and mag-
netic field shifting effect both contribute to improving the
average torque of AIPM-P over the spoke and mixed V-shape
AIPM-I, and these features can show effectively increase the
average torque of the proposed topology, which are inves-
tigated by finite element analysis. Additionally, it is proven
that the proposed AIPM-P PMs structure demonstrates MFS
effects that are comparable to those of traditional multi-
layer structures, particularly concerning the improvement of
average torque. In summary, the proposed AIPM-P architec-
ture is a strong contender for IPM machines for applications
requiring large torque densities.
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FIGURE 14. Efficiency and losses comparison at a rated current 10A, 120V Udc . (a) AIPM-P, (b) AIPM-I, and (c) AIPM-II.

Three alternative topologies of instantaneous torque wave-
forms under maximum torque conditions are compared in
Fig. 10, in which the instantaneous torque of the proposed
design AIPM-P is higher than the conventional designs.

The torque ripples of the AIPM-P are less compared to the
AIPM-I and AIPM-II which is advantageous for the proposed
AIPM-P. In order to get the torque ripple factors, the peak-to-
peak torque fluctuation amplitudes are divided by the mean
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TABLE 4. Losses comparison of the proposed design with conventional
designs.

torque value. The average torques of the presented topologies
are compared in Fig. 11 across a broad range of current ampli-
tudes up to 100A, confirming that the AIPM consistently
has the higher torque, proceeded by AIPM-I and AIPM-II,
regardless of the load level (light, rated, or overloaded).
Fig. 12 shows the comparison of the loaded magnetic flux
density and flux distribution of the presented topologies.

C. CONSTANT POWER SPEED RANGE (CPSR)
The CPSR performance of machines is crucial for variable-
speed applications with a broad speed range. The torque ver-
sus speed and power versus speed wave shape of the proposed
and the two conventional machines are generated using the
method presented in [8] and [9] at rated current (Imax = 10A),
DC voltage (120 V), and the maximum speed given to the
motor is 6000 rpm. Fig. 13 shows the comparison of the CSPR
performances of different topologies.

As shown, all three topologies are capable of operating at
high speeds, but the proposed AIPM-P design has a supe-
rior CPSR performance due to the enhancement of aver-
age torque. The proposed AIPM-P topology exhibit good
CPSR performances throughout a large speed range, however,
when operating speeds are increased, the considerable torque
improvement in the persistent torque zone rapidly decreases
in the persistent power zone.

D. COMPARISON OF EFFICIENCY AND LOSSES MAPS
The efficiency and losses (copper and iron losses) maps of
the three models at a rated current (Imax = 10A) and DC
voltage (120 V) are compared, shown in Fig. 14 and tabulated
in Table 4. The efficiency of the proposed design AIPM-P
is higher than the other two conventional designs at low-
speed (1500 rpm) and high-speed (>1500 rpm) regions. The
proposed design AIPM-P has 95.41% efficiency, which is
greater than the efficiency (94%) of the conventional AIPM-I
and AIPM-II.

The copper and iron losses of the three designs are shown
in Fig. 14. The copper losses at high torque conditions are
greater than the lower torque conditions, while the iron losses
at high torque conditions are lower than the high torque con-
ditions because the copper losses depend on the stator current
while the iron losses depend on the speed of themotor. Fig. 14
clearly shows that the iron losses at low speeds are lower
than the high speed of the three designs, also the proposed
design AIPM-P has lower iron losses than the conventional
designs. The copper losses of the proposed model and the

conventional designs AIPM-I and AIPM-II at high torque
conditions.

IV. CONCLUSION
A novel AIPM-P synchronous machine for electric vehi-
cles was proposed and analyzed. In the proposed AIPM-P,
the conventional V-shape PM design is replaced with delta-
shape magnets while keeping the same volume of PMs. The
magnetic-field-shifting effect helped get the peak point of
TPM and Tr components closer, and the current advancing
angle difference decreased; thus, the total average torque
increased. The key electromagnetic performances of the pro-
posed and the conventional machines were investigated by
using the finite element method and compared. Finally, com-
paring the efficiency maps and losses analysis of all three
designs, the proposed design clearly shows better efficiency
of 95.41% while the conventional designs have 94%.
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