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1 | INTRODUCTION

Abstract

The motive of this study is to analyse the characteristics of a novel dual-stator embedded-
pole six-phase permanent magnet synchronous motor for the application of electric
vehicles. A comparative analysis of two separate motor topologies, namely, dual stator
embedded-pole six-phase permanent magnet synchronous motor and single stator single
rotor surface-mounted permanent magnet synchronous motor, is accomplished to illus-
trate the performance superiority of the proposed motor. Furthermore, for optimal
designing of the proposed motor, a design methodology has also been presented. For the
above application, the motor should retain high torque density (HTD) and high reliability.
In this regard, a novel H-Shaped flux barrier is introduced in the rotor portion, which
fulfils the requirement of HTD. Moreover, the availability of two sets of the stator
winding enhances the performance efficiency and ensutes the proposed motot's more
significant fault-tolerating ability of the motor. For performance evaluation, the Finite
Element Method analysis is chosen, as it gives appropriate and precise results. From the
above analysis, it is concluded that the HTD and the proposed motot's dynamic pet-
formance are better than the above-mentioned conventional motor.

KEYWORDS
dual stator, electric vehicle, embedded-pole, FEM, H-shaped flux bartier, multi-phase, PMSM

alternative fuels. As a result, several manufacturing companies
have started producing Electric or Hybrid-Electric Vehicles

India is highly dependent on the import of crude oil. In the
past decade, it has imported around 80% of total oil con-
sumption [1]. The majority of this oil is used in the form of
gasoline, diesel etc. in automobile applications only. Due to this
high dependency on crude oil, the automotive industries are
intended to adapt to the latest technologies which use

instead of Fuelled vehicles.

These Electric Vehicles are generally the only vehicles to
adequately meet the growing demand for gasoline shortly [2—4].
These vehicles are fuelled with electricity, thus minimising the
use of oils and emission of greenhouse gases, noise, and pol-
lutants, compared to conventional vehicles [5-7]. Several
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motors can be employed in Electric Vehicles such as Induction
motors, Brushless DC motors (BLDC), Brushed DC motors,
and permanent magnet synchronous motors (PMSM) [8-11].
Brushed DC motors are capable of producing high torque, but
the brushes lead to wear and tear of the commutator, thereby
limiting the overall motor rpm. In its compatison, DC brushless
motors have higher performance and lower maintenance. Due
to high performance and good speed control, three-phase in-
duction motors are also commonly used in electric vehicles. But
amongst them, the PMSMs are getting much more popular, as it
does not wish for any external excitation to make the rotor in
motion, unlike the other DC and induction motors. Also, it has
a very high durability, compact construction and is capable of
generating high power density too [12—16]. Other than these,
the PMSM has advantages such as less maintenance cost,
absence of additional noise, HTD etc. [17-19]. Owing to these
benefits, some of the prominent car manufacturers such as
Toyota, Nissan, Mitsubishi etc. are actively using PMSM to
produce EVs [20]. In PMSM, the arrangement of magnets in the
rotor has a vital role in boosting the overall efficiency of the
system. It may be surface-mounted magnets, where the magnets
are simply fixed at the rotor surface [21, 22] or embedded-pole,
where the magnets are buried inside the rotor [23, 24]. The
surface-mounted machines provide high power density and are
more cost-effective than the embedded pole machines [25, 20].
But in terms of reliability, the embedded pole machines are
much better than the surface-mounted ones. For high-speed
applications, the embedded pole magnets are preferred, due
to their magnet orientation [27, 28]. Moreover, it is pointed out
that the concept of the embedded pole magnet has been utilised
in many permanent magnet synchronous machines to enhance
vatious performance parameters. In Ref. [29], tooth-coil
winding PM synchronous machines (TCW PMSM) with
embedded pole magnets are used up for torque ripple reduc-
tion. In Ref. [30], PM-switched reluctance motors (PM-SRM)
with the embedded PM are utilised for torque enhancement. In
Ref. [31], the problem of demagnetisation of PM for permanent
magnet-assisted synchronous reluctance motor (PMa-SynRM)
is highlighted. The concept of a multilayer flux barrier with an
embedded pole is used for the design of PMa-SynRM to
enhance features like reluctance torque and saliency. In Ref.
[28], to resolve the asymmetrical issues in magnetically geared
machines, the authors have proposed a novel structure called
consequent pole magnetic geared machines (CP-MGM). The
CP-MGM makes use of the axially embedded PM to obtain an

TABLE 1 Embedded pole machines

enhanced torque and symmetrical BEME The comparison of
mentioned embedded pole machines is depicted in Table 1.
Nowadays, in PMSM, the dual stator system is getting more
prominent rather than the single stator system [32]. That is
because, in the dual stator configuration, the power flowing to
the load from both the outer and inner stator terminals is
summed up and thereby provides a high density for rotating the
rotor [33]. In this study, the authors have proposed a novel dual
stator embedded-pole six-phase PMSM (NDSEPSP-PMSM)
with flux barriers for an electric vehicle application. Here, the
rotor is present in between the two stators, and the magnets are
embedded inside it. Moreover, the rotor is shaped uniquely. It is
observed that the adjacent embedded magnets in the rotor are
connected through a thin portion of the rotor, and the
remaining portion of that rotor region is sliced off. Due to this,
the flux barrier is named an H-Shaped flux barrier. It describes
the uniqueness inculcated in the rotor, which reduces the flux
leakage in it and thus proves the machine's novelty. For the
improvement of TD and FTA, the six-phase winding is fur-
nished in both stators. Also, the level of acoustic noise and
ripple production is minimised remarkably in the case of six-
phase machines as compared to the three-phase machines
[34, 35]. Moreover, lower current rating semiconductor devices
are required for the converter utilised in the six-phase PMSM as
compared to the three-phase PMSM. Hence, due to the lower
rating of devices, the size of the required heat sink will be
minimised to a greater extent.

Further, it is found that researchers have established many
research works, as shown in Table 2, which shows a compar-
ative study of the proposed motor with the existing and con-
ventional motors.

The motive behind this comparative study is to
demonstrate the superior properties present in the proposed
motors. For comparison, many parameters are taken into
account, such as magnetic flux density, power rating, BEMF,
torque, ripple torque etc. In Ref. [36], a comparative study
between conventional series hybrid magnets Variable Flux
Memory Machines (VFMM) and novel parallel hybrid mag-
nets VFEMM has been performed. The performance of the
new VFMM parallel hybrid magnets has been improved to a
larger extent (high-speed regions). The parameters utilised
for the purpose of comparison are enlisted in Table 2. In
Ref. [37], the authors have evaluated the electromagnetic
performance of traction motors for EVs. For the purpose
of comparison, different types of traction motors are

Embedded pole machines [29] [30] [31]

[28] Unit

Name of the machine TCW PMSM  PM-SRMs

PMa-SynRM

CP-MGM NDSEPSP-PMSM

Novelty on the basis of flux No novelty No novelty A multi-layer flux barrier is found No novelty An H-shaped flux barrier is found
barrier found found which improves the torque found which enhances the torque
but it has utilised a large amount density with a minimum utilisation
of PM which makes the machine of PM
costlier.
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TABLE 2 Parameter index considered for compatison of motors

Parameter index

[36] [37] [38] [39] [40] Proposed motor
Flux density v v Vv Vv VvV

Power rating v v v VvV
BEMF v voVvov Y

% THD

Torque
% Ripple torque

Losses

<00 <0<

Efficiency

<<

Cogging torque

S S U N

Torque density

Temperature distribution \/ \/ \/

utilised, namely, permanent magnet-assisted synchronous
reluctance motors and interior permanent magnet Mmotofs.
The results of the study indicate the merits and demerits of
these motors for traction application, and it provides some
beneficial recommendations for the designing of traction
motors. The parameters considered for comparison are
enlisted in Table 2. In Ref. [38], in order to resolve the
problems of the motor having rare-earth PMs, the authors
have compared two motors, namely, a multi-layer interior
permanent magnet and a concentrated flux synchronous
motor, using ferrite PMs. It is found that each motor has
several merits, including the lower cost (due to the uti-
lisation of ferrite PM) as compared with rare-earth PM
motors. The parameters considered for comparison are listed
in Table 2. In Ref. [39], for high-speed applications, a
comparison of interior permanent-magnet (IPM) motors and
surface-mounted permanent-magnet (SPM) has been done.
It is found that the IPM is a better choice with respect to
cost while SPM is more reliable, with higher efficiency. The
parameters considered for the comparative study are enlisted
in Table 2. Similarly, in Ref. [40], a comparison of a five-
phase outer-rotor flux-switching permanent magnet with
four different configurations, namely, single-layer winding,
double-layer winding, E-core, and C-core has been evalu-
ated. The objective of this comparative analysis is to high-
light the superiorities of the motors based on their
performance characteristics. The parameters considered for
comparison are enlisted in Table 2.

Following the present trend of a comparative study, the
authors have compared the proposed NDSEPSP-PMSM with
an H-shaped flux barrier, with two different topologies,
namely, DSEPSP-PMSM without flux barrier and SSSRSM-
PMSM. Here, the test is conducted based on the parameters
taken in Table 2 for better comparison. For the design and
analysis of these three models, the authors opted for the Finite
Element Method (FEM), which gives accurate results [41, 42].

The Finite Element Method (FEM) is a computational pro-
cedure engaged to perform finite element analysis. It requires
the domain to be estimated into a finite number of sections (ot
components) for simplicity [43]. Through FEM, magneto-
statics and transient analysis of the model are done. For
magnetostatics, a static magnetic field is required, and for the
transient analysis, a transient magnetic field of PM is
determined.

The following points mentioned below illustrate the major
goal of this paper:

1. A NDSEPSP-PMSM with an H-shaped flux barrier is
proposed for electric vehicle application.

2. To highlight the superior performance of the proposed
NDSEPSP-PMSM (with flux barrier), a comparative study
has been established with two different topologies, namely,
DSEPSP-PMSM  (without flux barrier) and SSSRSM-
PMSM.

The paper has been framed as Section 2, which introduces
the structute, specification, principal operation, and method-
ology of optimal design of the proposed motor. Section 3
covers the FEM analysis, and Section 4 focuses on optimal
design and performance analysis. Finally, the paper concludes
with Section 5.

2 | STRUCTURAL DESCRIPTION OF
DIFFERENT TOPOLOGIES

The diagrams of NDSEPSP-PMSM with H-shaped flux bar-
riers and two different topologies, namely, DSEPSP-PMSM
(without flux barrier) and SSSRSM-PMSM are shown in
Figure 1lab,c, respectively. The NDSEPSP-PMSM and
DSEPSP-PMSM have a single rotor, which is sandwiched with
two stators (inner and outer), whereas the SSSRSM-PMSM
includes a single stator and a single rotor.

The stators of all the topologies are housed with 60 slots,
10-pole, and a six-phase integral slot double layer winding
arrangement. The outer stator is having 60 conductors/slot
(with a coil span of six), whereas the inner stator is having 30
conductors/slot (with a coil span of six). The rotors have 10
embedded-pole of magnets. With respect to the suitable
position of the novel H-shaped flux bartiers, it is inferred
that the local leakage of the flux in NDSEPSP-PMSM is
reduced to a huge extent as compared with DSEPSP-PMSM.
Simultaneously, the air gap flux density is also enhanced in
the NDSEPSP-PMSM. This limited nature of a leakage flux
along with increased air gap density defines the novelty of
NDSEPSP-PMSM. Moteovet, it is observed that due to the
introduction of H-shaped flux berries, the mechanical
strength of the rotor reduces to some extent. But, this can be
compensated by means of a non-magnetic special rotor
frame. Further, certain advantageous features like maximum
utilisation of iron material, lightweight, and robustness are
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Shaft TABLE 3 Dimensional Parameter (in mm) of PMSMs
Rotor
Embedded Ohuit NDSEPSP- DSEPSP- SSSRSM-
PM & uter Parameter PMSM PMSM  PMSM
tator
Ianer !:qu Outer Outer radius of outer stator 150 150 150
arrier
Air-Gap Inner radius of outer stator 110 110 110
Inner
Outer Outer radius of inner stator 93 93 -
Stator
Inner Slot Inner radius of inner stator 40 40 -
Air-Gap Ol';ter Flux Outer radius of rotor 1085 108.5 103.5
arrier
l:]nir Inner radius of rotor 94.5 94.5 40
S 0
Width of magnets 5 5 5
Air gap length 1.5 1.5 1.5
Radius of the shaft 40 40 40
No. of conductors in outer stator 60 60 60
(conductors/slot)
(a) No. of conductors in inner stator 30 30 -
Shaft (conductors/slot)
Embedded Coil span for the outer stator 6 6 6
PM winding
Outer Coil span for the inner stator 6 6 -
P
Stator winding
Inner
Outer
Stator s
Air-Gap
Inner Outer gaps. On the other I}at?d, with the utilisation of the same
Air-Gap Slots volume of magnets, it is observed that due to dual stator
configuration, the torque to weight ratio is higher in
Inner Rotor NDSEPSP-PMSM and DSEPSP-PMSM as compared with
Slots conventional single stator motors. The machine designing
details of NDSEPSP-PMSM, DSEPSP-PMSM, and SSSRSM-
(b)
St PMSM are enlisted in Table 3.
ator
Yoke
Sunfsce 21 | Principle of ion of electric vehicl
Mounted PM . 1'1n01p €0 operatlon ot electric vehicle
Shaft Figure 2a shows the operational diagram of the electric vehicle.
Slots There are five main components of an electric vehicle namely
battery, converter, controller, PMSM, and gearbox system. The
Air-Gap prime power source of electric vehicles is series and parallel
1nr-

Rotor

(©)

FIGURE 1 Schematic of the proposed topologies (a) novel dual-stator
embedded-pole six-phase permanent magnet synchronous motor (with H-
shaped flux barrier), (b) dual stator embedded-pole six-phase permanent
magnet synchronous motor (without flux barrier), and (c) single stator
single rotor surface-mounted permanent magnet synchronous motor

pointed out in NDSEPSP-PMSM. Also, the magnets in
NDSESP-PMSM are embedded in the centre of the rotor,
which results in equal air gap flux in the outer and inner air

combinations of batteries. It supplies power to a six-phase
converter (DC to AC) and then through the controller, po-
wer is supplied to the AC motor. There are three motors
presented in this study, with each of them having 10-poles on
the rotor. When fluxes from both the rotor and stator interact,
it produces a torque on the rotor. This power of the motor can
be transmitted to the wheels through the gearbox. During
regenerative braking, the power of the motor can be utilised
for charging the batteries.

2.2 | Methodology of design

Figure 2b shows the methodology used to optimally design
the proposed motor. At first, it is crucial to set vatious
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Controller

Converter

H —

T

Battery

| Design assumptions |

I

Assign materials and
adjust design parameters

|

FEM Analysis

Include Flux Barriers
between two magnets

Is
the leakage flux in
the rotor minimum

NO

PMSM analysis
over entire speed

Optimized design of
PMSM is achieved

(b)

FIGURE 2 Permanent magnet synchronous motors (PMSM) drive-
(a) EV operating Principal and (b) Design methodology of PMSM

design assumptions after which the adjustment of the
design parameter and assigning material properties for
different portions of the motor are done. After this, FEM

analysis has been done to check whether the leakage flux
in the rotor is minimum or not. If not, then it is required
to include the flux barrier between two magnets and then
again adjust the design parameters. If yes, then an analysis
of the motor for a full range of speed and current has to
be done. After that, it is required to check whether the
motor performance is suitable for the application or not. If
not, then again it needs to adjust the machine parameter
and follow all the above steps. If yes, then the motor
design is considered as the final optimal design of the
motor.

3 | FINITE ELEMENT METHOD

The proposed NDSEPSP-PMSM (with flux barrier) and
DSEPSP-PMSM (without flux bartier) include a dual stator
and a single rotor. At the same time, SSSRSM-PMSM contains
a single rotor and a single stator system. Further, for the
optimal designing and analysis of the mentioned different to-
pologies, the FEM is proved to be the best choice, as it pro-
vides precise results.
The steps to be followed for the FEM analysis are-

To create a model

To allocate material property

To assign boundary conditions

To assign rotatory rotor band (600 rpm)
To provide excitation

Perform meshing

Analysis set-up

PR om e a0 T

Evaluating results

To evaluate the performance of different topologies (as
mentioned in the paper), two methods of the solver are opted,
namely magnetostatic and transient.

Elemental plots for various topologies, namely NDSEPSP-
PMSM, DSEPSP-PMSM, and SSSRSM-PMSM are represented
in Figure 3a,b,c, respectively. With proper selection of edge
lengths of various topologies, the number of finite elements is
observed to be as follows:

a. NDSEPSP-PMSM- 61,854.
b. DSEPSP-PMSM- 59,684.
c. SSSRSM-PMSM- 63,277

Figure 4a highlights the flux line distribution of a con-
ventional DSEPSP-PMSM (without flux barrier), which has 10
magnetic poles inside the rotor. From the diagram, it is noticed
that there is a high density of flux lines towards the ends of two
adjacent magnets. This is due to a local (magnet to adjacent
magnet and magnet to the same magnet via iron) leakage of
flux, which occurs due to the flux getting intetlinked from one
magnet to the other from the path inside the rotor. This
phenomenon of the local leakage flux decreases the average
density of the air gap flux in DSEPSP-PMSM. Moreover, to
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FIGURE 3 Mesh plot of (a) novel dual-stator embedded-pole six-
phase permanent magnet synchronous motor (with H-shaped flux barrier),
(b) dual stator embedded-pole six-phase permanent magnet synchronous
motor (without flux barrier), and (c) single stator single rotor surface-
mounted permanent magnet synchronous motor
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FIGURE 4 Distribution of magnetic field line of (a) dual stator
embedded-pole six-phase permanent magnet synchronous motor (without
flux barrier) (b) novel dual-stator embedded-pole six-phase permanent
magnet synchronous motor (with H-shaped flux barrier), and (c) single
stator single rotor surface-mounted permanent magnet synchronous motor
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FIGURE 5 Distribution of the magnetic field density of (a) dual stator
embedded-pole six-phase permanent magnet synchronous motor (without
flux barrier) (b) novel dual-stator embedded-pole six-phase permanent
magnet synchronous motor (with an H-shaped flux batrier), and (c) single
stator single rotor surface-mounted permanent magnet synchronous motor

suppress this local flux leakage, the authors have introduced
the concept of NDSEPSP-PMSM, providing H-Shaped flux
barriers between two adjacent magnets in both inward as well
as outward rotatory portions, as highlighted in Figure 4b. Here,
it has been noted that the flux barrier is not breached by the
flux lines, and all the flux passes through the air gap. Thus, this
design feature not only eliminates local leakage flux lines but
also enhances the overall flux density distribution in the air gap.
The flux line distribution of SSSRSM-PMSM is depicted in
Figure 4c.

Figure 5a displays the distribution of the magnetic field
density of DSEPSP-PMSM (without flux barrier). Using a
proper analysis of the figure, the formation of deep red patches
in the rotor portion between each adjacent magnet is noticed.
The value of flux densities of these portions treaches the
saturation level, which shows the drawback of the model.
Therefore, to remove this drawback, the authors have intro-
duced the concept of H-shaped flux barriers, as shown in
Figure 5b. From the given plot, the flux densities in various
regions of NDSEPSP-PMSM are-

a. Outer stator yoke - 0.51501 T
b. Outer stator tooth - 1.05 T
c. Inner stator yoke - 1.030 T
d. Inner stator tooth - 1.2875 T

Also, the magnetic field density in the tooth portion
(interior stator) is greater than the other above-calculated
values. The magnetic field density of the stator tooth(inte-
rior) is also found to be less than that of the maximum allowed
saturation level, indicating that the model is precisely built and
optimised in nature.

Figure 5c depicts the field density plot of the SSSRSM-
PMSM. Both stators as well as the rotor yoke along with the
stator tooth have field densities of 1.201 T, 0.6008 T, and
1.301 T. Since these values are below 1.625 T, it is said to be
optimally designed.

Figure 6a shows the B-field density in the air gap (interior)
for NDSEPSP-PMSM and DSEPSP-PMSM. The values of
inner air-gap densities are-

a. NDSEPSP-PMSM - 0.765 T
b. DSEPSP-PMSM - 0.4739 T

Similarly, Figure 6b shows the B-field density in the air gap
(outward) for NDSEPSP-PMSM, DSEPSP-PMSM, and
SSSRSM-PMSM. The values of the outer air-gap densities are
given as follows:

a. NDSEPSP-PMSM - 0.701 T
b. DSEPSP-PMSM - 0.4085 T
c. SSSRSM-PMSM - 0.796 T

The value of the flux density of different topologies is
mentioned in Table 4.
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1000 Tomp N oy In the above equation, Nph (2,0) represents the number of
- 750 turns on each phase for both stators, @(1,0)represents flux
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e (Degree) a small section. ' ‘
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FIGURE 6 Field density of permanent magnet synchronous motors in
the (a) Interior air gap and (b) Exterior air gap

4 | RESULTS

Using FEM, the assessment of electromagnetic properties of
NDSEPSP-PMSM, DSEPSP-PMSM, and SSSRSM-PMSM
have been accomplished. Based on the above investigation,
the results for back EMF (BEMF), % THD, the torque devel-
oped, % ripple in torque, torque versus current, torque and
power versus speed, losses, efficiency, power, and torque den-
sity are obtained.

Total BEMF developed in the inner and outer stator is
expressed in Equation (1).

de;
BEMF (Epi)) = Nongio) d(é’o) (1)
where
Hio = [ B0 an @
where

Bg(0)(i,0) = i Bg(i, 0)sin(m0Ber) (3)

m=135...

Whete, Em(z,0) depicts the maximum magnitude of BEMF
for both the stator portions, 72 represents the space harmonic
indices, and @, is the electrical angular speed.

Figure 7a shows the inner stator BEMF of NDSEPSP-
PMSM and DSEPSP-PMSM. It has been pointed out that
BEMEF in the inner stator for the configurations mentioned
above is trapezoidal in shape due to the harmonics present in it.
The NDSEPSP-PMSM and DSEPSP-PMSM have a magnitude
of 110.447 and 68.414 V, respectively. Figure 7b,c show the
harmonic (Fast Fourier Transform [FFT]) study of the inner
BEMF of NDSEPSP-PMSM and DSEPSP-PMSM, respec-
tively. It can be calculated using Equation (5). The NDSEPSP-
PMSM is having a %THD of 30.55%. Similarly, the DSEPSP-
PMSM is having a %THD of 20.51%. Except for the multi-
ple of six-order harmonics, the remaining harmonics are ob-
tained in the inner stator BEMF, according to this FFT analysis.

S

S E
% THD = ’

x 100 (5)
1

Where En represents the 7th harmonic component whereas
E; represents the fundamental component in BEME

Figure 8a shows the BEMF in the outer six-phase ten-pole
winding of NDSEPSP-PMSM, DSEPSP-PMSM, and SSSRSM-
PMSM. Owing to the presence of harmonics in the outer stator
BEME, it is also trapezoidal in nature. The NDSEPSP-PMSM
and DSEPSP-PMSM have BEMF of 221.896 and 129.307 V,
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TABLE 4 Comparison of performance parameters

NDSEPSP- DSEPSP- SSSRSM-
Parameter PMSM PMSM PMSM
Inner air gap flux density (IT)  0.765 0.4739 -
Outer air gap flux density (T)  0.701 0.4085 0.796
Inner stator BEMF (Volts) 110.447 68.414 -
% THD of inner stator 30.55% 20.51 -
BEMF
Outer stator BEMF (Volts)  221.896 129.30 261.84
% THD of outer stator 30.43 25.46 26.69
BEMF
Torque development on the 178.11 101.83 141.336
rotor (Nm)
% Ripple in torque 21.125 29.076 14.406
Cogging torque (Nm) 1.26 0.663 0.98
Power input (kW) 11.185 6.395 8.875
% Efficiency 93.931 89.847 94.161
Torque to weight ratio Nm/  4.229 2.348 3.166
kg)
Losses (Watts) 722.688 702.69 550.363

respectively. On the other hand, the SSSRSM-PMSM has a
magnitude of 261.84 V. The FFT study of the outer stator
generated voltage of NDSEPSP-PMSM, NDSEPSP-PMSM,
and SSSRSM-PMSM are shown in Figure 8b,c,d, respectively.
The %THD of the above-mentioned topologies are 30.43%,
25.46%, and 26.69%, respectively. Here also, it is pointed out
that in the outer stator BEME, all harmonics are present other
than six-order harmonics. The stator BEMF values and %THD
of different topologies are included in Table 4.

The inner and outer stator-rotor motor equation can be
expressed by Equation (0).

[V;(i70)]6Xl = [Eb(iyo)]()m + [th(i@)}cxo [[Ph(i,O)]om (6)

Where [Versus(i.0)]6 X 1, [Eb({.0)]6 X 1, [Iph@i.0)]6 x 1,
and [Zph(i.0)]6 X 6 are having supply volage, BEMF, phase
current and phase impedance matrixes for the six-phase inner
and outer stator-rotor PMSM system.

The rotor torque can be calculated using Equation (7),

Torque = ]ﬂ (7)
Wm

Where Pi is the input power, PL is the total losses, and w,,
is the rotor speed of the machine. The %oripple of the torque
can be calculated using Equation (8).

Tmax - Tmin

Y;Vg

% Ripple torque = x 100 (8)

Where T, is the maximum magnitude, 7T, is the mini-
mum magnitude, and T, is the average torque of the machine.
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FIGURE 7 Analysis of the inner stator (a) back EMF (BEMF),

(b) Fast Foutier Transform (FFT) study of BEMF for a novel dual-stator
embedded-pole six-phase permanent magnet synchronous motor, and

(c) FFT study of BEMF for a dual stator embedded-pole six-phase
permanent magnet synchronous motor

The torque developed on the rotor of different topologies,
namely, NDSEPSP-PMSM, DSEPSP-PMSM, and SSSRSM-
PMSM is displayed in Figure 9a. The average magnitude of
the torque developed in one period of the cycle is as follows:

o NDSEPSP-PMSM - 178.11 Nm
o DSEPSP-PMSM - 101.829 Nm
e SSSRSM-PMSM - 141.336 Nm
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= 9 It is observed from the plot that in NDSEPSP-PMSM,
0 g ole - °°°9I°0"°°l°<°°‘°20 DSEPSP-PMSM, and SSSRSM-PMSM, there are a total of 12
T ripples in a single cycle. The %ripple content are observed to
(©) be 21.125%, 29.076%, and 14.406%. Table 4 also shows the
. magnitude of the torque and its %oripple.

Somesur (ML) ARy K 250 Totque vetsus the cutrent characteristics of NDSEPSP-
= 100 S - , an - 1s displaye
) (-] PMSM, DSEPSP-PMSM, and SSSRSM-PMSM is displayed
g ol in Figure 9b. Here, it is observed that for the rated current, the
g ‘ value of the developed torque (rotor) is high for the proposed
g 60} NDSEPSP-PMSM.

o The power versus speed and torque versus speed charac-
a " teristics of NDSEPSP-PMSM, DSEPSP-PMSM, and SSSRSM-
0 20! PMSM are displayed in Figure 10a,b,c, respectively. From this
; 9 9.9.0 plot, the maximum power is observed to be 11.185 kW in
0 ? 00 " 0%o ﬁ) ° '0:999020 NDSEPSP-PMSM, and in DSEPSP-PMSM the maximum
" Vannmiconlea power is found to be 6.395 kW. Moreover, the power in

) SSSRSM-PMSM is found to be 8.876 kW.

FIGURE 8 Analysis of an exterior Stator (a) back EMF (BEMF),
(b) Fast Fourier Transform (FFT) study of BEMF for a novel dual-stator
embedded-pole six-phase permanent magnet synchronous motor, (¢c) FFT
study of BEMF for a dual stator embedded-pole six-phase permanent
magnet synchronous motor and (d) FFT study of BEMF for a single
stator single rotor surface-mounted permanent magnet synchronous
motor

The %efficiency of the motor can be computed using
Equation (9)

-p,
P;

P
% Efficiency = — x 100% (9)

Figure 11, exhibits the efficiency plot for all the above-
mentioned topologies. It has been inferred that the efficiency
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FIGURE 10 Study of (a) Torque and power versus speed characteristics
of a novel dual-stator embedded-pole six-phase permanent magnet
synchronous motor, (b) Torque and power versus speed characteristics of
dual stator embedded-pole six-phase permanent magnet synchronous
motor, and (c) Torque and power versus speed characteristics of a single
stator single rotor surface-mounted permanent magnet synchronous motor

of NDSEPSP-PMSM, DSEPSP-PMSM, and SSSRSM-PMSM
are found to be 93.931%, 89.847%, and 94.161%, respec-
tively. The efficiency of various topologies at a rated current (6
amps) is given in Table 4.

5 | CONCLUSION

This paper has illustrated the characteristics study of an
NDSEPSP-PMSM for electric vehicle application. To highlight
the performance superiority of the proposed motor, a

«= SSSRSM-PMSM == DSEPSP-PMSM <« NDSEPSP-PMSM

;| P

% Efficiency

0 1 2 3 4 5 6 7 8
Load Current (Amps.)

FIGURE 11 Efficiency

comparative study with two different topologies of the motor
has been done, namely DSEPSP-PMSM and SSSRSM-PMSM.
In addition, for the best-suited design of the proposed motor, a
design methodology has also been presented, which provides
minimum leakage of fluxes and enhances the overall perfor-
mance. From the FEM analysis, it is pointed out that the air
gap flux density of NDSEPSP-PMSM is superior. Further, at a
rated current of 6A, the torque developed in NDSEPSM-
PMSM is the highest, that is, 178.11 Nm with a 21.125%
ripple content. From the power versus speed and torque versus
speed plot, the magnitude of power (of 11.185 kW) and torque
is found to be maximum in NDSEPSP-PMSM. The torque
densities (torque to weight ratio) for NDSEPSP, DSEPSP, and
SSSRSM-PMSM are found to be 4.229 N.m/kg, 2.348 N.m/kg,
and 3.166 N.m/kg, respectively. Furthermore, the torque
density for the suggested NDSEPSP-PMSM is shown to be
the optimum for the same volume of motors. From the
comparison of various topologies, the authors have success-
fully highlighted the advantageous features of the proposed
NDSEPSP-PMSM. It is concluded that the proposed motor
(NDSEPSP-PMSM) is competent for the EV application due
to HTD and good dynamic characteristics.
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