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The popularity of electric vehicles (EVs) and hybrid electric vehicles (HEVs)
is projected to increase as environmental consciousness rises. They have
emerged as a potential substitute for traditional electrical machines like the
switched reluctance motors (SRMs). SRMs are renowned for their low cost of
production and maintenance, built-in fault tolerance, and simple design.
Additionally, because the machine's rotor construction does not require
copper coils or permanent magnets, production costs are significantly
reduced. However, it has disadvantages, including as high non-linearity, high
torque ripple, and acoustic noise production. In this research, a method for
designing slotted stator teeth switched reluctance motors (SST-SRM) in EVs
using a genetic algorithm (GA) optimization design with multiple targets is
provided. In order to achieve the best possible balance between peak torque
(Tp), average torque (Tavg), and efficiency, the developed optimization
function is chosen. The stator/rotor pole arc angle and slot width/depth are
chosen as the optimized variables. When compared to traditional SRM, the

optimization results of proposed SST-SRM demonstrate improvements in
peak torque (24.40%, 36.98%, 42.73%, and 42.45%), average torque (7.40%,
29.94%, 33.00%, and 33.62%), and efficiency (0.27%, 0.52%, 0.97%, and
1.03%).
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1. INTRODUCTION

Large-scale efforts to electrify transportation have been made recently in response to mounting
concerns over fossil fuels and climate change. A significant number of people have recently developed an
interest in electric vehicles (EVs) and hybrid electric vehicles (HEVSs). The main ingredient of EVs is an electric
motor, and several studies have been conducted to clearly appreciate them. For researchers, ensuring the steady
operation of the electric motor through fault diagnosis is more complex and difficult [1]. Due to their high
efficiency and excellent power density, permanent magnet synchronous motors (PMSMs) are widely employed
in EVs technology [2]-[4]. Rare-earth elements are frequently used to make permanent magnets, although they
have a number of disadvantages, such as being expensive and irreversibly demagnetizing at high temperatures.
When trying to extract or remove rare-earth materials, additional environmental problems occur [5]. In recent
years, there has been a lot of emphasis placed on the development of improved electric motors that are
independent of rare-earth magnets [6]-[9], which are gaining in popularity. Switched reluctance motors
(SRMs) have a number of benefits, including the absence of the need for rare earths. The SRM rotor's
construction is simple and robust, and electrical steel is employed. SRMs also offer low maintenance and
production costs. Inherently fault tolerant. The stator slots of the machine feature concentrated windings. Along

Journal homepage: http://ijeecs.iaescore.com


https://creativecommons.org/licenses/by-sa/4.0/

1224 O3 ISSN: 2502-4752

with these features, SRM has a wide range of speed and temperature capabilities [5]. The switched reluctance
machine's advantage of variable speed operation [10]-[13], likewise, hostile environments. SRM research has
a specific focus on EVs applications, which is attracting increasing interest from the research community [14]-
[17]. The structure of SRMs, however, is consisted of doubly silent poles, which poses difficulties like high
torque ripples, vibrations and high acoustic noise [18]. Vibrations and acoustic noise are mostly brought on by
significant radial and axial forces for the configurations of axial and radial SRMs, respectively [19], [20].
Furthermore, thin air gaps between the rotor and stator, which distinguish SRMs and call for exact
manufacturing accuracy [21]. Another flaw in the machine drive system is the requirement for unusual
converters [21], [22].

In order to improve the machine's dynamic and static performance, these issues must be addressed,
extensive study was conducted [23]. It is crucial to do study on how design parameters and current control
affect electric motor performance in to develop methods for improving it. In addition, non-sinusoidal power
supply cause harmonics that affect the performance of the motor, as it is necessary to reduce them to improve
the dynamic performance of the electric motor [24]. To improve the performance of the machine, fresh
configurations are created and optimization techniques are used. In order to overcome these drawbacks and
compete with PMSMs, SRMs use topology optimization. In the previous literatures, in [25], the multi-objective
Jaya approach is utilized to optimize the SRM design (MO-Jaya). In the Jaya algorithm, a solution is shifted
from the poorest choice to the best one. The search has been greatly improved as a result. Additionally, the
parameters are changed at random, producing a variety of outcomes. This study also advises against altering
the best and worse options at random. The results demonstrate that there is more variety as a result. The MO-
Jaya method was used to optimize the SRM for 8/6 and 6/4. The three main objectives are economy, iron
weight and average torque.

Diao et al. [26] offers a distinctive multi-objective optimization design method for a SRM for low-
speed electric automobiles. According to the findings, the SRM's performance must be maximized by
optimizing six design characteristics, including acceleration time (including both overtaking time for
acceleration and in situ acceleration time), maximum speed, maximum climbing gradient, torque ripple factor,
climbing gradient, and energy use ratio. The key traits of low-speed EVs serve as the foundation for the driving
motor's rated specifications. The SRM's dimensions within the designated parameter range have been verified
to be valid using the engineering design technique. The vehicle balancing equation and the finite element model
of the SRM were used to develop a dynamic simulation model in MATLAB/Simulink for a low-speed pure
EVs propulsion system. The Taguchi-chicken swarm optimization method is then used to enhance the
geometric parameters of the SRM for a number of objectives. The outcomes of the dynamic simulation and the
testing of low speed EVs provide proof that the multi-objective optimization was accurate. The majority of
research focuses on changing the magnetic flux distribution and reducing core losses, which are thought to be
important factors that can affect how well various electrical appliances behave [27]. The slotted stator teeth
switching reluctance motor (8/6 SST-SRM-5 kW) multi-objective design optimization is proposed in this
research as a comprehensive framework. To maximize torque and efficiency of stator teeth switched reluctance
motors (SST-SRM), the genetic algorithm (GA) is introduced. It is employed with variables of slot width/depth,
stator/rotor pole arc, and multi-objective robust optimization technique. Following is the remainder of the
essay. Section 2 included information on the operation and development of traditional SRM and proposed SST-
SRM. Section 3 presented a multi-objective optimization model of the proposed SST-SRM. Results and
implementation were provided in section 4. In section 5, the conclusion is drawn.

2. CONSTRUCTION OF SWITCHED RELUCTANCE MOTOR

A thorough knowledge of the mechanical structure of electrical machines is necessary for analysis
and simulation. To get the appropriate output characteristics in various application, one must understand the
electromagnetic behavior of each electric motor. In this section, the construction and principle working of the
traditional SRM, and proposed SST-SRM are illustrated.

2.1. Principle working of traditional switched reluctance motor

A variable reluctance stepper motor with an efficient energy conversion system is the SRM. The SRM
has a very simple design, as seen in Figure 1, with a brushless rotor and no windings of any type. The rotor and
stator are both formed of laminated iron, and the motor is solely activated by the stator windings, which are
concentric coils wrapped in series on diagonally opposing stator poles. Despite the motor's relatively simple
form, a precise study of the SRM is exceedingly challenging and demanding because to the highly saturated
operating situation and the motor's double salient structure. The tendency of the rotor to align with the excited
stator pole in SRMs produces the electromagnetic torque by minimizing the reluctance (maximizing the
inductance) of the magnetic path [28].
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Figure 1. The traditional switched reluctance motor's construction

2.2. The proposed SRM

Figure 2 depicts the rotor and stator core cross-section of the proposed SST-SRM. The proposed model
makes use of the slotted stator teeth to reduce the cost and core material usage. The correct stator core
requirements must be employed in its production, including the diameter, kind of poles, slotted stator teeth,
number of poles, and stack length of the core. The stator is made of iron because it has a high permeability and
allows the flux to pass through it easily. The stator and rotor poles outer surface orientation, which determines
the magnetic flux path, has a significant impact on the torque of the SRM.

As illustrated in Figure 3, by splitting the stator pole so that the symmetry of the newly formed two
poles should remain the same, a portion of core material is removed for the design operation to make the 16/6
stator/rotor poles. Every stator pole gets a slot with a specific depth (h,;) and width (h,,). The rotor design
resembles that of the traditional SRM's rotor. The requirements for the stator core design apply equally to the
rotor core design.
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Figure 2. Cross-section of the SST-SRM model that has been proposed
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Figure 3. Slot characteristics [29]
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3. THE PROPOSED SST-SRM MULTI-OBJECTIVE OPTIMIZATION MODEL

The proposed SST-SRM is built utilizing finite element analysis (FEA) and ansys electronics desktop
simulation tools to execute the simulation. The variables and objective functions of the optimization technique
used were determined with mechanical design considerations for the proposed SST-SRM. The parameters
assigned to the motor's values are divided into model, study properties, materials, analysis conditions, circuit,
and mesh generation once the motor has been built.

3.1. Optimization algorithms

The best solutions in the multi-objective optimization approach are essentially a compromise between
all the goals. Algorithms for optimization are typically used to find the GA solutions. The multi-objective
optimization issues have been subjected to a variety of optimization strategies. The genetic algorithm
optimization is employed in this work. A potent stochastic technique for global search and optimization is the
GA. When used to solve issues for which little prior knowledge of general topology is accessible, it is especially
effective. This approach reaches a global optimum asymptotically and probabilistically. Thus, genetic
algorithms imitate the biological process of evolution. Only those candidates with high fitness values are used
to develop more solutions via crossover and mutation procedures after the solutions are evaluated according to
a fitness value. Due to this method's efficiency and excellent convergence features, it has been used in many
different domains of numeric programming. Although GA greatly simplifies these processes, it is nonetheless
widely recognized as a useful tool for obtaining the best optimization results for a number of issues that are
challenging to address using conventional mathematical (or) deterministic techniques [30]. The following are
the main characteristics of GA optimization:
a) Due to GA's stochastic character, there is a very high likelihood that the global optimal solution will be

found.
b) Itis not essential to compute the objective function's gradient, which is required for the newton method,
quasi-newton method, and gradient technique.

¢) Multivariable issues are simply handled, and the algorithm is significantly simpler to use.

As a result, the objectives of this study's design parameters are to maximize torque and efficiency.
These variables include slot width/depth and stator/rotor pole arc. So far, no valid relational variations have been
described. They are all inherently nonlinear. This forces us to employ any optimization strategies. If we choose
appropriate values for the higher and lower variables limits and the maximum number of iterations, global
optimization in GA is quite high. The traditional SRMs initial design parameters are displayed in Table 1.

Table 1. SRM first design criteria

Parameters Value Unit
Outside diameter of a stator 176.4 mm
Inner diameter of a stator 116.8 mm
Back iron thickness of a stator 13.8 mm
Air-gap size 0.35 mm
outside diameter of a rotor 116.1 mm
Stator/rotor poles 8/6
Stator/rotor pole arc 20.2/23.5  deg
Stator/rotor pole height 16/16 mm
Number of turns/pole 75
Slot fill factor 0.9 mm
The coil's height 9.6 mm
Stack length 171 mm
Stator/rotor core material M19 steel
Rated power 5 kw
Rated speed 3,000 rpm

3.2. Design variable consideration

The coil height and the stator pole height are practically similar. To ensure that the coils can be held
in position, space should be given at the stator pole's tip for the pole shoes and wedges [28]. Therefore, the slot
depth is equal to the stator pole height and slot width is equal to pole face length. To produce a unidirectional
torque, the poles of the excited stator phase and the poles of the rotor must overlap. Otherwise, there would be
"gaps" when no torque is generated (the overlap angle should be higher than the step angle). Furthermore, to
give the largest practical variation of phase inductance with rotor position, the rotor's inter-polar arc must be
bigger than the stator pole arc. The fact that the stator pole is typically intended to be a little bit smaller than
the rotor pole arc places further restrictions on the pole arcs [31]. As a result, it is possible to slightly improve
the slot area, copper winding cross section, and aligned/unaligned inductance ratio. The restrictions are set
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using the feasible triangle's guidelines [31], it specifies the range of combinations that are often acceptable. Of
course, the performance of SRM as described by the various points of this triangle varies significantly.
However, this is dependent on a number of variables, including torque ripple, starting torque, and saturation's
impact. To maximize peak torque, average torque, and efficiency, on the one hand. The limitations, which are
specified as, should restrict the slot's width/ depth, and stator/rotor pole arc angle as shown in (1)-(6) [28]:
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where h,, is slot width, h, is slot depth, Ns is the number of stator poles, Nr is the number of rotor poles, 6,
and, 6,,, are respectively the stator pole pitch angle and the rotor pole pitch angle. Contrasted with, the peak
current for torque generation is produced by the inductance in the completely aligned position. Additionally,
the ratio of the rotor to stator pole arc angles affects the fully aligned inductance. As long as the perfectly
aligned inductance value can only vary by 15% and the self-starting requirement is taken into account, the ratio
of the rotor pole arc angle to the stator pole arc angle should be kept within the range by (7) [28]:
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S

because self-starting is necessary, calculated as follows is the minimum stator pole arc angle by (8) [28]:

720
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the optimization of the stator/rotor pole arc angle and slot width/depth must be constrained by (1)-(8).

4. IMPLEMENTATION AND RESULTS

The proposed (SST-SRM 16/6) model and the traditional (SRM 8/6) model are both subject to the
design procedure. A collection of outputs of magnetic flux vector plots and graphs with varied features have
been obtained after the analysis for both designs has been completed. In adding, the traditional and proposed
SST-SRM torque graphs are compared and verified.

4.1. The traditional SRM

After the completion of finite element (FE) analysis for traditional SRM, by simulation the
conventional motor at different speeds to obtain the output characteristics shown in the Table 2. Table 2 shows
the values of peak torque, average torque and efficiency of a traditional motor when running at speeds (30%,
50%, 70%, and 100%) of rated speed. The torque has a higher value at low speeds and gradually decreases at
the rated speed.

Table 2. Performance of traditional SRM

# B,(deg) p,(deg) Speed (rpm) Tp(N.m) Tavg (N.m) Efficiency
1 900 37.3548 17.7199 91.41839
2 35 202 1,500 18.1988 6.453 93.73743
3 ’ ’ 2,250 9.1066 2.9005 93.59091
4 3,000 5.2508 1.7289 93.46123

Multi-objective optimization of slotted stator switched reluctance motor for electric ... (Saif Kh Al-Farhan)



1228 O ISSN: 2502-4752

Figure 4 displays the torque determined from FE analysis of traditional SRM. Figure 4(a) shows that
the peak torque measured (37.3548 N.m) at speed (900 rpm). In Figure 4(b) the peak torque measured (18.1988
N.m) at speed (1,500 rpm). Therefore, Figure 4(c) the peak torque measured (9.1066 N.m) at speed (2,250

rpm). Additionally, Figure 4(d) the peak torque measured (5.2508 N.m) at speed (3,000 rpm).
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Figure 4. Torque of the traditional SRM for (a) speed=900 rpm, (b) speed=1,500 rpm, (c) speed=2,250 rpm,
and (d) speed=3,000 rpm

4.2. The proposed SST-SRM

In the proposed SST-SRM, the only adjustments are made with slot width/depth and stator/rotor pole
arc by GA multi-objective optimization and how many stator poles have slotted teeth. The slotted stator teeth's
finite element analysis SST-SRM has been carried out using the same set of parameters as the traditional SRM,
and stator poles with the 16/6 model of SRM show output values that fluctuate in relation to the torque and
flux linkage. Figures 5 and 6 displays the magnetic flux density's vector plot for the proposed SST-SRM at
speeds of (30%, 50%, 70%, and 100%) of rated speed under alignment and non-alignment conditions
respectively. This graphics shows the variation in magnetic flux densities, with the corner of the stator and
rotor tooth showing the highest flux density value. When its operating principle is accepted, the behavior of
the magnetic field lines changes dramatically. As the width of the poles narrows, concentration of the magnetic
field lines increases, raising the saturation value range. Figures 5(a)-5(d) shows that the proposed SST-SRM
model performs better and produces better magnetic flux distribution results than the traditional one at speeds
of (30%, 50%, 70%, and 100%) of rated speed under alignment condition which reluctance is minimum and
inductance is maximum, according to the FE study.

In addition, Figures 6(a)-6(d) shows that the proposed SST-SRM model performs better and produces
better magnetic flux distribution results than the traditional one at speeds of (30%, 50%, 70%, and 100%) of
rated speed under non-alignment condition which reluctance is maximum and inductance is minimum,
according to the FE study. For the different values of slot width/depth and stator/rotor pole arc, the torque and
efficiency values are also different.

After applying the multi-objective genetic algorithm optimization of the proposed SST-SRM, and by
generating several values for the optimization technique variables. The cases that give the optimum values for
the output characteristics of the proposed SST-SRM were selected. Table 3 shows the optimum values for
torque and efficiency of the proposed SST-SRM compared with traditional SRM.
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Figure 5. Magnetic flux vector plot of proposed SST-SRM under alignment condition for:
(a) speed=900 rpm, (b) speed=1,500 rpm, (c) speed=2,250 rpm, and (d) speed=3,000 rpm
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Figure 6. Magnetic flux vector plot of proposed SST-SRM under non-alignment condition for:
(@) speed=900 rpm, (b) speed=1,500 rpm, (c) speed=2,250 rpm, and (d) speed=3,000 rpm
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Table 3. Multi-objective optimization results of proposed SST-SRM

%Pperi()j Cases h,,(mm) hg (mm) B, (deg) Bs (deg) Tp (N.m) ('I,'\Ia.\r/% Efficiency
Casel 0.961165197 4.002777184  26.17671438  17.32611515 40.34 18.533 90.87581477
900 Case2 346458327  6.842768639  25.55589465  18.99200342  45.3715 18.9273 90.93152572
Case3  3.481429487  7.346507157 25.6642964 17.42981991 46.4721 19.0327 91.66614034
Case 4 4.3865627 8.623584704  22.82417066  17.13767176 45.1595 18.6667 89.75552266
Casel 0.961165197  4.002777184  26.17671438  17.32611515  19.2694 7.4023 94.22925387
1500 Case 2 3.46458327 6.842768639  25.55589465  18.99200342 23.8938 8.2438 93.28423035
' Case3  3.481429487  7.346507157 25.6642964 17.42981991 24.9289 8.3855 94.23348912
Case 4 4.3865627 8.623584704  22.82417066  17.13767176  23.3403 7.7923 94.18557436
Casel 0.961165197 4.002777184  26.17671438  17.32611515 9.4051 3.3586 94.25747047
2950 Case 2 3.46458327 6.842768639  25.55589465  18.99200342 12.1775 3.7737 94.44236391
k Case3  3.481429487  7.346507157  25.6642964  17.42981991  12.9979 3.8578 94.49899523
Case 4 4.3865627 8.623584704  22.82417066  17.13767176 12.0473 3.3372 93.29136886
Casel 0.961165197  4.002777184  26.17671438  17.32611515 5.4965 1.9962 94.09153184

3000 Case2 346458327  6.842768639  25.55589465  18.99200342 7.0984 2.2511 94.3500313
' Case3  3.481429487  7.346507157 25.6642964 17.42981991 7.4802 2.3103 94.42544966
Case 4 4.3865627 8.623584704  22.82417066  17.13767176 7.4555 1.952 93.16355665

In order to obtain the optimal values, from Table 3 at (h,,=3.481429487 mm, h,;=7.346507157 mm,
Br=25.6642964°, ,=17.42981991°) it is shown that the peak torque increased with [9.11, 6.73, 3.89, 2.22
(N.m)], average torque increased with [1.31, 1.93, 0.95, 0.58 (N.m)] for speeds [900, 1,500, 2,250, 3,000 (rpm)]
respectively. At same optimum values of (h,,, hy, By, Bs) the efficiency increased with [0.24, 0.49, 0.9, 0.96]
for speeds [900, 1,500, 2,250, 3,000 (rpm)] respectively. Figure 7 displays the proposed SST-SRM's torque
characteristics. From the graph in Figure 7(a), at speed=900 rpm, the optimum values of Tp=46.4721 N.m,
Tavg=19.0327 N.m, and efficiency=91.66614034 have been occurred at (h,,=3.481429487 mm,
h,=7.346507157 mm, 3,=25.6642964°, B,=17.42981991°).

While the graph in Figure 7(b), at speed=1,500 rpm, the optimum values of Tp=24.9289 N.m, Tavg=8.3855
N.m, and efficiency=94.23348912 have been occurred at (h,,=3.481429487 mm, h,=7.346507157 mm,
Br=25.6642964°, B,=17.42981991°). Therefore, the graph in Figure 7(c), at speed=2,250 rpm, the optimum values
of Tp=12.9979 N.m, Tavg=3.8578 N.m, and efficiency=94.49899523 have been occurred at (h,,=3.481429487 mm,
hy=7.346507157 mm, 3,=25.6642964", £,=17.42981991°). Additionally, the graph in Figure 7(d), at 3,000 rpm,
the optimum values of Tp=7.4802 N.m, Tavg=2.3103 N.m, and efficiency=94.42544966 have been occurred at
(h,,=3.481429487 mm, h;=7.346507157 mm, 3,=25.6642964°, $,=17.42981991°).
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Figure 7. Optimal torque of the proposed SST-SRM for speeds for (a) speed=900 rpm, (b) speed=1,500 rpm,
(c) speed=2,250 rpm, and (d) speed=3,000 rpm
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The evaluation between traditional SRM and optimum proposed SST-SRM results for peak/average
torque and efficiency shown in Figure 8. For Figure 8(a) shows, the optimum value of peak torque for the
proposed SST-SRM compared with traditional model for speeds (900, 1,500, 2,250, and 3,000) rpm. In Figure
8(b) shows, the optimum value of average torque for the proposed SST-SRM compared with traditional model
for speeds (900, 1,500, 2,250, and 3,000) rpm. As well as in Figure 8(c) shows, the optimum value of efficiency
for the proposed SST-SRM compared with traditional model for speeds (900, 1,500, 2,250, and 3,000) rpm.
Despite the increase in torque, the materials mass, volume, and weight are all reduced, which
undoubtedly lowers the cost. Table 4 compares the proposed and traditional models for the material with the
same mass density of Iron 7267.5 (gm/cm?®) (h w=3.481429487 mm, h d=7.346507157 mm, [3,=25.6642964,
Bs=17.42981991).

According to Table 4, the proposed SST-SRM has a reduced mass of approximately 0.24 kg, or around
2% of the total mass of the traditional SRM. Although the stator core material was reduced by adding slots, the
output characteristics of the proposed SST-SRM were improved. Reducing the cost of the proposed SST-SRM
reduces the total cost of EVs and makes them competitive with traditional vehicle that internal combustion
engines.
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Figure 8. The Evaluation between traditional SRM and optimal values results of the proposed SST-SRM for
(a) peak torque, (b) average torque, and (c) efficiency

Table 4. Mass comparison of the best-proposed SST-SRM and the traditional SRM
Design topology Volume (mm®  Mass (kg)
Traditional SRM 1,655,603.46 12.03
Proposed SST-SRM  1,622,955.12 11.79

5. CONCLUSION

In this study, a new SST-SRM design proposal is presented, and an analysis using a FE analysis tool
has been done for the application to an electric vehicle. In order to improve the torque and efficiency values, a
method for GA multi-objective design optimization has been implemented. The stator/rotor pole arc and slotted
stator teeth of the stator poles to a specific slot width/depth make up the new proposed design. When compared
to the traditional SRM, the novel slotted stator tooth stator pole (16/6) design exhibits a large range of torque
magnitude variation for improvements in peak torque of around (24.40%, 36.98%, 42.73%, and 42.45%).
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Additionally, it displays large range of variations in torque magnitude for improvements in average torque of
approximately (7.40%, 29.94%, 33.00%, and 33.62%) as well as variance efficiency magnitude with
improvements of around (0.27%, 0.52%, 0.97%, and 1.03%). Additionally, an estimated 2% less stator core
material has been used, which makes it both affordable and lightweight for the same rated output. For its use
in electric car applications, the suggested SRM model exhibits strong vibrancy and improvements in the output
parameters.
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