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1. INTRODUCTION

Due to environmental degradation and a lack of oil supplies, the development of electric vehicles
(EVs) and hybrid electric vehicles (HEVS) is currently in high demand [1]-[3]. Switched reluctance machines
(SRMs) have been anticipated to serve as a propulsion machine for EVs or HEVs. Because of the exceptional
inborn qualities like accurate speed control and low cost [4], reliability, high fault tolerance, potential high
temperature operation, and the benefit of being rare-earth-free. Switched reluctance motors are faster than
stepper motors and don't require expensive permanent magnets. They also have the advantages of AC induction
motors, DC motors, and brushless motors. For applications requiring greater torque density and variable
speeds, the SRM is also a cost-effective substitute for traditional synchronous and induction machines [5].
Despite having positive characteristics, SRM has several unavoidable drawbacks, such as high torque ripple
and an unbalanced radial force caused by a strong nonlinear step-by-step magnetic field [6]-[8]. In order to
enhance the performance of the electrical machinery used in various applications, it is necessary to pay
attention to them [9]. Where the impact of topology and current model-related characteristics on the functioning
of electrical devices is researched, and created in accordance with guidelines that guarantee the avoidance of
faults [10]. The electromagnetic capabilities of motors include torque ripple, efficiency or torque density, was
the primary focus of earlier research on their design and optimization methods.
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The article presents a practical method for raising increasing the number of rotor poles to increase the
torque [11]. It leads to a bigger design and a higher machine cost. In order to enhance torque and decrease
magnetic saturation, the rotor poles of SRM have been adjusted [12]. Using brief magnetic lines or other
stimulation methods segmented stator or rotor topology is an effective way to increase torque output [13]-[15].
Nevertheless, it makes production more complicated and reduces precision. To improve torque performance,
some altered SRM structures have also been proposed. include two layers for each phase [16] and axial type
SRM [17], [18]. The examination of a two-tooth topology that has been improved to have more rotor teeth than
stator teeth [19], But it is unsuitable for applications requiring high speed. In earlier investigations, a variety
of optimization techniques for the motor's dimension, shape, and topology were used [20]. The parameterized
geometry is also [21] was primarily constructed for optimizing topology and dimensions. The standard
optimization method should include the following four steps: establishing the goals and limitations, specifying
the search space, looking at the solution space, and assessing and interpreting the outcomes [22]. Choosing the
suitable SRM structure for a specific application, such as an EV application, can be made more simpler and
more efficient by taking into account the effects of SRM designs. According to traditional studies, the best
machine configurations for EV application are SRM 8/6 and 12/8 [23]. By observing the torque per ampere
values of the machines and taking into account the results of 6-phase and 4-phase SRM, the 4-phase machine
is thought to be the best of the two. Nevertheless, these enhancements come at the expense of the electric
machine and power electronics system becoming more complicated [23]. This study looked into how the 8/6
SRM 5 (Kw) 4-phase motor's stator/rotor pole arc affected torque and efficiency improvements via genetic
algorithm (GA) optimization. Utilizing finite element (FE) analysis, the estimation and investigation of flux
linkage and torque after the new topology has been optimized (FE) analysis. Then demonstrate why the
proposed model's properties are superior to the standard model, they are compared. The rest of this essay is
structured as follows. Significant research is presented in section 2. Working concepts for switching reluctance
motors are presented in Section 3. Section 4 presents the mathematical model of SRM. The SRM's proposed
design and general method are presented in section 5. Section 6 discuss the results of conventional and
optimization parameters. Section 7 has the conclusion.

2. SIGNIFICANT OF STUDY

Switched reluctance machines (SRMs) have gained great importance in the application of EVs and
HEVs compared to induction machines and permanent magnet machines. Due to its good characteristics of
simple construction, low cost, high temperature and fault tolerance. However, it suffers from problems during
normal operation, represented by high torque ripple, unbalanced radial force, and loud acoustic noise. These
problems can be addressed through two methods: topology parameters optimization of the motor, and using
current control techniques. Where the study focused on the treatment of motor problems by enhancing the
topology parameters of SRM that change the shape of the stator/rotor pole, represented by the angles of the
stator/rotor pole arc. As these parameters are considered the most influential on improving the torque and
efficiency of SRM. The optimization of the genetic algorithm (GA) was used to choose the best values for the
composition parameters, which contribute to improving the characteristics of SRM effectively to ensure that it
works in the best way in the application of EVs and HEVs.

3. WORKING PRINCIPLES OF SWITCHED RELUCTANCE MOTOR

The SRM structure is simple because of its rotor design, which is depicted in Figure 1. There is no
permanent magnet in the stator's configuration, which is made up of copper windings. Electronic power
switches are used to supply windings to the stator poles, with the opposing poles supplying the same sequence
of windings. The 8/6 arrangement of the research SRM's poles (eight stators and six rotor) is used.

Both the stator and rotor cores are made of steel. High nonlinearity and discreteness characterize the
stator and rotor structures' torque output. According to Figure 2, the SRM moves the rotor to a position where
the winding inductance is at its highest level. Rotor rotation is governed by the stator windings sequence of
current commutation, in which the current is pulsed one-step at a time. This is accomplished via a universal
control and converter drive system. SRM control is influenced by the variables turn-on/off angle, rotor position,
and current [24].

Similar to a stepper motor with variable reluctance, the switched reluctance motor switches the phase
current on and off while the rotor is at exact positions that can shift with speed and torque. Additionally, the
rotor and stator both have noticeable poles. Figure 3 shows at various rotor locations and rated speed
(3000 rpm), the link between flux and current performance in steady-state operation.
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Figure 1. The traditional switching reluctance motor's construction
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Figure 3. Flux linkage with current characteristic for different rotor positions at speed 3000 rpm
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4. THE MATHEMATICAL MODEL OF SRM
The coil’s flux linkage (1) is directly proportional to both its phase inductance (L) and the phase
current (i) that flows through it, then,

dA(8,0)

V =R+ -

1)
A=L(®,0)i 2)
where R, = The resistance per phase, 0 : Rotor position. Then it requires a partial derivative, in which

inductance (L) is first assumed as constant and current (i) as a variable. The voltage equation for one phase can
be expressed by replacing the variable inductance (L) in the aforementioned equation and solving it [25].

V=Ri+L(60)5+ 20 3)
V =Ry +L(0,0) 5 +i 50 @)

Motor angular speed (w,,) is the derivative of rotor angular position (8) in in terms of time,

V=R +L(0,0) 5 + 2w )

SRM is electrically represented by the equations and circuit design, but machine mechanics need to be taken
into consideration for the overall modeling. Figure 4 shows the per phase equivalent circuit of the SRM.

R, L0.i)

Figure 4. Equivalent circuit per phase of SRM [23]

By using Faraday's law of electromagnetic induction, the electromotive force (emf) induced can be
used to generate the torque equation [26].

o= —d0GO) ©)

Where ¢ (i, 8) = the flux linkage, which depends on the current and rotor angle, then

de(i,0) di  .dLde Ldi . dL
——=L— ——— 4w, — 7
dt dt do dt dt m" ae Q)

The expression for power (p) developed reads as (8).

— ;4 i2 AL
P=1Li i e (8)

The expression for energy kept in a magnetic field (W,) is (9).

W, = Li? 9)
Power produced by changes in the magnetic field is provided by (10).
i 1.,dL

We _ 21 & 4224 (10)
dt 2 dt 2 dt
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dWe _ ,.di  3i°dL
?— lz-l'—zde Wy (11)

Where P, is the difference between the power from the supply and the power produced by the magnetic field

changing, and it is provided by (12).

Bp =-wpi*— (12)

Knowing that the torque (T) is determined by (Pm/wm),

1 .,dL
:—12—

T 2 dao

(13)

where T = Torque, i = phase current, 2—2 = rate of change of inductance with the position.

This demonstrates that the torque is directly related to the current squared, and the rate of inductance
change with the position. In literature, the SRM efficiency is frequently employed as an objective function to
enhance machine performance. The main loss causes in SRMs are copper losses (P.,), rotor windage losses
(Pyin), and core losses (P.,,.). The efficiency of the SRM can be enhanced by reducing these losses, as shown
in (14).

Pmech — Pmech (14)
Pelec Pmech+PcutPcoretPwintPother

17:

Where P,,.., is the output mechanical power, P, is the input electrical power, P,.,., is the other losses
unrelated to the electromagnetic design, such as the bearing friction loss, and 7 is the SRM efficiency. Because
to the salient nature of the rotor construction, the rotor windage loss is taken into account as an
electromagnetically dependent parameter in this equation.

5. METHOD AND PROPOSED MODEL OF SRM

Studies in the domains of electromagnetism, winding configurations, magnetic circuit behavior,
inductance, and winding resistance are all part of the general theory that directs the design of an electric
machine [27]. All of these studies and the empirical knowledge that designers and researchers have
accumulated over the years are taken into consideration when constructing an electric machine. This section
presents the proposed optimization method for the most important topology parameters in enhancing the output
characteristics. The optimization technique requires the selection of design variables, objective functions, and
constraints of the chosen design parameters. Table 1 displays initial design parameters of conventional SRM
with FE analysis. For the effective design of SRM, some design guidelines should be followed. The design
tenet for the stator/rotor pole arc angle is as follows. The stator/rotor pole arc values are chosen to determine
the motor torque profile and to ensure proper machine starting. The SRM project incorporates these needs by
setting a lower and higher limit for the polar arc values. To ensure proper machine starting and avoid parasitic
currents brought on by the magnetic flux dispersion effect, the polar arc of the rotor must be bigger than the
polar arc of the stator [28].

Br = Bs (15)

Where B, = rotor pole arc adn 3, = stator pole arc. According on the number of poles on the machine, the (3)
determines the minimal value for polar arcs.

Min (85, 8,) = 1 (16)

Where N, = the number of rotor poles, N, = the number of stator poles.

The angle between the corners of the adjacent rotor poles must be greater than the stator's polar arc in
order to prevent the overlap of the stator and rotor poles in the nonaligned state [5]. As a result, it is possible
that the lowest inductance value will rise, reducing the gap between the maximum and minimum values and
consequently lowering the torque value. The (4) presents this relationship.

IZV_;I —Br > Bs (17)
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Table 1. Switched reluctance motor design specifications

Parameter Value Unit
Outer diameter (Stator) 176.4 mm
Inner diameter (Stator) 116.8 mm
Back iron thickness (Stator) 13.8 mm
Air-gap length 0.35 mm
Outer diameter (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/poles 75
Slot fill factor 0.9
Height of the coil 9.6 mm
Stack length 171 mm
Stator/rotor core material M109 steel
power 5 KW
speed 3000 rpm

Considering the design criteria in Table 1, when $,=20.2° then 20.2° < 8, < 39.8°. The stator pole
arc coefficients and rotor pole arc coefficient can be used to indicate the stator pole arc and rotor pole arc [11],
respectively.

Us = Bs/e
o = Br/e

Where a, = Rotor pole arc coefficient, a; = Stator pole arc coefficient.

According to (15)-(17), the pole arc coefficients estimated ranges. The objective function of maximum
torque, average torque, and efficiency is optimized using a genetic algorithm (GA), with stator/rotor pole arc
as variables of GA optimization techniques. In the 1970s, the genetic algorithm (GA) was initially developed
[29]. It imitates the way that species evolve and the idea of natural selection. This is primarily accomplished
through the processes of parental selection, crossover, and mutation, as shown in Figure 5. The fitness value
of the parents is used to determine the initial values (parameters) for them (objective function value). High-fit
individuals are used to develop offspring from their chromosomes as part of the selection process, which is
often based on a probability function. In other words, the community's most fit individuals have the best chance
of giving product to the following generation. The algorithm converts the parent values from numbers to binary
strings. The binary strings of every variable are linked to a chromosome. Figure 5 depicts the crossover
breeding process between the blue and red parent strings, which produce progeny by sharing their
chromosomes. After that, each child string is mutated to choose a random bit and flip it.

) (18)

r

Parent 1 Parent 2

Crossover Process

[OJO[OTOTTTT] wutation Process

child 1 child 2

Figure 5. The GA optimization technique's crossover and mutation processes [30]

A flow chart of the proposed design with GA process is shown in Figure 6. The conventional SRM is
designed according to the initial design data shown in Table 1 using Ansys electronics desktop software. The
electromagnetic performance of a conventional SRM is analyzed with the torque characteristics and magnetic
flux density vector plot are displayed. The proposed analysis focuses on changing the parameters of the
topology that have the most effect on improving the torque and efficiency of the motor, which includes the
angle of the stator/rotor pole arc. The various output, parameters for flux distribution, losses, efficiency, and
torque change when the polar arcs shift. Iterative genetic algorithm (GA) optimization can be used to determine
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the ideal value for the polar arc’s parameters. With an initial population of m, the algorithm begins. Each of
these design points (individuals) has a computed fitness. In the k' generation, two people are selected to serve
as parents. The crossover method is then applied to all of the highly fit people with a high probability of up to
0.9. The crossover results in the production of two children. The use of the high fitness individuals to produce
offspring is regulated by the crossover probability, rc. In the absence of a crossover, on the other hand, the two
children will be exact replicas of their parents. Then, each of the two children receives the mutation with a
minimum chance of up to 0.01. The exploration process is governed by the mutation probability rm, which also
prohibits an early convergence to a local optimal solution.
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Figure 6. A flowchart of proposed design optimization

The new one replaces the old population, and each member of the new population is assessed for
fitness. Up until the termination condition is met, the processes of crossover and mutation are repeated [29].
The GA directly influences how the population is formed for a new generation by r¢ and rm. Therefore, the
variation of the stator/rotor pole arc angle according to the conditions in (15)-(17) with ranges (15° < 8, <
29.9°) — (15° < B, < 30°) that ensure the desired results. After GA optimization is completed, the optimal
results are selected and compared with the conventional results for validation.

6. RESULTS AND DISCUSSION

To ensure that the simulation and the aforementioned analyses are accurate. The results of the
conventional parameters as shown in the Table 2 as well as the results of the optimization parameters
(stator/rotor pole arc) are presented. To showing the improvement of the maximum torque, average torque. In
addition, the efficiency improvement in most of the cases presented.

6.1. The conventional parameters of SRM

The magnetic flux lines and flux density distribution in the yoke and air gap are evidently different
when the stator and rotor are in various relative positions. The Figure 7 shows a plot of the magnitude and
vector of the magnetic field density, as it indicates the path of the magnetic flux flow during the rotation of the
motor at speeds (50% and 100%) of rated speed. Where it shows the conditions for fully alignment and non-
alignment of the stator/rotor pole. In Figure 7(a), shows the variance in the magnetic field densities achieves
its maximum value in the corners of the stator/rotor pole in fully alignment condition at speeds (1500 rpm,
3000 rpm) respectively. The stator and rotor teeth have the smallest air gap when they are aligned, as shown in
Figure 7(a). Reluctance is at its smallest and inductance is at its largest at this position. So, the output torque is
increased in this position.

While in Figure 7(b), shows the variance in the magnetic field densities achieves its maximum value
in the corners of the stator/rotor pole in non-alignment condition at speeds (1500 rpm, 3000 rpm) respectively.
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The effective air gap between the teeth of both the stator and rotor is at its greatest in the non-aligned position,
as demonstrated in Figure 7(b). The reluctance is greatest and the inductance is smallest at this position.
Therefore, the output torque is increased in this position. As the rotor poles and the main stator poles are not
aligned in the non-aligned, the flux value is nearly entirely dictated by the winding and the air around it. In
contrast to the aligned position, no saturation happens in the non-aligned position even at larger current ratings.

Table 2. Values of torque and efficiency at different of the stator/rotor pole arc

Speed (rpm) Cases B, (deg) Bs (deg) Tmax(N.m)  Tavg(N.m) Efficiency
900 Case 1(Con) 235 20.2 37.3548 17.7199 91.41838892
Case 2 (Opt)  26.65135655 15.83492869 41.5988 19.4226 89.76940484
Case 3 (Opt)  24.05941954 17.00702742 45.3688 19.1513 90.30847068
Case 4 (Opt)  24.2178106 16.42662342 46.315 19.3379 90.12035104
Case 5 (Opt) 21.27887814 21.08084101 40.8467 18.8155 90.68271095
Case 6 (Opt) 21.49861141 18.68293635 47.5312 19.9518 91.74068055
1500 Case 1(Con) 235 20.2 18.1988 6.453 93.73743278
Case 2 (Opt)  26.65135655 15.83492869 21.3861 7.552 94.14429549
Case 3 (Opt)  24.05941954 17.00702742 21.5752 8.2961 93.92567425
Case 4 (Opt)  24.2178106 16.42662342 22.4859 8.5596 93.91686899
Case 5 (Opt) 21.27887814 21.08084101 19.7397 7.6077 93.98434345
Case 6 (Opt) 21.49861141 18.68293635 24.7484 9.3695 94.31617625
2250 Case 1(Con) 235 20.2 9.1066 2.9005 93.59091035
Case 2 (Opt)  26.65135655 15.83492869 11.1312 3.3434 94.12164302
Case 3 (Opt)  24.05941954 17.00702742 10.5835 3.7316 9417331721
Case 4 (Opt)  24.2178106 16.42662342 11.4623 3.8658 94.21777532
Case 5 (Opt) 21.27887814 21.08084101 9.7407 3.4425 94.13893673
Case 6 (Opt) 21.49861141 18.68293635 13.6077 4.2891 94.60771831
3000 Case 1(Con) 235 20.2 5.2508 1.7289 93.46123496
Case 2 (Opt)  26.65135655 15.83492869 6.5197 1.9997 93.97179235
Case 3 (Opt)  24.05941954 17.00702742 6.1916 2.2396 94.16480801
Case 4 (Opt)  24.2178106 16.42662342 6.73 2.3229 94.25257622
Case 5 (Opt) 21.27887814 21.08084101 5.6722 2.0619 94.04731175
Case 6 (Opt)  21.49861141 18.68293635 8.4088 2.5748 94.66352466
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Figure 7. Orientation of magnetic field lines of conventional SRM at (a) alignment condition and
(b) non-alignment condition
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6.2. The optimization parameters of SRM

The stator/rotor pole's arc angle is the only variable that is altered in the SRM's optimized parameters.
The optimization parameters' finite element analysis reveals a change in the output values with regard to torque
and efficiency for the same set of additional parameters as in the traditional analysis. The torque and efficiency
values are variable for the various stator/rotor pole arc angle values, as shown in Table 2.

Table 2 displays the top optimum 5 cases for the maximum/average torque values and efficiency
determined by the (FE) analysis at speeds that are (30%, 50%, 70%, and 100%) of the rated speed. From
Table 2 in comparison with conventional model, the best optimal case obtained at (8,=21.49861141°,
Bs=18.68293635°). It is observed that the maximum torque with values [47.5312, 24.7484, 13.6077, 8.4088
(N.m)] increased with [10.17, 6.54, 4.5, 3.15 (N.m)], average torque with values [19.9518, 9.3695, 4.2891,
2.5748 (N.m)] increased with [2.23, 2.91, 1.38, 0.84 (N.m)] for speeds [900, 1500, 2250, 3000 (rpm)]
respectively. At same best optimal values of (8, Bs) the efficiency with values [91.74068055, 94.31617625,
94.60771831, 94.66352466] increased with [0.32, 0.57, 1.01, 1.2] for speeds [900, 1500, 2250, 3000 (rpm)]
respectively. The comparison between the conventional and best optimum results of maximum/average torque
and efficiency shown in Figure 8.

Figure 8(a) displays the best optimum value of Tmax compared with conventional model for speeds
(900, 1500, 2250, and 3000) rpm. Figure 8(b) displays the best optimum value of Tavg compared with
conventional model for speeds (900, 1500, 2250, and 3000) rpm. Figure 8(c) displays the best optimum value
of the efficiency compared with conventional model for speeds (900, 1500, 2250, and 3000) rpm. Figure 9
shows torque profile plot in non-alignment condition and rotor position 22.5° at speeds ((30%, 50%, 70%, and
100%) of rated speed for the conventional and optimization parameters of SRM.
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Figure 8. The comparison between conventional and best optimum values of results (a) maximum torque,
(b) average torque, and (c) efficiency

From the Figure 9(a), at speed = 900 rpm, it is observed that the best optimum value of Tmax =
47.5312 N.m, Tavg = 19.9518 N.m and the maximum efficiency = 91.74068055 occur at (8, = 21.49861141°,
Bs = 18.68293635°). For Figure 9(b), at speed =1500 rpm, it has been noted that the best optimum value of
Tmax = 24.7484 N.m, Tavg = 9.3695 N.m and the efficiency = 94.31617625 occur at (5, = 21.49861141°,
Bs = 18.68293635°). While Figure 9(c), at speed = 2250 rpm, it has been noted that the best optimum value of
Tmax = 13.6077 N.m, Tavg = 4.2891 N.m and the efficiency = 94.60771831 occur at (8, = 21.49861141°,
Bs = 18.68293635°). Therefor Figure 9(d), at speed = 3000 rpm, it has been noted that the best optimum value

of Tmax = 8.4088 N.m, Tavg = 2.5748 N.m and the efficiency = 94.66352466 occur at (5, = 21.49861141°,
Bs = 18.68293635°).
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Figure 9. Torque profile of the conventional and optimization parameters at non-alignment condition and
rotor position 22.5° for (a) speed = 900 rpm, (b) speed = 1500 rpm, (c) speed = 2250 rpm, and
(d) speed = 3000 rpm
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7.  CONCLUSION

SRM's benefits, including its high overload capacity, superior fault tolerance, and wide speed range,
make it ideal for use in EV and HEVs. In this paper, optimization was carried out by the genetic algorithm
(GA) on the topology parameters of an 8/6 SRM. Which change the shape of the stator and rotor poles,
including the arcs of the stator and rotor poles, according to conditions restricted by finite element (FE)
analysis. The maximum torque has been improved (27.24 %, 35.98%, 49.42%, 60.14%), the average torque
has been improved (12.59%, 45.19%, 47.87%, 48.92%) and the efficiency has been improved (0.35%, 0.61%,
1.08%, 1.28%) for speeds [900, 1500, 2250, 3000 (rpm)] respectively. A 2D model is developed for
performance evaluation of machine. The results of the improved parameters were compared with the
conventional ones at different motor speeds. The effect of the stator/rotor pole arc angle is evident on improving
the torque and efficiency of the SRM. Which gives high confidence to use it and reduces the interest in the
permanent magnet motor in electric vehicle application.
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