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Abstract: Slotting effect in electric machines reduces flux per pole that effect magnetic flux density
distribution in the air gap which induces harmonics in magnetic flux density causing flux pulsation,
that in turn generates dominant torque pulsation in the form of cogging torque and torque ripples.
To overcome the abovesaid demerits, a novel outer rotor field-excited flux-switching machine (OR-
FSFSM) with a combined semi-closed and open slots stator is proposed in this study. The developed
OR-FEFSM offers a high-power factor, due to the utilization of the semi-closed slot for armature coils.
The open slot stator structure was chosen for the field excitation coil, which effectively suppresses
leakage reluctance that causes flux pulsation. Thus, the influence of torque ripples is reduced, and
the average torque is improved. In order to investigate the effectiveness of the proposed OR-FEFSM,
a detailed study of stator slot and rotor pole combinations are performed. Based on simplified
mathematical formulation, 125/7P (stator slot/rotor poles), 125/11P, 125/13P, and 12S/17P are the
most feasible combinations. Finite Element Analysis (FEA) based on comprehensive electromagnetic
performance is performed on each combination, and found that 125/13P offers the highest average
torque of 4.62 Nm, whereas 3.72 Nm, 2.72Nm, and 1.68 Nm average torque is offered by 125/17P,
125/7P, and 125/11P, respectively. Based on the initial analysis, 125/13P was considered for further
analysis and optimized using JMAG built-in Genetic Algorithm (GA). Moreover, thermal analysis
was performed, and the proposed design was compared with the conventional design.

Keywords: field-excited machine; flux-switching machine; finite element analysis; genetic algorithm;
thermal analysis; performance analysis; optimization

1. Introduction

Flux-switching machines (FSMs) are a class of synchronous machines that attract
researcher interest due to their doubly salient structure, featuring both excitation sources
(permanent magnet (PM) or winding) on the stator and robust rotor structure [1-5]. Since
there are no PMs or windings on the rotor, FSM has a robust rotor structure like switched
reluctance machines (SRM), making it a strong candidate in many industrial applications
where high speed and rigidness are required [6-8]. Thus, due to the inherent feature of
high torque and power density, single-phase, three-phase, and multiphase FSM topologies,
such as PM excited, field excited (FE), and hybrid excited (HE), have been researched over
the past few decades [9,10].

Permanent magnet flux-switching machines (PMFSMs) offer high torque density, ef-
ficiency, lower harmonic components in their back-electromotive force (back-EMF), and
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robust rotor structure [11-13]. Due to the stator’s flux-concentrating effect, PMFSM eas-
ily generates a high magnetic flux density in the air gap and therefore achieves high
torque [14-16]. However, field weakening is a problem for these machines because their
d-axis inductance is lowered due to deep magnetic saturation in the stator, limiting their
constant power speed range. Additionally, the possibility of irreversible demagnetization,
cost of rare earth magnets, uncontrollable flux, and PM’s low mechanical strength are all
critical issues limiting PM machines to some extent. Therefore, reduced PM or no PM
machines are preferred [17,18].

Hybrid excited flux-switching machines (HEFSMs) have the potential to improve
power density, efficiency, and flux weakening performance [19-21], and overall reduce the
volume of PM by adding FE coils (FEC). However, the presence of both excitation sources
(PM and FEC) on the stator makes its geometry complex. To overcome the aforesaid
demerits of HEFSM and PMFSM, field-excited flux-switching machines (FEFSMs) are
introduced that are fully excited by windings and have more robust rotors than other types
of FSM. Despite their lower efficiency, the field current regulation makes FEFSM a suitable
alternative for variable speed applications [4,22].

FEFSM that utilize only field winding as a magnetic excitation are proposed in [23].
The field-weakening capabilities of this machine have been greatly enhanced due to flux
regulation capability with dc excitation current that effectively reduces excitation magnetic
field. However, the field windings are wound around every other stator tooth, causing the
magnetic field to be radially excited and unable to be concentrated, which results in low
torque density. To improve torque-power density, the authors of [23] investigated wound
field-excited FSM with non-overlapped winding and segmented rotor structure. Due to the
advantages of flexible flux weakening capability and short flux path, high-torque density
is achieved. However, FEFSM topologies with segmented rotors suffer from mechanical
constraints, and are not feasible for high-speed applications due to rotor segmentation.

The authors of [24] introduce a partitioned stator FEFSM (PS-FEFSM) with a double
stator, having field and armature winding on a separate stator, so that FEC are arranged in
the inner stator. In contrast, armature windings are placed in outer stators, thus increasing
the torque density by 19% more than conventional FEFSM. However, manufacturing cost
increases, due to the partitioned stator with two air gaps; and with metallic coupling of the
rotor pieces, the cage losses increase, which can be incorporated with non-metallic sticks.

Despite the average torque improvements, the influence of the cogging torque and
torque ripples are dominant in FEFSM. In this regard, the authors of [23] comparatively
investigated FEFSM with and without skew rotor for torque ripple reduction. However,
torque ripple is suppressed at the cost of a reduction in average torque. To further improve
the torque profile, the authors of [25] examined torque characteristics of an OR-FEFSM with
maximum torque control; however, this design suffers from magnetic saturation under
higher currents. Moreover, dual-stator OR-FEFSM for unbalanced shaft magnetic force
in [26] is effectively suppressed at 3% reduction in average torque.

To address the aforementioned problems in various state-of-the-art designs, this
paper proposes a novel OR-FEFSM (as shown in Figure 1) for direct-drive embedded
in-wheel systems, with an improved torque profile utilizing combined semi-closed and
open stators. Furthermore, due to the elimination of mechanical gearboxes, the proposed
OR-FEFSM omits maintenance costs, ultimately improving system operation efficiency.
In contrast, combined semi-closed and open slots dominantly suppress torque ripple
issues and improve overload capability. Therefore, this paper intends a finite element
analysis (FEA)-based detailed investigation of the proposed OR-FESM with possible rotor
pole combinations.
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Figure 1. Proposed OR-FEFSM (a) cross-sectional view and (b) magnetic flux density map.

Section 2 discusses design topology and operating principles, while Section 3 inves-
tigates FEA-based performance analysis of possible rotor pole combinations. Section 4
describes the genetic algorithm. Section 5 examines the best rotor pole’s detailed FEA-
based performance study. Section 6 depicts a quantitative comparison of electromagnetic
performance, whereas Section 7 investigates a comparison of conventional and proposed
designs. Section 8 draws a conclusion.

2. Design Topology and Operating Principles
2.1. Design Topology

The proposed 125/13P OR-FEFSM is shown in Figure 1. It consists of a salient outer
rotor and an inner stator having both armature and field winding. The material used for
the stator and rotor is 35H210 silicon steel, and copper is used for the winding. Geometric
parameters of the proposed OR-FEFSM are shown in Figure 2 and listed in Table 1, while
the simplified operating principle based on the flux-switching principle and possible rotor
pole combinations are explored as follows.

A

Figure 2. Depicted design parameters of proposed OR-FEFSM.

2.2. Operating Principles

The operating principle of OR-FEFSM is similar to PMFSM, and can be easily explained
by the structure shown in Figure 3a,b. The upper laminated part is a rotor-like SRM, and
the lower part consists of an armature winding (AW) and FEC labeled in the stator. The
flux generated by the FEC flows through the path with the least reluctance. As shown in
Figure 3a, when the rotor poles align with the stator teeth, around which the phase coil is
wound, the flux that is linked in the coil leaves the rotor tooth and enters the coil. Similarly,
as the rotor rotates further and another rotor pole aligns with the next stator tooth of the
same coil, flux leaves the coil and enters the rotor tooth, maintaining the same amount of
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flux-linkage but reversing the polarity, as shown in Figure 3b. The coils flux linkage varies
regularly as the rotor rotates, producing sinusoidal back-EMF. Torque is generated when
current is appropriately provided to the coils, which drives the armature forward.

Table 1. Design parameter of proposed OR-FEFSM.

Symbol Value (unit) Symbol Value (unit)
Rq 15 mm Wiy 7.5 mm
Ry 20 mm Wip 6 mm
R3 35.5 mm H,p 7.5 mm
Ry 40 mm Tout 22 mm
Rs5 44.5 mm Xy 10 mm
Rg 45 mm Wsp 6 mm
Ry 52.5 mm Hg; 15.5 mm
Rg 60 mm H;, 9 mm
Bin 6.76 mm Bout 11.67 mm
Wy 6 mm W» 6 mm
W3 6 mm Stack length 45 mm

Figure 3. Operating principle of OR-FEFSM (a) positive maximum flux and (b) negative maxi-
mum flux.

2.3. Rotor Poles Combination

Rotor pole position determines the basic principle of FEFSM due to magnetic flux link-
age in armature winding that will be positive and negative, depending on the rotor position.
For inner and outer rotor FEFSM, possible rotor poles combinations are computed as:

1+k
NN () g

where N, represents the number of rotor poles, N;s stator slot, K is natural number, and g is
number of pairs of phases. For the proposed OR-FEFSM, the values of g and N; are 6 and
12, respectively, whereas feasible stator slot and rotor pole obtained are 125/7P, 125/11P,
125/13P, and 12S5/17P.

Furthermore, for all possible rotor poles combinations, the number of turns per phase
(Nz) and number of turns for field winding (N,) varies based on the armature current
density (J, ) and field excitation current density (J. ) as follows:

IaNa
~ S,

Ja )
IeNe
~ aS,

Je

®)
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where a represent the filling factor while S; and S, represent armature and field slot area,
respectively. Thus, to decide an optimal values for the aforesaid associated parameters
(Je & J1 ), a detailed electromagnetic performance is investigated.

3. Performance Analysis of Feasible Rotor Pole Combination

In this section, a comparative analysis of the proposed OR-FEFSM is conducted for
the possible rotor pole combinations. The best design based on electromagnetic analysis
will be proceeded for further study.

3.1. No Load Flux Linkage

Figure 4 shows the no-load flux linkage of all feasible rotor pole combinations.
It is worth noting that the phase flux linkage obtained under no-load operation with
Jo = 15 A/mm?. Analysis reveals that OR-FEFSM with 12S-7P design offers the highest
flux linkage of 0.020 Wb, which is 54%, 7.15%, and 37.97% higher than 11, 13, and 17 rotor
poles, respectively.

0.03 T T T T T T T T T T

0.02

0.01

Flux linkage (Wb)
(=]

0.029” i A

WK
| O 128/7P —-B-—128/11P —O—125/13P % 125/17P

_0.03 1 1 1 1 1
0 30 60 9 120 150 180 210 240 270 300 330 360

0

e

Figure 4. No-load operation flux linkages of all feasible combinations.

3.2. No Load Back-EMF

Under no-load operation, phase back-EMF for 125/7P, 125/11P, 125/13P, and 125/17P
through 2D FEA is shown in Figure 5. Analysis reveals that 125/13P shows the highest
back-EMF of 44.43 V, whereas the phase back-EMF for 12S5/7P, 125/11P, and 12S/17P are
25V,18.13 V, and 38.63 V, respectively.

50 T T T T T | T T T

0 30 60 9 120 150 180 210 240 270 300 330 360
0

e

Figure 5. No-load operation phase back-EMFE.
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3.3. Cogging Torque

The torque obtained is cogging torque when no current is applied to the armature
winding. This torque is due to slotting effects that cause acoustic noise and vibration, and
is therefore undesirable. Since slotting effects change with the rotor pole number variation,
the resultant cogging torque greatly vary. The cogging torques of 125/7P, 125/11P, 125/13P,
and 125/17P are illustrated in Figure 6. In regard to peak magnitude, analysis reveals that
125/17P design offers lowest cogging torque of 0.0508 Nm, whereas 125/11P shows highest
cogging torque of 0.337 Nm. Furthermore, the cogging torque profiles for 125/13P and
12S /7P show moderate values.
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Figure 6. Variation of cogging torque profile.

3.4. Instantenous Torque

Under loaded and rated operating conditions of |, = Jo = 15 A/mm? and speed
of 1500 rpm, instantaneous torque profile is shown in Figure 7. Comparative analysis
of various rotor poles illustrates that 125/13P offers the highest average torque (Tyoq) of
4.62 Nm, whereas 125/11P shows the lowest average torque of 1.68 Nm.

~

[0 128/77P —-B-—128/11IP —0— 125/13P —*— 1

28/17P |

w H 3] (=2}
> T
£

o
o

N
-

Instantaneous torque (Nm)

o

0 30 60 90 120 150 180 210 240 270 300 330 360
Rotor position (6,)

Figure 7. Instantaneous torque profile with rotor pole number.

Table 2 represents average torque, cogging torque, torque ripples ratio, flux linkage,
and back-EMF of possible rotor pole combinations. From the above analysis, it is clear
that the 125/13P combination has a more significant torque density and back-EMF at
Jo = Jo = 15 A/mm?. Therefore, it is considered for further study.
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Table 2. Quantitative performance of the OR-FEFSM with various rotor pole numbers at
Jo=Je =15 A/mm?.

12S/7P 12S/11P 12S/13P 12S/17P
Average Torque (Nm) 2.72 1.68 4.62 3.72
Cogging Torque p.p (Nm) 0.344 0.377 0.246 0.0508
Torque ripples (%) 32 16 31 12
Flux Linkage (Wb) 0.022816 0.010481 0.021185 0.014152
Back-EMF (V) 25.06 18.13 44.84 38.64

4. Genetic Optimization

In this section, optimization using genetic algorithm (GA) is used for the proposed
OR-FEFSM with 125/13P. GA is a widely common solution for optimization issues because
it is particularly good at solving highly non-linear objective functions. The GA-based
optimization technique is based on the evolution of the world’s animal population. It begins
with a random population of variables, similar to a pool of chromosomes. A generation
is the term used to describe each iteration of the algorithm. Only a few chromosomes
with the most significant fitness values are carried down into the next generation, known
as exceptional offspring. In addition, the technique generates new children for the next
generation by simulating crossover and mutation, which are binary and unary acts on
existing chromosomes, respectively. The method is repeated until one of the end conditions
are met [27]. The number of generations and population size are defined to reach an
optimum global value of the objective function. Figure 8 illustrates the GA workflow.

START

| Define initial parameters |

y

| Import CAD model |

y

| Define objective function |

v

| Set constrains |

v

Crossover N Specify population size and |_
number of generation
A
Number of | Execute FEA |
childrens
Check Objective function
constrains converges?
. Next
loball ? .
Globally optimized generation

Figure 8. Flow chart of Genetic Optimization.

Geometry editor is used to develop the initial design, and the CAD parameters are
then imported into the designer. The objective function and constraints are given below,



Energies 2022, 15, 7531

8of 17

composed of two sub-objectives. Table 3 describes the ranges and constraints of variable
CAD parameters.

N . T,
Objective function = { max( ag)
mln(Tripples)
. T, 4.62
Constraints = { avg >
Trippres < 0.28
3< Wy <12
2< Wy <5
. . 3<W; <8
Design variables = 3<W, <8
3<W;<8
12<R; <15
Table 3. Variables for Genetic Optimization.

Parameters Initial (mm) Boundary Conditions Optimized (mm)
Why 7.5 3< Wy <12 6.3505
Wip 3 1< Wy <5 3.3055
Wy 6 3<W; <8 7.97017
Wy 6 3<W, <8 5.9480
W3 6 3<W3<8 6.8116

JMAG built-in global optimization, which utilizes the GA approach, was used to
optimize the geometrically significant parameters. Geometrical design variables, such as
the yoke length (W), width of rotor tooth (W), the area of the armature slot, area of
the FEC slot, width of stator poles (W1, Wy, W3), and the shaft radius (R;), were used to
determine the optimization problem of the design. During optimization, key dimensions,
such as the stator outer radius (Rs), air gap, rotor outer radius (Rg), stack length, rated
field and armature current densities, and turns, were kept constant to maintain constant
electrical and magnetic loading. In optimization settings, maximum generations were set
at 14, population size at 16, number of children at 17, and stopping criteria at 10. The
number of elements and nodes of each model were 12,246 and 7672, respectively. The mesh
size was set to 0.5. After computing 451 case studies with GA, which took nearly 112 hours,
the file size was 110 GB, the PC used was a HP core i5, 2.5 GHz, 8 GB RAM, and optimum
values were obtained. Optimization results, such as torque and ripple ratio w.r.t, Wy, Wy,
W1, Wy, W3, and Ry, are illustrated in Figure 9 in relation to one another. Table 3 depicts
the proposed design’s global optimal parameters.

40 8 — : : : 40

Average torque (Nm)
Torque ripple ratio (%)
Average torque (Nm)
Torque ripple ratio (%)

9]

R1 (mm) | O  Average torque *

(a)

Figure 9. Cont.
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5. FEA Based Electromagnetic Performance of Optimized Design

In this section, a detailed comparative analysis of optimal design is discussed.

5.1. No Load Analysis

The no-load airgap flux density of 125/13P initial and optimized design substantially
fluctuates, resulting in a significant variation in the magnetic flux density over one periodic
cycle, as shown in Figure 10. The peak value of airgap flux density of optimized design is
30% more than the initial. The variation of the magnetic flux density results in phase flux
linkage variation. Figure 11a,b shows no load flux linkage and harmonic spectra of initial
and optimized design. Analysis shows that the peak value of flux linkage is improved
by 31.15% after optimization. Similarly, odd harmonics and total harmonic distortion
(THD) were improved by 41.88 and 58.33%. The formula for calculating THD is shown in
(4) below.

N
N D
THD = % (4)

1
where & is fundamental hormonic component and N is natural number
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Figure 10. Variation of the magnetic flux density over one periodic cycle.
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Figure 11. Initial and optimized design phase flux linkage (a) waveform and (b) harmonic spectra.
Under no-load condition, phase-back-EMF and harmonic spectra for initial and opti-
mized design through 2D FEA is shown in Figure 12a,b. Analysis reveals that back-EMF is
improved by 28%, while odd harmonics and THD is improved by 33.2% and 39.63%, respec-
tively, after optimization. Figure 13 shows the comparison between initial and optimized
cogging torque; after optimization, the cogging torque is reduced by 54.93%.
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Figure 12. Initial and optimized design back-EMF (a) waveform and (b) harmonic spectra.
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Figure 13. Cogging torque analysis of initial and optimized design.

5.2. Load Analysis

Under loaded and rated operating conditions of J, = J, = 15 A/mm? and speed of
1500 rpm, instantaneous torque profile of 125/13P is shown in Figure 14, which offers
a 41.99% improvement in torque and 87.76% in Torque ripple ratio (T,). Furthermore,
average torque profiles with torque ripples under different electric loading are illustrated
in Figure 15, demonstrating the over-load capability of the proposed OR-FEFSM before
and after optimization. It can be seen that under all-electric loading conditions, average
torque increases, whereas the torque ripple ratio decreases. From the analysis, the torque
and ripples ratios are improved by 41.99% and 87.76%, respectively, at the rated conditions.
The formula for calculating torque ripple ratio is discussed in (5).

T,, = Tmax — Tinin % 100

i
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Figure 14. Instantaneous toque profile of initial and optimized design.
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Figure 15. Overload capability of proposed design before and after optimization. (a) Torque w.r.t J,
and J. before optimization; (b) ripples w.r.t J, and J. before optimization; (c) torque w.r.t J, and J
after optimization; and (d) ripples w.r.t ], and J. after optimization.

In (5) Tyax is the maximum value of torque, Ty, is the minimum value of torque,
and Tyyg is the average value of torque. Figure 16 shows electromagnetic torque perfor-
mance of initial and optimized design w.r.t different electrical degrees.

8 T T T T T T T T T

A=G--%._. o 1

|
T

&7

N o
R
.
R
<
<&

Average torque (Nm)
w -
&\

\s
B
[

\\
'I
a
jul
7/
&

[ ]
T
N,
3,
N,
s
1

._.
T
o,
N,
‘\:\
o
P
e -
A
1

’---Ei---' Initial design —-—0--— Optimized design ‘ NN
-80 -60 -40 -20 0 20 40 60 80
Advance angle (Be)

S
@,

Figure 16. Torque w.r.t different electrical degrees before and after optimization.
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5.3. Dynamic Analysis

In designing an electric machine, dynamic characteristics analysis is one of the key
studies that provides wide operational capability. In this regard, torque and output power,
characteristics curve versus speed and power factor, give a detailed illustration of its
behavior under low-speed, high-speed, constant torque, and constant output power regions,
which is a prerequisite for direct-drive in-wheel-embedded systems.

The output power of the proposed machine is calculated by multiplying T,,; with
the corresponding speed. Input power is the summation of output power and total losses,
including core and copper losses. Core losses can be calculated from 2D-FEA at the specified
points, and (6) is used for copper losses calculation.

PCopper = PCopper(AW) + Pcopper(FEC) (6)

where,
PCopper (AW) — IrmsP]L(NQ) (1000) @)
PCopper (FEC) — IPIL(NQ)(H)OO) 8)

In (8), I represent current, p is resistivity, | represents current density, N and Q are
number of turns and slot pair, respectively.

Pout = Tavg *w )
Pinput = Pout + PCopper + Pcore (10)
Finally, efficiency is given as:
P
n= P'““’* 100 % (11)
input

The characteristics curve of torque and power versus speed on initial and optimized
designs is depicted in Figures 17a and 17b, respectively.
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Figure 17. (a) Torque vs. speed curve; (b) power vs. speed curve.

Similarly, the power factor can be calculated as:

P= %(leq + Vyla) (12)
Q= %(leq + V1) (13)
S=+/P24+ Q2 (14)
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P
PF = cos@ = g (15)

The power factor of initial and optimized design is shown in Figure 18.
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Figure 18. Power factor of initial and optimized design w.r.t different speed.

A comparison of the initial and optimized OR-FEFSM designs is performed in order to
verify and examine the performance of the GA optimization technique. Table 4 illustrates a
quantitative assessment of the proposed machine.

Table 4. Performance comparison of initial and optimized design.

Parameters Initial Value Optimized Value Improvement

Torque (Nm) 4.877 6.925 41.99%
Torque Ripples (%) 0.30 0.037 87.76%
Flux linkage (Wb) 0.021 0.0276 23.91%
Airgap flux density (T) 1.3886 1.9276 27.94%
Back — emf pegi (V) 41.07 55.362 25.91%
Cogging torque(Nm) 0.3160 0.1424 54.93%
Odd harmonics in flux (Wb) 0.000573 0.000333 41.88%
THD in flux (%) 2.88 12 58.33%
Odd harmonics in back-EMF (V) 6.1206 4.09209 33.2%
THD in back emf (%) 16.4 9.9 39.63%
Output power (Kw) 2.27 3.223 29.56%
Power factor (Pf) 0.84 0.97 13.4%
Efficiency (%) 83.4 87.70 4.9%

6. Thermal Analysis

Thermal analysis is one of the most important analyses in electric machine design, as
heat dissipation limits the long-term functionality of the machine. Therefore, it helps to
determine the operating limits and the insulating class of the machine. The electromagnetic
performance reduces when the temperature exceeds a certain permissible range, resulting
in an inter-turn short circuit problem [28]. Current flow through the conductor produces
heat dissipation and power loss, which raises the temperature of the whole machine. The
machine has core losses in addition to the copper losses associated with the windings, which
are due to the eddy current and hysteresis losses in the core. All of these losses behave as a
heat source and raise temperatures. Therefore, the magnetic loss study is used to determine
the losses, and thermal analysis is used to analyze the temperature distribution.

For the proposed machine, initial losses were determined using a 3D FEA followed
by thermal analysis in 3D thermal studies, as 3D analysis is more precise than 2D analy-
sis. To calculate the temperature distribution of the complete machine, the 3D loss study
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is combined with the 3D heat study. The 3D thermal study reveals that the stator tem-
perature significantly rises due to the presence of all excitation sources on the stator;
however, the temperature of the rotor minimally rises, as the proposed machine has a
salient rotor. Figure 19 depicts a contour plot of the temperature distribution. In the stator,
the temperature distribution in the windings reaches a maximum value of 46 °C. At the
rotor, the highest temperature observed is 24 °C degrees.

Temperature
Contour Plot : deg C

46.0000
I 44,7000
43.4000
42,1000
40.8000
39,5000
382000
36.9000
35 6000
L 343000
330000
31.7000
304000
29.1000
27,8000
26.5000
252000
23.9000
226000
21.3000
20.0000

Maximum: 44 5408
Minimum: 20,0389

Figure 19. Thermal analysis of the proposed OR-FEFSM.

7. Comparison of Proposed and Conventional Design

In this section, a detailed comparison of the conventional and proposed design is
performed. For fair comparison with [23], the proposed model is redesigned and optimized
under the same outer dimensions, stack length, current density, and air gap length. The
average torque of scaled 12S5/13P design is 47.95 Nm which is 36.6%, 57.1%, 48.77%,
and 96.52% more than the conventional straight WFSM, skewed WFSM, 125/8P SRM,
and 125/10P SRM, respectively. Based on the key performance matrix listed in Table 5,
without any influence on efficiency, it is clear that the proposed design offers 9.4%, 65.8%,
and 63.7% less ripples than the conventional straight WFSM, 125/8P SRM, and 125/10P
SRM, respectively. Furthermore, individual machine part weight and overall weight
of the proposed machine are the lowest, resulting in a better torque density than the
aforementioned state-of-the-art model.

Table 5. Performance comparison of conventional and proposed design.

Parameters Straight Skewed 12/8 12/10 Proposed
WFSM WFSM SRM SRM Machine

Average Torque (Nm) 35.1 30.52 32.32 28.4 47.95
Torque Ripple (%) 27.6 6.85 73.1 68.9 25
Efficiency (%) 89.4 88 89.9 90.5 89.3
Weight of iron core (kg) 19.87 19.54 19.74 16.19
Weight of copper (kg) 17.86 13.74 12.63 3.121
Weight in total (kg) 37.73 34.33 32.37 19.311
Torque Density (Nm/kg)  0.930 0.808 0.941 0.877 2.483

8. Conclusions

This paper proposed a novel outer rotor field-excited flux-switching machine with a
combined semi-closed and open slots stator to improve power factor and torque profile.
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Semi-closed slots utilization improves power factor, whereas open slots suppress slot
leakages that effectively suppress leakage reluctance that causes flux pulsation, improving
torque ripples, and mean torque. The effectiveness of the proposed OR- FEFSM was
investigated through FEA with different stator slot and rotor pole combinations. Initial
FEA-based comprehensive electromagnetic performance reveals that 125/13P offers the
highest average torque of 4.62 Nm, which was considered for further study and optimized
through GA optimization. The maximum output power obtained is 3.22 kW with an
efficiency of 87.7%. Finally, the proposed design was compared with the state-of-the-art
model, and the results showed there was significant improvement in average torque, torque
ripples, weight of machine, and torque density.
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