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ABSTRACT 

Conventional motors have the advantage of robustness, high torque output capability, and power 

performance compared to modular motors. However, traditional motor structure inhibits fault tolerance. 

For that reason, this paper proposes the structure of a modular stator. It focuses on the performance of 

modular stator outer rotor flux switching permanent magnet motor (MSOR-FSPM) and Segmental Stator 

Hybrid Excitation Switched Reluctance Motor (SS-HESRM) by simulation using 2D-FEA in no-load and 

load conditions. Based on the results, the maximum flux linkage of MSOR-FSPM is 0.02 Wb and 0.05 Wb 

for SS-HESRM. The average torque output for MSOR-FSPM at maximum armature density is 108.43 Nm 

and 45.26 Nm for SS-HESRM. Therefore, the torque density for MSOR-FSPM and SS-HESRM is 3.78 

Nm/kg and 10.63 Nm/kg, respectively. As for the conclusion, a modular stator motor is capable of inherent 

fault tolerance compared to a conventional motor structure. Moreover, a modular stator motor produces a 

higher torque and power density because of the low iron core and optimum flux linkage. 

Keywords-flux-switching; fault-tolerance motor; modular stator; permanent magnet  

I. INTRODUCTION 

The types of Alternating Current (AC) motors are Induction 
Motor (IM), Switch-Reluctance Motor (SRM), and Permanent 
Magnet (PM) motor. IM has the advantages of low cost and 
simple motor controller, which is used widely in low torque 
and lightweight applications with 70-80% efficiency [1, 2]. In 
contrast to IM, the independent concentrated phase winding is 
the characteristic and advantage of SRM, which acts as a fault-
tolerant motor. However, both motors are considered to be low-
torque performance motors compared to PM-based motors. 
This is because IM and SRM have similarities depending on 

reluctance torque, and have been shown to have low output 
torque compared to magnetic torque in PM-based motors [3-5]. 

The application of PM in the motor can be categorized into 
Surface-Mounted PM Motor (SPM), Interior PM Motor (IPM), 
Flux-Switching Motor (FSPM), and Hybrid-Excitation Flux-
Switching Motor (HEFSM) [6, 7]. Based on the application of 
PM, it can be incorporated inside or on the surface of the 
rotating structure [8, 9]. IPM and SPM have been commonly 
used in industrial and domestic appliances due to their high 
efficiency of 80-93% with a wide power range against speed 
range, and have been explicitly associated with electric 
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vehicles for their traction appliances [10]. Moreover, due to its 
high power rating, SPM is developed for industrial applications 
such as robotic arms, electrical tools, and auxiliary power units 
[11]. An example of the advanced and complicated designs of 
SPM utilizing a skew structure in industrial applications is the 
V-type skew and X-type skew [12]. Another type of PM-based 
motor is the FSPM, which is an efficient development in drive 
systems and attracts the researchers' interest due to its high 
torque density, higher efficiency, and rigid rotor assembly 
compared to IPM and SPM [13, 14]. Furthermore, the 
improvement of FSPM in high-speed range generators is due to 
the compelling part of PM demagnetization relief in high-speed 
operation [16].  

Early development of modular radial-field stator design of 
PM synchronous machine was designed for grid-connected 
wind turbines and with power ratings from 100 kW to more 
than 1 MW since 1996 [16]. Modular stator arrangement 
creates a low reactance but high efficiency for PMSM due to 
the concentrated flux with a short path. A modular E-core 
stator PMFSM was designed in [17] as a simple, robust rotor 
structure with high torque density. Besides that, it was shown 
that modular stators with higher than stator tooth numbers 
degrade the electromagnetic performance due to lower winding 
factor and flux defocusing effect than conventional stator 
motors [18]. 

Therefore, this paper will discuss, analyze, and compare the 
performance between SS-HESRM and MSOR FSPM. Both 
designs share the typical characteristics of the modular stator 
with a structure of 1-phase/ module, where the SS-HESRM is a 
type of SRM integrated with PM, and MSOR FSPM is an outer 
rotor FSPM. This paper examines the performance in terms of 
flux linkage, average torque at various current loads, and 
finally, each design's torque density and power density. The 
significance of the modular stator structure and the 
characteristics of higher torque density per copper loss than its 
counterpart is highlighted in the conclusion. 

II. MOTOR TOPOLOGY AND OPERATING 

PRINCIPLE 

The topologies of the three-phase stator MSOR-FSPM and 
SS-HESRM with the configuration of 1-phase per module 
stator are illustrated in Figures 1 and 2. The circumferential 
flux of the MSOR FSPM includes the stator core, stator 
armature coil, and PM at the inner part compared to the 
conventional outer circumferential flux for the SS-HESRM. 
Unlike the traditional stator structure of both designs, MSOR 
FSPM and SS-HESRM have an air gap between each modular 
stator where there is no flux linkage between the stator 
modules. The structure of the modular stator is different for 
MSOR FSPM and SS-HESRM. There are two armature 
windings with two directions in SS-HESRM, while only one is 
in MSOR FSPM. Despite that, both designs have a PM on each 
stator module as a magnetic flux in which PM is sandwiched 
between two C-shaped iron stator cores for MSOR FSPM 
compared to a single C-shaped modular iron stator core, and 
each stator pole is wound with armature for SS-HESRM. The 
phase of armature winding in each modular stator for both 
designs is shown in Figures 1 and 2. As for the rotor structure, 
both designs are a stack of laminated iron cores that become a 

single rotor part with a different number of poles for each 
design. The topology for MSOR FSPM is 6-Slot/ 20-Pole and 
12-Slot/ 10-Pole for SS-HESRM [19]. 

 

 

Fig. 1.  Machine topology with armature winding. 

Figure 2 shows the operating principle of SS-HESRM in 
one segment without armature current injection and with 
current injection. When the armature coils are not excited, I = 0 
A, and the flux generated by PM is only circulated through the 
U-core stator iron segments and does not connect with the rotor 
pole and does not pass the airgap, as shown in Figure 2(a). The 
flux path is shown in Figure 2(b) and (c) when the armature 
coils are excited at aligned and unaligned rotor positions. Based 
on the flux generated by PM (blue arrow) in the opposite 
direction and compared to the armature coil excitation (red 
arrow), the flux from the excited coil cancels the PM flux. 
Therefore, when the armature coils are excited with low 
current, the maximum flux in the stator pole is negative. 
Likewise, if high currents are injected and excited by the 
armature coils, the total flux is positive in the stator pole. It is 
different at the rotor part and air gap because the PM and 
excited coil flux are summed together in the same direction. 
This flux is higher than that in the field-excited coil only type 
of motor, such as IM, because there is no PM flux. The airgap 
reluctance at aligned and unaligned positions is different, 
which varies the flux value in the stator coil and pole [20]. 

 

 

                 (a)                                         (b)                (c) 

Fig. 2.  Machine topology with armature winding. 

III. DESIGN SPECIFICATION AND METHODOLOGY 

The design specification and parameters restriction of 
MSOR FSPM and SS-HESRM are listed in Tables I and II. 
The 2D-FEA of both designs is divided into two parts, which 
involves various magnetic flux analyses in no-load conditions 
and torque performance at increasing armature current density 
(JA). For the final analysis, performance verification is carried 
out by comparing the MSOR FSPM and SS-HESRM results in 
terms of maximum magnetic flux linkage, flux line, flux 
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strengthening profiles, back-emf analysis, and torque 
performance at various armature densities [21]. 

TABLE I.  DESIGN MATERIALS OF MSOR FSPM AND SS-
HESRM  

Item Material Density (kg/m3) 

Stator and Rotor Soft Magnetic Steel 7600 

Permanent Magnet (35H250) 7550 

Armature coil Neomax-35 AHκ 8960 

TABLE II.  DESIGN SPECIFICATIONS OF MSOR FSPM AND 
SS-HESRM 

Specifications MSOR FSPM SS-HESRM 

Number of phases 1-phase/ module 

Speed 1200 rpm 

Pole numbers 20 10 

Stator slot 6 12 

Outer diameter 264 mm 

Stack length 70 mm 

Rotor radius 132 mm 65.5 mm 

Airgap 0.5 mm 

Magnet width 9.4 mm 20 mm 

Stator width 9.4 mm 14.7 mm 

Rotor width 12 mm 17.12 mm 

 
The total weight coefficient of the motors consists of three 

components: iron core, PM, and copper winding, as shown in 
(1):  

motor ic PM cwW W W W      (1) 

Based on NEOMAX-35AH, a type of neodymium magnet, 
the weight of the PM can be calculated as: 

-3No.of 7550 kgmPM PMW PM Vol     (2) 

The weight of copper winding, 
cwW  is based on the wire 

length, L  and the midpoints between a pair of slots, with the 
midpoint of the width of single slot. Therefore, it can be 
calculated as in (3): 

1 2 1 2L H H E E       (3) 

3E r      (4) 

32 2L r        (5) 

-38960 kgmcw cwW Vol     (6) 

The detailed weights of MSOR FSPM and SS-HESRM are 
listed in Table III . 

TABLE III.  DETAIL WEIGHT ESTIMATION 

Parts 
Estimated Weight (kg) 

MSOR FSPM SS-HESRM 

Rotor iron 6.88 3.75 

Stator iron 6.08 8.57 

Permanent magnet 1.39 0.92 

Copper winding 1.07 0.36 

Total weight 15.42 13.60 
 

IV. RESULTS AND DISCUSSION 

A. Flux Interaction between PM and Armature Coil 

The interactions between PM flux, armature coil, and PM 
flux with armature coil flux characteristics are investigated to 
determine the resulting flux. However, a sinusoidal distribution 
of flux linkage in space is necessary to avoid losses. The 
resultant flux in Figure 3 and Figure 4 depicts the operating 
principle, where the rotating motion and the flux interaction 
create angle shifting. The resulting flux of MSOR FSPM in 
Figure 3 shows a sinusoidal phase shift of angle -8° while SS-
HESRM is precisely at the correct angle [22]. The graph 
verifies that the maximum resultant flux of MSOR FSPM is 
0.021 Wb which is lower than the AC flux only by 0.031 Wb. 
In this context, the AC flux cancels out the magnetic field on 
the outer side [23]. However, the result is different for SS-
HESRM in Figure 4, where the maximum resultant flux, 0.052 
Wb, is higher by combining both PM and AC magnetic fluxes. 
The resultant flux of MSOR FSPM is more sinusoidal than SS-
HESRM, where the amplitude is unbalanced, affecting the 
peak-to-peak ratio to -0.14. 

 

 

Fig. 3.  Resultant flux for MSOR FSPM. 

 

Fig. 4.  Resultant flux for SS-HESRM. 

B. Maximum Flux Linkage 

The magnetic flux of both designs is compared to a hybrid 
excitation motor, which has a Field-Excitation (FE) [24]. 
Therefore, to study the flux strengthening and weakening of a 
PM motor, analysis is carried out from 0 Arms/mm

2
 to a 

maximum of 30 Arms/mm
2
 as shown in Figure 5. Obviously, 

the flux linkage of MSOR FSPM and SS-HESRM starts with a 
value of 0.013 Wb and 0.030 Wb and strengthens with 
increasing JA and starts to weaken when it reaches a maximum 
of 30 Arms/mm

2
 which stops at 0.021 Wb and 0.052 Wb, 

respectively [25]. Based on Figure 5, the difference of 
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maximum flux is about 1.5 times at 30 Arms/mm
2
 and the 

significant difference in flux performance is due to the 
magnetic flux route factor, where the SS-HESRM design has 
shorter magnetic path [27]. 

 

 
Fig. 5.  Flux Linkage with various armature current densities. 

C. Back EMF Evaluation 

The evaluation of back EMF is conducted at no load 
condition and with a revolving motion of both motors at a rated 
velocity of 1200 rpm. Back EMF analysis determines the 
voltage induced in an electric motor wherein the armature and 
the magnet field from the PMs may cause relative motion [27]. 
Figure 6 compares back EMF between the harmonics and the 
fundamental frequency (F). In Figure 6 MSOR FSPM has a 
maximum value of 27.12 V at 80° angle and a minimal value of 
-23.86 V at 290°. Meanwhile, SS-HESRM has a maximum 
value of 6.18 V at 100° and a minimal value of -6.19 V at 320°. 
Although the amplitude of MSOR FSPM is remarkably larger 
than SS-HESRM’s, the no-load phases back EMF of both 
design waveforms are symmetrical, and the amplitude 
corresponds to the fundamental. The harmonics in the back 
EMF waveform of MSOR FSPM are fundamentally higher, 
increasing the average torque and torque ripple due to the 
cogging torque [28].  

 

 
Fig. 6.  Back EMF against fundamentals. 

D. Cogging Torque Analysis 

The generation of cogging torque occurs where the 
interference between the magnetic field of the PM and stator 
slots affects the changes in the reluctance that depends on the 
rotor pole position. This phenomenon will occur when the 
motor has an air gap, which raises the flux linkage and disrupts 
the torque performance. Therefore, a low cogging torque is the 
best for motor conditions compared to a high cogging torque, 
which will induce motor vibration. Figure 7 compares the 

cogging torque performance for MSOR FSPM and SS-
HESRM. Figure 7 shows 7.05 Nm peak-to-peak cogging 
torque for MSOR FSPM and 0.001 Nm for SS-HESRM. The 
difference in cogging torque values can be explained by the 
number of stator poles, which is 24 for the MSOR FSPM and 
12 for the SS-HESRM. High flux linkage from the PM and 
airgap affects the poor torque performance caused by the high 
cogging torque. To minimize the cogging torque, several 
methods such as chamfering and notching can be applied to the 
design [29, 30]. The high cogging torque of MSOR FSPM is 
correlated with harmonics and back EMF as explained above. 

 

 

Fig. 7.  Cogging torque analysis. 

E. Average Torque Performance 

Figure 8 illustrates the torque performance at various JA for 
MSOR FSPM and SS-HESRM. The increase in torque for both 
designs can be considered linearly to JA. At the peak, JA, 
MSOR FSPM, and SS-HESRM designs give output torque of 
108.4 Nm and 45.3 Nm, respectively. To simplify, the MSOR 
FSPM design has higher torque output than SS-HESRM, 
although the flux linkage gives the opposite results [19]. The 
average torque of MSOR FSPM is 2.4 times that of SS-
HESRM, and this proves that a flux-switching machine 
generates high torque output performance due to flux-switching 
generated at the inner modular stator core with a high number 
of rotor poles. Moreover, the torque ripple and vibration affect 
the average torque output of SS-HESRM [9]. 

MSOR FSPM is typically a flux switching machine which 
has lower losses compared to SRM, and this results in higher 
torque output. Moreover, MSOR FSPM utilizes a unique flux 
control mechanism where the magnetic flux in the machine can 
be effectively modulated. This allows for better utilization of 
the available magnetic flux and enables higher torque 
generation. An advanced control strategy can optimize the 
machine operation based on parameters such as speed, load 
conditions, and requirements. As seen in Figure 8, it has been 
proven that MSOR FSPM and SS-HESRM can be applied to 
various three-phase applications since the torque increases 
linearly [26, 31]. 

F. Torque and Power Performance 

Based on Table IV, the torque density of SS-HESRM is 
lower than that of MSOR-FSPM. The drawbacks of SRM are 
proven to be low torque density, high torque ripple, high 
acoustic noise, and vibration limit to industrial applications 
[32]. Although both motor designs have the same outer 
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diameter with a modular stator structure, which is considered to 
reduce the overall volume of the motor, the torque and power 
density differ. The difference in weight is 1.82 kg, but the 
average torque output is enormous, which makes the torque 
density for SS-HESRM 3.33 Nm/kg while for MSOR FSPM it 
is 7.03 Nm/kg. The torque and power difference percentage 
between the motors is approximately 58.24%, where the power 
density for MSOR FSPM is 8.44 kW/kg, which is higher than 
SS-HESRM, which is 3.99 kW/kg. 

 

 
Fig. 8.  Average torque relative to armature current density. 

Accordingly, the torque and power density of modular 
stator structures are higher than those of stators with salient 
core structures at the same conditions and speed. Moreover, 
modular stator structures are able to optimize the magnetic 
material and iron cores by exhibiting high flux-carrying 
capability, thereby achieving greater power density than 
conventional structures [33, 34]. Finally, the design and 
analysis of 12-Slot/ 20-Pole MSOR FSPM and 6-Slot/10-Pole 
SS-HESRM have been presented. Both motors have been 
successfully designed and analyzed using JMAG Designer 
version 18, 2D FEA. The results of flux strengthening, back-
EMF, cogging torque, average torque at various loads, and 
torque density have been compared for performance 
verification. 

TABLE IV.  TORQUE AND POWER DENSITY 

Performance SS-HESRM MSOR-FSPM 

Estimated weight (kg) 13.6 15.42 

Avg. torque (Nm) 45.26 108.4 

Torque density (Nm/kg) 3.33 7.03 

Power (kW) 54.31 130.08 

Power density (kW/kg) 3.99 8.44 

 

V. CONCLUSIONS 

In conclusion, MSOR FSPM achieves a higher average 
torque of 108.4 Nm, and torque density of 7.03 Nm/kg, 
compared to the average torque of SS-HESRM, which is 45.26 
Nm, and torque density of 3.33 Nm/kg. Moreover, the power 
density of MSOR FSPM, which is 8.44 kW/kg, is higher than 
SS-HESRM's which is 3.99 kW/kg. The contribution of the 
current work is the performance of the motor in terms of torque 
density and power density of the flux switching motor 
compared to the switched reluctance motor. Although MSOR 
FSPM has a higher volume of iron core for the stator and rotor, 

which increases the overall mass by 1.82 kg compared to SS-
HESRM, the difference of the average torque is 63.14 Nm and 
has 2.11 times higher torque density. Besides, it has been 
proven that the higher torque and power density in modular 
stator motors are significant because the flux distribution is 
evenly distributed and flux switching focuses on the stator-
rotor pole contrary to the conventional SRM and OR-FSPM 
[19, 35]. 
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