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Abstract-Four topologies of in-wheel motors, including three 

switched reluctance motors and one permanent magnet 

synchronous motor of the same dimension, are proposed for 

comparison in electric vehicle applications. The three 

switched reluctance motors are 6/4, 6/10 and 6/16 two-teeth 

structures, respectively, along with the permanent magnet 

synchronous motor topology of 12 stator slot and 8 poles. The 

parameters of the motors are optimized for the best torque 

performance through genetic algorithm. The comparison 

contains torque output, iron loss and efficiency. 

Consequently, the results demonstrate 6/16 two-teeth 

switched reluctance topology is a potential candidate for 

electric vehicle applications. 
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I. INTRODUCTION 

 

Owing to its efficient utilization of energy and ability to 

relieve environmental pollution in urban areas, the electric 

vehicle (EV) is receiving more and more attention. As a 

major power supply for vehicle operation, electric 

machines own the dominant advantage of much higher 

efficiency compared with the internal combustion engine 

(ICE), which may own even less than 20% efficiency for 

vehicle application. Therefore, the design of electric 

machines for EV application is quite a hot topic nowadays. 

 

Electric machines can be divided into two categories: 

permanent magnet (PM) machines and rare-earth free 

machines. The PM motor owns a dominant position in EV 

applications due to its features of higher torque density 

and lower volume. It can also be classified into two groups 

on the basis of PM position: permanent magnet 

sychronous motor (PMSM) with PM on the rotor and flux 

switching motor (FSM) with PM inserted into the stator. 

Both of them have been applied widespread to EVs.  

 

A thermal model of a water-cooled PMSM for EV 

propulsion is proposed to avoid demagnetization of PM 

material [1]. Design strategies of variable flux permanent 

magnet synchronous machine (VF-PMSM) are put 

forward to meet the requirement of reduced loss [2]. A 

vector flux-weakening control method is developed to 

extend motor speed range for EV drive system [3]. A new 

sound quality evaluation method of noise of PMSM is 

proposed in [4]. A novel calculation method on current 

charateristics of a vector inverter is proposed [5].  

 

A Partitioned-Stator FSM with mechanical parts is 

proposed for EVs [6]. A high torque density and efficiency  
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FSM with robust rotor structure is analyzed for high power 

applications [7]. A novel FSM with PM inserted in the 

rotor is developed in [8]. Kim [9] proposes a novel axial 

FSM to eliminate even harmonics for EV applications.  

 

For the application of rare-earth free motors to EVs, the 

switched reluctance motor (SRM) occupies the major part 

due to its features of simple and robust configuration, fault 

tolerant capability and wide speed range. Design and 

analysis of a high-torque-density rotor segmented SRM is 

proposed for direct drive application [10-11]. A high 

efficiency and torque density SRM is developed for 

vehicle propulsion [12]. Chiba proposes a high torque 

density of 45Nm/L SRM for hybrid vehicles [13].  

 

For EV applications, FSM is not as competitive as PMSM 

for in-wheel applications as a result of high magnetic 

saturation in the stator caused by coexistence of armature 

windings and PM material [7], limited area for copper 

windings [14]. Therefore, in this paper, PMSM and SRM 

are selected as comparison candidates. The SRMs contain 

a conventional 6/4 SRM, a 6/10 SRM with more rotor 

poles than stator poles [15] and a 6/16 SRM combining 

more rotor poles than stator teeth and multiple teeth per 

stator pole together [16], while the PMSM is a surface-

mounted type. All of the four topologies are in-wheel 

version for comparison. Section II illustrates the 

characteristics of the motor topologies and their design 

considerations. Section III put forward the performance 

comparison of the four motors, including torque output, 

iron loss and efficiency. Section IV concludes the whole 

paper. 

 

II. CHARACTERISTICS ANALYSIS & DESIGN 

CONSIDERATIONS FOR THE FOUR MOTORS 

 

From theoretical analysis, the torque formula of the 

PMSM can be expressed as follows: 
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where p is the pole pair number, Im is the peak value of 

sinusoidal current, ψm is the PM excited flux linkage, φi is 

the internal power factor angle, Lq and Ld is the inductance 

of q axis and d axis, respectively. For surface-mounted 

PMSM, Lq is equal to Ld, so the torque equation can be 

simplified as, 
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For the SRM, the torque formula can be obtained from, 
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where Wm is the field co-energy and θ is the rotor position. 

The torque can be calculated further as [16], 
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where m is the number of teeth per pole, r is the outer 

radius of the stator, lg and l is the airgap and stack length, 

respectively; μ0 is magnetic permeability in the vacuum 

and N is number of turns per phase. 

 

For in-wheel applications, the overall dimension of the 

motors should be determined initially. Because of the 

inner stator and outer rotor structure, the outer rotor 

diameter is selected as 382 mm, same as that in [17]. Due 

to the limitation of the wheel width, the stack length is set 

as 74 mm and the airgap length is chosen as 0.5 mm. The 

SRMs are 6/4, 6/10 and 6/16 topology, separately, while 

the PMSM is 12 stator slot and 8 PM poles. 

 

For the optimization process, genetic algorithm (GA) 

method is utilized for multi-variable optimization. The 

objective function is the torque output. As a consequence 

of air cooling condition for in-wheel applications, the 

current density is limited to 5A/mm2. Because of 

concentrated winding topology, the slot packing factor is 

selected as 0.44. By setting a suitable population number, 

maximum generation, crossover probability, elite count 

and mutation ratio, and utilizing rank fitness scaling, 

stochastic uniform selection, the final optimized four 

motor topologies are shown in Fig. 1. Besides, their 

parameters can be obtained from Table I.  
 

Table I 

Basic Parameters of the Four Motors 

Dimensions 6/4 

SRM 

6/10 

SRM 

12/8 

PMSM 

6/16 

SRM 

Rotor outer diameter Dr2 

(mm) 
382 382 382 382 

Stator outer diameter Ds2 

(mm) 
274 291 318 298 

Stack length l (mm) 74 74 74 74 

Airgap length lg (mm) 0.5 0.5 0.5 0.5 

Stator pole/teeth arc angle θs 

(degree) 

27 18 22.5 8 

Rotor pole arc angle θr 

(degree) 
32 16 - 9.5 

Number of turns per phase N 132 248 192 204 

PM thickness (mm) - - 5 - 

PM arc angle (degree) - - 31.5 - 

Steel type DR510 DR510 DR510 DR510 

Copper wire diameter (mm) 1.12 1.12 1.12 1.12 

Number of parallel windings 8 8 8 8 

Slot fill factor 0.44 0.44 0.44 0.44 
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Fig. 1: (a) 6/4 SRM                                                                       Fig. 1: (b) 6/10 SRM 
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Fig. 1: (c) 12-stator-slot 8-pole PMSM                                                Fig. 1: (d) 6/16 two-teeth SRM 



 

III. PERFORMANCE ANALYSIS & COMPARISON 

 

The performance of the four topologies is calculated and 

analyzed by using finite element method (FEM), including 

torque characteristics, energy loss, power output and 

efficiency.  

 

A. Comparison of three SRMs  

For conventional SRMs, the torque density is relatively 

lower due to the elimination of PM materials. The 6/10 

SRM is able to enlarge the slot area for more copper 

windings by increasing the number of rotor poles in order 

to provide enough torque output. The 6/16 two-teeth 

topology owns the capability to enhance torque output by 

enabling magnetic flux to pass through two divided teeth 

and enlarging the area for windings as illustrated in 

equation (4). The curves of the flux linkage of the three 

SRMs based on FEM at the unaligned and aligned position 

can be acquired from Fig. 2. Besides, the torque curve of 

one-phase conducting with the rated current during half an 

electric period can be obtained from Fig. 3 with the 

unaligned position set as zero degree. 

 

 
Fig. 2: Flux linkage of the three SRMs 

 

 
Fig. 3: Torque curves of SRMs for half an electric period 

conducting 

 

Although the difference between the aligned and 

unaligned position for 6/10 and 6/16 SRM topologies is 

smaller than that of 6/4 SRM, the number of striking times 

for 6/10 SRM is 2.5 times as many as that for 6/4 SRM 

and the multiple teeth topology of 6/16 SRM doubles the 

striking times, along with increasing the striking times by 

more rotor poles. The torque improvement of 6/10 and 

6/16 SRMs is demonstrated in Fig. 3 indicating the 

advancement of the topologies. 

 

B. Comparison of PMSM with SRMs 

The comparison is on the basis of in-wheel motors for EV 

applications. The current density is limited to 5A/mm2 

because of air cooling condition and the rated speed is 

1000 rpm. The magnetic flux densities of the four motors 

at rated power are shown as below in Fig. 4. 

 

 
                             (a)                                             (b) 

 
                              (c)                                             (d) 

Fig. 4: Magnetic flux density of (a) 6/4 SRM (b) 6/10 SRM (c) 

12/8 PMSM (d) 6/16 two-teeth SRM 

 

The torque performance of the above four topologies at the 

rated speed with full phase conducting can be obtained 

from Fig. 5 by using FEM. 

 
Fig. 5: Torque characteristics comparison of the four topologies 

 

Fig. 5 illustrates that 6/16 two teeth SRM is able to 

provide comparable torque output with the PMSM. The 

high torque feature of this rare-earth free SRM 

demonstrates its potential for EV applications. Moreover, 

the total iron loss and motor theoretical calculated 

efficiency by utilizing FEM is shown in the following Fig. 

6 and Fig. 7 under various speed condition. 

 
Fig. 6: Iron loss comparison under different speeds 

 

 
Fig. 7: Calculated motor efficiency comparison under various 

speeds condition 
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The comparison results in Fig. 6 show that the total iron 

loss of the PMSM is much higher than three SRMs due to 

the fact that the PMSM owns both core loss from the steel 

and eddy current loss from the PM material. 6/10 and 6/16 

two-teeth SRM topology also increase total iron loss 

compared with the conventional counterpart because of 

smaller commutation angle and higher frequency of 

commutation. However, the iron loss of them is not as 

significant as that of the PMSM.  

 

The efficiency comparison results shown in Fig. 7 

demonstrate that the PMSM exhibits the highest efficiency 

for in-wheel applications. The existence of considerable 

copper loss due to more copper windings for SRMs 

decreases their efficiencies. The PMSM increases iron loss 

by utilizing PM material, but weakens its own copper loss 

more, thus leading to higher efficiency compared with 

other kinds of machines. 6/16 two-teeth SRM, however, 

also exhibits high efficiency for EV applications, which is 

quite similar to that of the PMSM at the rated speed. 

Additionally, 6/16 SRM topology does not contain any 

rare-earth materials. Therefore, it can be selected as an 

ideal candidate for the EV in-wheel motor. The 

performance comparison of the four topologies at the rated 

speed 1000 r/min can be found in the following Table II.  

 

Table II 

Performance Comparison of the Four Topologies 

Dimensions 6/4 

SRM 

6/10 

SRM 

12/8 

PMSM 

6/16 

SRM 

Current density (A/mm2) 5 5 5 5 

RMS current (A) 39.4 39.4 39.4 39.4 

Iron loss (W) 28 38 181 48 

Copper loss (W) 576 1006 670 916 

Torque (Nm) 91 209 284 271 

Torque ripple (%) 85 58 32 48 

Rated power (kW) 9.5 22 30 28 

Coil end length (mm) 16 18 11 15 

Torque density (Nm/L) 7.5 16.1 25.8 22.8 

Efficiency (%) 92.6 94.6 96.7 96.2 

 

From the above Table II, the torque density and efficiency 

of 6/16 SRM are quite similar to those of a PMSM. As a 

result, it can be considered as a competitive candidate for a 

high torque density rare-earth free in-wheel motor. 

 

IV. CONCLUSION 

 

In this paper, four topologies of in-wheel electric machines, 

including a surface-mounted PMSM and three SRMs, 

namely 6/4, 6/10 and 6/16 structures, are proposed for 

performance comparison. All the topologies are optimized 

for maximal torque output. The following analysis based 

on FEM demonstrates that 6/16 two-teeth SRM is able to 

provide comparable torque density with the PMSM of the 

same dimension, while conventional and 6/10 SRM 

exhibits much lower performance. Besides, the efficiency 

of it is quite similar to that of a PMSM. Therefore, it owns 

a vast potential for EV applications due to its rare-earth 

free feature.  
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