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Abstract – In this paper, an outer-rotor flux-switching DC-field (OR-FSDC) machine for in-wheel light 

traction is proposed. The machine topology and operation principle are introduced, while the selection 

principle of stator sections and rotor poles is also investigated. Furthermore, an analytical torque-sizing 

equation is derived to demonstrate the relationship of key dimensional parameters and machine 

performances at the preliminary design stage. Consequently, the machine dimensional parameters are 

optimized to maximize the steady electromagnetic torque and minimize the torque ripple by adopting 

multi-objective genetic algorithm (MOGA). The machine electromagnetic performances are analyzed 

based on the time-stepping finite element method (TS-FEM), and hence verifying the validity of design 

and optimization method. 
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1. Introduction 

With an increasing concern on environmental protection 

and traffic agility in urban areas, the electric-propelled light 

traction vehicles without tailpipe emission and bulky size, 

such as electric motorcycles and bicycles, are greatly in 

demand in many cities [1]. As the core parts of these 

electric vehicles (EVs), electric machines are expected to 

operate with high efficiency, high power density, high 

torque density, wide-speed range and free maintenance [2-

4]. The permanent-magnet (PM) machines, which achieve 

most of the requirements, have been widely investigated by 

researchers. Based on the location of PM materials, the PM 

machines can be classified as three major types, namely the 

rotor-PM machine, stator-PM machine, dual-PM machine 

[5-7]. Compared with other two types, stator-PM machines 

have robust rotor structure and favorable heat dissipation 

condition [8], [9], and hence received more and more 

attention, including topology design [10], [11], analysis 

methods [12], [13], harmonics current injection operation 

[14-16], control strategies [17], [18]. As one kind of stator-

PM machines, the flux-switching permanent magnet (FSPM) 

machine has been regarded as the most promising candidate 

for EVs [19-21]. 

In addition, with adoption of outer-rotor structure, the 

FSPM machine is desirable for the in-wheel low-speed light 

traction [22-24]. However, FSPM generally suffers from 

low cost-effectiveness with usage of rare-earth PM, 

ineffective flux-controllability and potential PM irreversible 

demagnetization [25-27]. To improve these problems, the 

independent DC excitation concept is implemented into the 

FSPM machine [28-32]. 

In this paper, by replacing the DC-field windings with 

PMs in the outer-rotor FSPM machine, and hence the outer-

rotor flux-switching DC-field (OR-FSDC) machine is 

proposed for in-wheel light traction application. The design 

criteria, parameters optimization and machine performances 

will be discussed and analyzed in the following sections.  
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Fig. 1. Cross section of the proposed three-phase wound-

field 12s/14r OR-FSDC machine. 

 

2. Machine Topology 
 

Fig. 1 shows the cross section of proposed three-phase 

wound-field 12-stator-section/14-rotor-pole (12s/14r) OR-
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FSDC machine, which comprises an inner stator and an 

outer rotor. Instead of the toroidal-field topology, wound-

field configuration is adopted here. This is because the DC- 

field close to stator outer surface will not goes through the 

rotor but outside of the stator in the toroidal-field 

counterpart, i.e., the proposed wound-field FSDC machine 

has smaller flux leakage effect [33]. As shown in the cross-

section view, the inner stator consists of 24 teeth, on which 

both DC-field and armature winding are wound in every 

other stator slot while the rotor is simply iron core with 

salient poles. It should be noted that two adjacent tooth and 

their corresponding armature windings form a stator section, 

which means there are 12 stator sections in the proposed 

machine.  

 

3. Operating Principle 
 

Fig. 2 shows the operation principle of the proposed 

12s/14r OR-FSDC machine under electric degree θe. The 

relationship between θe and the mechanical degree θm is 

governed by  

 
e r mN   (1) 

where Nr is the number of rotor iron poles.  

  In Fig. 2(a), the flux linkage of the coil A1 ΦA1 in the 

inner stator is positive maximum at θe =0°. When θe = 90°, 

as shown in Fig. 2(b), ΦA1 is 0 since the excitation flux 

bypasses the coil A1. In Fig. 2(c), ΦA1 reaches negative 

maximum as rotor rotates to θe =180°.  Again, ΦA1 

becomes 0 when θe =270°, as shown in Fig. 2(d). Therefore, 

the proposed OR-FSDC machine exhibits bipolar flux 

linkage. 
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Fig. 2.  Operating principles of the proposed OR-FSDC 

machine. (a) θe =0°. (b) θe =90°. (c) θe =180°. (d) θe =270°. 

 

4. Selection of Stator Sections and Rotor Poles 

Numbers 
 

Similar to the conventional FSPM machines, the stator 

sections number Ns should be an even and multiple of phase 

number m. In addition, the rotor poles number Nr should be 

closer to the stator sections number to obtain larger 

fundamental pitch factor, whilst larger torque can be 

achieved by selecting relative higher rotor poles number 

[34]. Furthermore, the rotor poles number is preferable to 

an even one since the machine with odd rotor poles exhibits 

unbalanced magnetic pull. Thus, 14 rotor poles are chosen 

for the three-phase 12-stator-section OR-FSDC machine, 

which is denoted as 12s/14r OR-FSDC machine.   

In order to have further understanding of the operation 

principle and calculate the winding factor, the back-EMF 

phasors for the proposed 12s/14r OR-FSDC machine is 

shown in Fig. 3.  
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Fig. 3. Back-EMF phasors of the proposed machine. (a) 

Slot EMF vectors (elec. deg.). (b) Phase coils connection 

 

Based on the phase coils connection, the fundamental 

distribution factor kd =1 while the pitch factor ν th harmonic 

is  

 
2

sin
2

r

p s

N
v

k N

 
   (2) 

where 180° electric degree (  rad) is caused by the 

reversed polarities of adjacent DC-field generated by the 

field windings and is denoted by n' in Fig. 3(a). Hence, the 

winding factor wk can be given by 

 w d pvk k k   (3) 

For the proposed 12s/14r machine, the fundamental 

winding factor 

14
2

=0.86612sin
2

wk
 

 , which is 

acceptable. Moreover, from the slot EMF vectors in Fig. 3 

(a), it can be deduced that all the even harmonics in the coil 

flux linkages and back-EMF can be cancelled such as coil 

A1 and coil A7 since there is 180° electric degree 

displacement between them. Consequently, the phase 

winding flux linkage and back-EMF exhibit inherently 

symmetric sinusoidal waveforms. Thus, the proposed OR-



 

 

FSDC machine prefers to operate in brushless AC (BLAC) 

mode. The waveforms and further analyses of flux linkages 

and back-EMF of proposed machine will be given in 

Section 7.  

 

5. Torque-Sizing Equations 
 

Similar as other types of machines in the primary design 

stage, the torque-sizing equations are of great importance 

since they can offer reference for choosing appropriate 

machine design parameters at preliminary design stage, 

which will also be further optimized in Section 6. 
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Fig. 4. Design dimensional parameters of the proposed OR-

FSDC machine. 

 

Fig. 4 shows the key design dimensional parameters of 

the proposed machine. The stator tooth bottom arc 
stb ,  

stator tooth tip arc stb  and stator tooth arc st  are 

initially set as  
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2 2
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stb stt

stN

 
     (4) 

where Nst is the stator teeth number. In addition, the stator 

inner radius
siR  and stator outer radius 

soR  are initially set 

as 0.4si soR R  in order to provide sufficient space for the 

DC-field and armature windings. Furthermore, to achieve 

the distribution balance of magnetic flux density between 

the stator teeth and yoke, stator yoke thickness is set as 

 2sy sy si stb syh R R R    (5) 

where syR is the radius of stator yoke.  Then, the stator 

tooth thickness sth  is initially set as 
1

4
stt soR  to avoid 

over-saturation in the stator tooth.  Based on the above 

dimensions, the slot area for windings wS  can be deduced 

by 

2 2 21 1
( ) ( )

2 2
w st so st st sy stb sy so st syS R h R R R h R        (6) 

In terms of the rotor, the rotor pole arc 
rp  is initially 

set by
1 2

2
rp

rN


  , denoting that the rotor pole arc and slot 

arc are equal. Besides, the rotor pole height 
rph  is set as 

2 sth  to achieve sufficient rotor saliency whilst the rotor 

yoke thickness
ryh is initially set as 

3

2
rph to obtain enough 

mechanical strength and distribution balance of magnetic 

flux density between the rotor poles and yoke. Hence, the 

rotor outer radius 
roR  can be determined by 

 
5

( 1)
4

ro ry rt so stt soR h h R g R g         (7)  

Due to the essentially sinusoidal phase back-EMF 

waveform, as stated in Section 4, the coil back-EMF can be 

expressed as [22] 

 sin( )coil ac r sat l m r re N N k k N     (8) 

where 
acN  is the armature coil turns number,   is the 

mechanical rotational speed, 
m is the maximum armature 

coil DC-field flux at open-circuit condition, 
satk  and 

lk  

are the saturation and leakage factors. It should be noted 

that 
satk and 

lk  are considered to be 1 in the ideal 

situation and become smaller with the increase of saturation 

and flux leakage.  Meanwhile, 
m can be obtained by 
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m ma
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R
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N


   (9) 

where maB  is the average open-circuit air-gap flux density 

at d-axis as shown in Fig. 2 (a).   

  Hence, the maximum value of coil back-EMF
coilE  can 

be deduced 

 
4 so

coil ac r sat l ma

st

R
E N N k k B l

N


   (10) 

The maximum value of phase back-EMF  

 
2

st

phase coil

N
E E

m
   (11) 

Besides, the maximum phase current phaseI  is 

 
2

p f w

phase

ac

J k S
I

N
   (12) 

where pJ  is the rated current density and fk  is the stator 

slot filling factor.  

  Therefore, the electromagnetic power eP  is deduced by 

 
2 2

so

e phase phase r sat l ma p f w

Rm
P E I N k k B lJ k S


    (13) 

Then, the electromagnetic torque eT  is obtained by 

 
2

e so

e r sat l ma p f w

P R
T N k k B lJ k S




    (14) 
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Fig. 5. Steady torque under different DC winding current 

densities. 

 

Table 1.  Preliminary Design Parameters of the Proposed 

Machine 

 

Parameter Unit value 

Rotor outer radius roR  mm 70 

Rotor inner radius riR  mm 60.2 

Stator outer radius soR  mm 59.7 

Stator inner radius siR  mm 24 

Air-gap length g  mm 0.5 

Active stack length l  mm 100 

Rotor pole height rph  mm 3.9 

Rotor pole arc rp  ° 12.86 

Stator teeth thickness sth  mm 1.95 

Stator teeth tip arc stt  ° 7.5 

Stator teeth bottom arc stb  ° 7.5 

Stator yoke thickness syh  mm 8.5 

Stator slot filling factor fk   - 0.6 

DC-field winding turns dcN   - 60 

Turns number per coil in series acN   - 12 

Turns number per coil in parallel acpN   - 5 

Rated current density pJ  A/mm2 5 

Rated speed rpm 150 

Stator sections number - 12 

Rotor poles number - 14 

 

Based on the above electromagnetic torque equation and 

FEM analysis, the steady predicted and simulated torque 

are achieved under armature rated current density 5 A/mm2, 

respectively, which are shown in Fig. 5. One can see that 

the predicted torque is slightly larger than the simulated 

torque whilst their discrepancies increase with larger 

injected DC current density. This is mainly due to the 

saturation and flux leakage effect. However, the errors are 

acceptable. Thus, the derived torque-sizing equation shows 

satisfactory accuracy and can offer a proper reference at the 

preliminary design stage.  

Then, according to the required electromagnetic torque 

and other constraints, the key design dimensions of 

proposed OR-FSDC machine can be predetermined based 

on (7) and (14). For the proposed OR-FSDC machine, 

Table I lists the preliminary design parameters of proposed 

machine, which are be further optimized in the following 

section. 

 

6. Design Optimization 
 

In this section, the machine design parameters are 

optimized in order to obtain larger electromagnetic torque 

and smaller peak-to-peak torque ripple under the same 

copper loss. Since the stator teeth thickness sth , stator teeth 

tip arc stt ,  rotor pole height rph  and  rotor pole arc 

rp  significantly influence average torque and torque 

ripple, all these parameters will be taken into consideration. 

In addition, due to the relative larger numbers of these 

parameters and their coupled influence on the optimization 

objectives, the multiple-objective genetic algorithm 

(MOGA) coupled with finite element analysis (FEA) is 

adopted to optimize these parameters in the commercial 

FEM-based software - JMAG designer.  

 

Table 2.  Optimization Parameters of the Proposed 

Machine 

Parameter Lower limit Upper limit Optimized 

rp  10.28° 15.43° 10.94° 

rph  3.12mm 4.68mm 4.67mm 

stt  6° 9° 8.44° 

sth  1.56mm 2.34mm 1.57mm 
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Fig. 6. Optimization between steady torque and torque 

ripple based on MOGA. 



 

 

Table 2 shows the optimization parameters and their 

optimization values. It should be noted that the variation 

range of all these parameters are set as 0.8~1.2 times of 

parameters initial values. Meanwhile, Fig. 6 shows the 

optimization pareto curve to maximize the steady torque 

and minimize the torque ripple under rated current density 5 

A/mm2. With the coupled FEA and MOGA optimization, 

the average torque is enhanced by 9.03% whilst the peak-

to-peak torque ripple is significantly decreased by 65.26%, 

 

7. Electromagnetic Performance Analysis 
 

Based on the optimization results, the electromagnetic 

performances are analyzed and compared with those in the 

initial design including cogging torque, steady torque, coil 

flux linkage and coil back-EMF. 

  Firstly, Fig. 7 (a) and Fig. 7 (b) show the cogging torque 

and steady torque waveforms of initial and optimized 

design, respectively. One can find that the peak value of 

cogging torque is also significantly decreased by 89.47% 

after optimization from 0.19 Nm to 0.02 Nm. In addition, 

the number of the cogging torque cycles per electric period 

en  can be calculated by 

 
( , )

6s r

e

r

LCM N N
n

N
    (13) 

where LCM denotes the least common multiple number. 

Hence, the calculated cogging torque cycles per electric 

period is identical to that of cogging torque waveforms. 

Furthermore, the steady torque and torque ripple is 

improved as shown in Fig. 6 and Fig. 7 (b). 

Secondly, the coil flux linkages waveforms of initial 

design and optimized design under rated speed are shown in 

Fig. 8 (a) and Fig. 8 (b), respectively. Since the coils of 

phase A, namely, A13 and A1, A7 and A19 are periodically 

identical, only coil A1 and A7 are analyzed. It can be seen 

that the flux linkages of coil A1 and coil A7 are slightly 

asymmetric. However, the consequent coil A1+A7 exhibit 

symmetric sinusoidal waveforms as the even harmonics are 

cancelled as stated in Section 4. 

Finally, the coil back-EMF waveforms of initial design 

and optimized design under rated speed are analyzed, as 

depicted in Fig. 9 (a) and Fig. 9 (b), respectively.  It can be 

seen that similar results can be obtained as the coil flux 

linkages. Furthermore, the spectra of the coil back-EMF are 

also analyzed as shown in Fig. 10. One can find that all the 

even harmonics of coil A1 and coil A7 are cancelled in coil 

A1+A7. In addition, the 3th harmonic order is zero in coil 

A1, coil A7 and coil A1+coil A7. This is because the 3th 

pitching factor 3pk  is calculated by 

 
3

14
2 3

012sin
2

pk
  

   (14) 

In addition, after optimization, the total harmonic distortion 

(THD) is decreased from 5.42% to 4.27%. 
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8. Conclusion 

  

This paper proposes an OR-FSDC machine for in-wheel 

light traction, with emphasis on machine design and 

analysis. Based on the machine topology and operation 

principle, the torque-sizing equation is derived for the 

proposed machine, which shows satisfactory accuracy and 

offers a proper reference at the preliminary design stage. 

Then, the machine parameters are optimized to achieve 

maximum average torque and minimum torque ripple by 

adopting MOGA instead of traditional optimization method.  

Finally, the torque-sizing equation and MOGA optimization 

method are verified by using TS-FEM.  
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