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Recently, flux switching motors (FSMs) have attract research interests in various applications 
due to their high torque density, high efficiency and rotor structure is mechanically robust. 
Hence, the motor seem to be an appropriate candidate applied for traction of EV/HEV. More 
recently, direct drive motor particularly with outer-rotor configuration getting popular to be 
applied for EV due to direct torque control capability. Hence, without any torque losses through 
transmission and differential gear, optimal torque can be realized at low speed and suitable for 
starting and climbing condition. Therefore, this paper presents maximum performance 
prediction of outer-rotor hybrid excitation FSM (ORHEFSM) designed for direct drive EV 
application. Initially, the torque and power performances of the proposed design motor with 
12S-10P and 12S-14P structures are predicted based on 2D-FEA method. Under some design 
restrictions and specifications, the initial proposed motor that offers the highest torque 
performance is then optimized to elevate maximum torque densities to achieve the target 
requirements. Finally, the optimized 12S-14P ORHEFSM has achieved much higher 
performances as compared with IPMSM conventionally employed in HEV, suits for direct drive 
EV.  
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1. Introduction 
 

Currently, a trend of using in-wheel direct drive motors for electric vehicles (EVs) has 

been emerged due to definite advantages of transmission gear system elimination resulting 

in lighter vehicle, independent wheel control, as well as provision of increasing traction 

batteries capacity for wider driving range. An outer-rotor in-wheel configuration is one of 

the most density as compared with inner-rotor machines. In conjunction, permanent magnet 

(PM) brushless machine is the most successful machine that offers high torque and power 

density, low acoustic noise, low torque ripple, and high efficiency that meets the 

requirement for EVs propulsion system [1], [2], [3]. 

 Over the last decade, research and development on flux switching motor (FSM) become 

an attractive research topic due to their higher torque/power density and robust rotor 

structure among electric motors. These features inherit combination advantages of brushless 

PM motor and switched reluctance motors (SRM) [4], [5]. The concept of FSM was first 

introduced in 1950’s in which PM is used as the main flux source and well known as Laws 

Relay or single-phase limited angle actuator [6], while more recently, it was extended to 

multi-phase FSM [7]. Then, the most popular three-phase hybrid excitation FSM (HEFSM) 

was reported in 2007 [8], which gains new research on development and improvement of 

various HEFSM topologies. At present, most published research are mainly focused on 

inner-rotor FSM ranging for wide application such as domestic appliances, renewable 

energy generator, automotive, aerospace, and defense industries [9], whilst the study on 

outer-rotor FSM is literally scarce. An example of PMFSM with outer-rotor configuration 
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has been proposed with some design improvement for in-wheel light traction EV 

[10],[11],[12]. However, due to constant PM flux source with sandwich V-core 

configuration, the uncontrollable PM flux is undoubted, the stator assemble is tough, while 

the flux leakage and PM demagnetization are undisputed. In this paper a new outer-rotor 

hybrid excitation FSM (ORHEFSM) with high torque density capability is proposed to 

overcome the problems. 

In the proposed motor, the addition of field excitation coil (FEC) offers flux control 

capability suitable for various operating conditions. Moreover, with the stacked single piece 

of stator iron, the manufacturing and assembly process is easier compared to sandwich V-

core configuration. In addition, flux leakage and PM demagnetization effect could be 

negligible [13].   

This paper initially deals with 12S-10P and 12S-14P ORHEFSM. In this design, there is 

no overlap winding between armature coil and FEC resulting shorter coil end length, hence 

reducing copper loss effect. The pole number that close to the stator slot number are 

selected to take good balance between rotor and stator pole width in minimizing inevitable 

torque pulsation. From both rotor pole configurations, the results obtained from the highest 

torque performance is selected to be further improved and optimized. Design refinements 

and parameters optimization are conducted using deterministic optimization method based 

on 2D-FEA. Finally, the output torque and power versus speed characteristics, loss and 

efficiency are also evaluated. 

 

2.  Design Restrictions and Specifications 

 

The detail design restrictions and specifications of the proposed motor for in-wheel EV 

application are similar with IPMSM listed in Table 1. The target maximum performances of 

the proposed design motor is to be more than 333Nm and 123kW, respectively, while the 

motor diameter, shaft radius, and stack length are unchanged. With an inverter supply 

rating of 650V and 360Arms for the maximum voltage and current, both armature and FEC 

current densities are set to 30Arms/mm
2
 and 30A/mm

2
, respectively. In order to save 

manufacturing cost of the proposed motor, the total PM volume is reduced to 1.0kg. The 

target weight of the proposed motor is less than 30kg, thus the final design motor is 

expected to achieve maximum torque and power density of 11.1Nm/kg and 4.1kW/kg, 

respectively. In this study, JMAG-Designer ver.13.1 is used for computational analysis. 

Table 1 : Design restriction and specifications 

Descriptions IPMSM Target ORHEFSM 

Motor radius (mm) 132 132 

Motor stack length (mm) 70 70 

Shaft/Inner motor radius (mm) 30 30 

Air gap length (mm) 0.8 0.8 

PM weight (kg) 1.1 1.0 

Total weight (kg) 35 <35 

Maximum torque (Nm) 333 >333 

Maximum power (kW) 123 >123 

Maximum torque density (Nm/kg) 9.51 11.1 

Maximum power density (kW/kg) 3.51 4.1 
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3. 2D-FEA on Initial Design ORHEFSM 

 

Initially, cogging torque of both initial design are investigated and compared as plotted 

in Fig. 1. From the graph, the peak-to-peak cogging torque obtained for 12S-10P and 12S-

14P designs are 10.24Nm and 7.99Nm, respectively. Since, the initial design of 12S-14P 

configuration yield less cogging torque, less vibration effect is expected. Moreover, 

maximum amplitude of back electromotive force (back-emf) for both configurations are 

also investigated at the speed of 3000 r/min as plotted in Fig. 2. It is obvious that the back-

emf magnitude of both configurations at PM only are comparable with the maximum 

amplitude of 82.44V and 81.58V, respectively. Nevertheless, when DC FEC current density 

is increased, 12S-14P has much higher back-emf and reached their maximum at Je of 

10A/mm
2
 compared to 12S-10P configuration. Even though, the back-emf of both 

configurations are still less than DC supply rating and considered can be managed when a 

fault occur.  

At load condition, the flux distribution of both designed motors are analyzed. The results 

obtained at maximum armature and FEC current densities of 30Arms/mm
2
 and 30A/mm

2
, 

respectively are illustrated in Fig. 3. From the diagram, it is clear that flux saturation and 

flux cancelation occur at some portion as circled by dotted red line and black line, 

respectively, which are expected to degrade optimal performances. 

 
Fig. 1. Cogging torque 

 

 
Fig. 2. Maximum back-emf at various FEC current densities 
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Finally, the torque characteristics versus FEC current density at maximum armature 

current density of 30Arms/mm
2
 is also analyzed as shown in Fig. 4. The maximum torque is 

collected at various FEC current density conditions, varied from zero to the maximum of 

30A/mm
2
. It is obvious that the torque characteristics of 12S-14P configuration has better 

performance compared to 12S-10P configuration. The optimal torque of 224.11Nm and 

250.47Nm have been obtained for 12S-10P and 12S-14P configuration, respectively when 

FEC current density is set at 25A/mm
2
. When the FEC current density is set at maximum 

condition, the torque is significantly reduced due to flux saturation and flux cancellation 

caused by higher magnetic flux of FEC. Thus, design refinement and improvement should 

be conducted to meet the target performances. 

 

4. Design Refinement and Optimization 

 

In order to improve the torque performance, some design free parameters related to rotor 

core, stator core, PM slot, FEC slot, and armature coil slot are defined by L1 to L10 as 

illustrated in Fig. 5. The rotor parameters are L1, L2, and L3, the PM slot parameters are L4 

and L5, the FECs slot parameters are L6 and L7, the armature coil slot parameters are L8 and 

L9, and L10 is a gap between the upper PM surfaces with the end edge of stator tooth. Since, 

the 12S-14P configuration has better initial performances, it is selected to be further 

 

 

Fig. 3. Flux distribution at maximum armature and FEC current densities 

 

Fig. 4. Torque versus Je at maximum Ja 

(a) 12S-10P (b) 12S-14P 
[T] 
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improved and optimized using deterministic optimization approach. Afterwards, the 

discussion on optimization and final results are focus only on 12S-14P configuration.  

 Firstly, the rotor parameters of L1, L2, and L3 are treated and started with L1 considering 

the dominant parameter, in which the torque increases with the increase in rotor radius. 

When updating L1, the rest of the parameters are kept constant, while the parameters on the 

stator part are shifted by following the change of L1. Once the optimal torque has been 

achieved, the rotor pole depth, L2 and rotor pole width, L3 are adjusted, while keeping L1 

and other parameters constant. Once the optimal torque has been obtained for the 

combination of L1, L2, and L3, the PM parameters of L4 and L5 are updated while keeping 

the other parameters constant. Then, the parameters L4 and L5 that brought the highest 

torque are used for the next updating step of FEC parameters L6 and L7. Similarly, by using 

a combination of promising parameters L6 and L7 which provides the highest torque, the 

armature coil slot parameters L8 and L9 are updated. The necessary armature coil slot area 

is determined by varying the armature coil slot parameters to maintain the integer number 

of turns of armature coil. Through the entire optimization process, the air gap length of 

0.8mm, the parameter L10, and the PM volume are kept constant. In general, the workflow 

of the deterministic optimization approach is illustrated in Fig. 6.  

To gain much better performances and to allow the magnetic flux flow easily between 

the adjacent FEC slots and between the armature coil slot and FEC slot, both armature coil 

slot and FEC slot are reshaped from rectangular into trapezoidal shape. In addition, the coil 

edges are also redesigned to have curve shape to provide optimal performances. The design 

refinement and optimization process is repeated until the optimal target torque performance 

is accomplished.  

 

5. Final Design and Results 

  

5.1 Final design and magnetic flux distribution 

 

The space region between the adjacent FEC slot and between FEC slot and armature coil 

slot of the final design motor have been expended as indicated by dotted circle in Fig. 7 to 

allow the magnetic fluxes flow smoothly through their path. In conjunction, the armature 

coil slots also have been redesigned into trapezoidal shape with curve on the lower edge of 

 
Fig. 5. Optimization parameters L1-L10 
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each slot. Moreover, the FECs slot of final design have longer slot depth to produce much 

higher magnetic flux. Additionally, the final design motor still retains the non-overlap 

windings to ensure it has shorter coil end length. The, magnetic flux distribution of the 

initial and final design 12S-14P are analyzed in Fig. 8. It is obvious, the final design has no 

 

Start

Initial, n=1

Target torque, Tn

Change, L1, L2, L3

Tn+1 = Tn

End

Change, L4, L5

Change, L6, L7

Change, L8, L9

Change, L10

n = n+1

No

Yes

 
Fig. 6. Workflow of deterministic optimization approach 

 

     
                     (a) Initial design                        (b) Final design       

Fig. 7. Comparison of the initial and final designed of 12S-14P ORHEFSM 
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flux saturation and flux cancellation even at maximum current density condition resulting 

in optimum performances.  

 

 

5.2 Torque and power characteristics 

 

After several cycles of optimization, the target maximum torque and power of 

ORHEFSM has been achieved as illustrated in Fig. 9. Whilst, the torque and power versus 

speed characteristics of the final design motor are illustrated in Fig. 10. For comparison, the 

torque-speed characteristic curve of IPMSM is also plotted on the same graph. The 

maximum torque of 335.08Nm has been obtained up to the base speed of 4,149r/min with 

corresponding output power of 145.59kW, while the recorded maximum output power is 

160.2kW at the speed of 7,919r/min. In addition, with only 1.0kg PM volume, the 

calculated total mass of the final design motor including copper windings and iron core is 

approximately 27.03kg, yields a torque density of 12.4Nm/kg, which is 30% higher than 

IPMSM conventionally installed in HEV.  

  

5.3 Motor loss and efficiency 

    
                               (a) Initial design                        (b) Final design 

Fig. 8. Flux distribution of 12S-14P at maximum Je and Je 

 

 
Fig. 9. Number of optimization cycles               
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The motor losses and efficiency of the final design motor are executed by 2D-FEA, 

considering stator and rotor iron loss as well as armature coil and FEC copper losses. The 

motor losses and efficiency on specific operating conditions marked by No. 1 to No. 8 in 

Fig. 10 are illustrated in Fig. 11, where the output power, iron loss and copper loss are 

indicated by Po, Pi, and Pcu. At low base speed labelled by No. 1, the efficiency of 

approximately 87% is achieved, while at high speed operating condition marked by No. 2, 

             

           
Fig. 10. Torque and power versus speed characteristics 

 
Fig. 11. Motor losses and efficiency 

 

 
Fig. 12. Final design motor in 3D view 
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the efficiency is reduced to 84% due to high iron loss effect. Besides, at normal operating 

conditions indicated by No. 3 to No. 8, the final design motor has an average efficiency of 

approximately 88% which is adequate for in-wheel direct drive EV applications. The final 

design motor in 3D is illustrated in Fig 12. 

 

6. Conclusion 
 

In this paper, a new high torque density 12S-14P ORHEFSM for the target in-wheel EV 

applications has been presented and the detail optimization process has been discussed. The 

novelty of the proposed motor such as lighter weight, easy of manufacturing and 

assembling process of single piece stator iron core, additional DC FEC as a secondary flux 

source that offers variable flux control capability as well as much higher torque and  power 

densities have been highlighted. From this point of view, the promising performances of the 

final design ORHEFSM is greatly applicable to be applied for in-wheel drive EV.  
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