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 In this paper, performance comparison of 8S-4P and 8S-8P of single-phase hybrid 

excitation flux switching machine with outer-rotor configuration are presented. Outer-

rotor configuration eliminates the mechanical transmission, differential gears and drive 
belts. Thus, it provides quick torque response, higher efficiency, weight reduction, and 

increased vehicle space. The performances of optimum 8S-4P and 8S-8P outer-rotor 

HEFSMs such as flux linkage of PM with DC FEC, flux line of PM only, induced 
voltage of PM with DC FEC, cogging torque, and torque and power versus FEC current 

density, JE at various armature coil current densities, JA are analyzed based on 2D 

Finite Element Analysis (2D-FEA). The 8S-4P and 8S-8P ORHEFSM has produced a 
maximum torque of 138.18Nm and 263.82Nm respectively which are 24.49% and 

137.68% higher when compared with the target of 111Nm. Moreover, the maximum 

power achieved at maximum torque for both designs are 41.81kW and 66.07kW 
respectively, which are 1.98% and 61.15% higher than the target power of 41kW. In 

conclusion, the 8S-8P ORHEFSM design has much better performance when compared 
with 8S-4P ORHEFSM. However, the induced voltage and cogging torque of 8S-8P 

ORHEFSM are can further be repaired to get much higher performance. 
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INTRODUCTION 

 

 The device or hardware that changes electrical energy to mechanical energy is electric motor. It operates 

through the interaction of magnetic fields and current-carrying conductors to generate force. (E. Sulaiman et al., 

2011). Among different types of electric machines, there are four main types that are viable for various 

applications and are namely, DC machines, IMs, SRMs, PMSMs. As one example Permanent Magnet 

Synchronous Machine (PMSMs) is used in HEV to overcome problem of low torque density and efficiency (W. 

Fei et al., 2008). Although PMSM has the advantage of high torque density and high efficiency, still it has the 

problem of demagnetization and mechanical damage of rotor’s magnet. Due to this reason, other alternative 

machine should be design to overcome the problems of PMSM already installed in industry. DC motors have 

been widely accepted in electric propulsion due to use battery as DC supply and simple control principle. 

However, DC motor drives have a few disadvantages such as low reliability, unstable current and high 

maintenance (C Chan, 2007) Thus DC motors are unsuitable for maintenance-free drives. At present, induction 

motor (IM) are generally established as the most potential candidate for robust applications, due to their 

reliability, ruggedness, low maintenance, and low cost (A. Emadi et al., 2008). However, IM drives have 

demerits such as high loss, low efficiency and low power factor (E. Sulaiman, 2011). Then switched reluctant 

motor (SRM) is invented to overcome the permanent magnet problem. SRM has a robust rotor structure without 

PM but it has demerits of large torque ripples and noisy (C. Chan, 2002). 
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                      (a)                                       (b)                                        (c)                                        (d) 

 

Fig. 1: Four Main Candidates of Electric Machine (a) Permanent Magnet Synchronous Machines (b) DC motor  

(c) Induction Motor (d) Switched Reluctant Motor 

 

 In recent years, flux-switching motors (FSMs) become an attractive research topic due to several 

advantages of higher torque density and efficiency. In 1950, the first FSM is introduced but it has a large magnet 

usage which can reduce the slot area (T. M. Jahns, and V. Blasko, 2001). These FSMs have better features when 

compared with the interior permanent magnet synchronous machines (IPMSM) used in conventional hybrid 

electric vehicles (HEVs). Since all flux is located on the stator core, the rotor becomes a single piece structure 

similar with switch reluctance machine (SRM). There are three groups of FSM for example permanent magnet 

flux switching machine (PMFSM), field excitation flux switching machine (FEFSM), and hybrid excitation flux 

switching machine (HEFSM).  

 However, most of research have been reported are mainly focused on inner-rotor configuration. It is quite 

difficult to find any report on outer-rotor FSM. Only several invention of in-wheel mechanism has been 

proposed. For example 12S-22P outer-rotor permanent-magnet flux-switching machine (PMFSM) for electric 

propulsion in a lightweight electric vehicle has been proposed. The proposed machine is a highly possible 

candidate for in-wheel direct-drives. This PMFSM has physical compactness, robust rotor structure, higher 

torque and power density and high efficiency. However PMFSM has several disadvantages of uncontrolled flux 

and demagnetization (E. Sulaiman et al. 2012).  

 Due to complicated winding and high copper losses of 3-phase outer-rotor HEFSM, a simple structure of 

single-phase outer-rotor HEFSM is proposed in which the copper losses will reduce and efficiency will increase 

(M. M. A. Mazlan et al., 2014). In this paper, performance comparison of 8S-4P and 8S-8P of single-phase 

hybrid excitation flux switching machine with outer-rotor configuration are presented. The performances of 

optimum 8S-4P and 8S-8P outer-rotor HEFSMs such as flux linkage of PM with DC FEC, flux line of PM only, 

induced voltage of PM with DC FEC, cogging torque, and torque and power versus FEC current density, JE at 

various armature coil current densities, JA are analyzed based on 2D Finite Element Analysis (2D-FEA). 

 

Operating Principle of OR-HEFSM: 

 The term “flux switching” is introduced due to the changing of the polarity of the flux linkage by following 

the motion of salient pole rotor. Outer-rotor HEFSM with a robust rotor structure similar with SRM is suitable 

for extreme driving condition [17]. The PM and FEC are placed at the stator and a simple cooling system can be 

used for this machines. In addition, FEC place the stator can control the variable flux abilities and have a 

potential to the torque and power. In the proposed ORHEFSM, the possible number of rotor pole and stator slot 

is defined by (1) 

)
2

1(
q

k
NN sr                                                                                                                                       (1) 

 Where Nr is the rotor poles number, Ns is the number of stator slots, q is the number of phases and the 

natural number is defined as k. For the proposed motor, q is set as single phase, Ns is set as 8 and Nr is set as 4 

and 8. In general, the rotation frequency of mechanical, fm and the frequency of electrical, fe for the proposed 

motor can be articulated as (2), where fe, Nr and fm is the frequency of electrical, number of rotor poles and 

mechanical rotation frequency, respectively. 

mre fNf                                                                                                                                                      (2) 

 The operating principle of OR-HEFSM is demonstrated in Figure 2. The red line indicates flux from PM 

and blue line indicates the flux from FEC, respectively. In Figure 2(a) and (b), the polarity of both red and blue 

indicator are in the same direction. Thus, both of the PM and FEC fluxes are merged and flow together into the 

rotor. The combination of both fluxes generated more fluxes and called hybrid excitation flux. While in Figure 

2(c) and (d), where the blue indicator is in reverse polarity and flow around the stator yoke, only the red 

indicator of PM flux flows into the rotor which results in less flux excitation. 

 



114                                                         Mohamed Mubin Aizat Mazlan et al, 2014 

Journal of Applied Science and Agriculture, 9(18) Special 2014, Pages: 112-118 

 
 

Fig. 2: Principle Operation of Outer-rotor HEFSM (a) θe = 0º (b) θe = 180º more excitation, (c) θe = 0º (d) θe =  

180º less excitation 

 

Design Restriction, Specifications and Parameter of  OR-HEFSM: 

 Initially, the initial design of single-phase outer-rotor 8S-4P and 8S-8P HEFSM is optimized using the 

deterministic design optimization method is used and implemented using 2-D FEA solver to obtain the optimal 

performances of the proposed motor. In summary, the motor parameters D1 to D10 are changed repeatedly until 

the target performances of torque and power are achieved. The motor design parameters, from D1 to D10 are 

demonstrated in Figure 3. The initial and final design structure of 8S-4P and 8S-8P ORHEFSM is illustrated in 

Figure 4. 

 Table 1 shows the electrical restrictions related with the inverter such as maximum 375V DC bus voltage 

and maximum 360A inverter current are set. The limits of the current densities are set to the maximum of 

30Arms/mm
2 

and 30A/mm
2
 for armature winding and DC FEC, respectively. In addition, the geometrical 

dimensions of the ORHEFSM such as the stator outer diameter, motor stack length, shaft radius and air gap are 

set to 264mm, 70mm, 30mm and 0.8mm respectively, while the PM weight is set to be 1.0kg. The target 

performance for maximum torque and power are 111Nm and 41kW respectively. 

 Table 2 shows the parameters of the optimum design of 8S-4P and 8S-8P OR-HEFSM. From Table 2, the 

rotor parameters involved are the outer rotor radius (D1) is and within the range of general machine split ratio, 

rotor pole depth (D2) which is more than the half size of the rotor and to ensure flux moves from stator to rotor 

equally without any flux leakage, the design of rotor pole arc width (D3) is defined as in (3). The rotor pole 

width is reduced to allow optimal flux flows into the rotor pitch. 

∑Ws=∑Wr              (3) 

 The PM slot shape parameters are the PM depth (D5), and the PM width (D6) calculated by using volume of 

1kg PM. The area of PM is set similar for both 8S-4P and 8S-8P design in order to maintain the flux generated 

while for the FEC slot depth and FEC slot width, (D7) and (D8) calculated from (4). The area of optimized FEC 

slot for both design is higher compared to initial design and give a maximum current density, Je of 30 A/mm
2 

with 44 turns of FEC winding due to the flux have enough space to flow easily. 

a

aa

a
I

SJ
N




              (4) 

 Finally, the armature coil parameters are armature coil slot depth (D9) and the armature coil slot width (D10) 

calculated from (5) by using 168mm area of armature coil. The armature slot area is set similar for initial and 

final design in order to maintain the limitation of the maximum current densities which is set to 30Arms/mm
2
. 

Therefore, the depth of D9 is shorter for both design and will prevent flux saturation while the shape of AC also 

changes to make the flux easily through it. 
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Fig. 3: Motor Design Parameter. 

 

 
 

Fig. 4: Preliminary design of the Hefsm configurations (a) Initial design of 8S-4P ORHEFSM (b) Final design  

of 8S-4P ORHEFSM (c) Initial design of 8S-8P Orhefsm (d) Final design of 8S-8P Orhefsm 

 
Table 1: ORHEFSM Design Restrictions. 

Items Unit OR-HEFSSM 

Max. DC-bus voltage inverter V 375 

Max. inverter current Arms 360 

Max. current density in armature winding, Ja Arms/mm2 30 

Max. current density in excitation winding, Je A/mm2 30 

Stator outer diameter mm 264 

Motor stack length mm 70 

Shaft radius mm 30 

Air gap length mm 0.80 

PM weight kg 1 

Maximum torque Nm >111 

Maximum power kW >41 

 

Table 2: Outer Rotor Design Parameter of Optimum 8S-4P and 8S-8P ORHEFSM. 

Parameter Description 8S-4P 8S-8P 

D1 Rotor outer radius (mm) 107.36 104.36 

D2 Rotor pole depth (mm) 16.15 13.82 

D3 Rotor pole width (mm) 55.45 7.85 

D4 Distance of air gap (mm) 0.80 0.80 

D5 PM depth (mm) 19.52 21.52 

D6 PM width (mm) 6.06 5.50 

D7 FEC slot depth (mm) 46.52 37.52 

D8 FEC slot width (mm) 7.30 6.53 

D9 AC slot depth (mm) 23.52 18.52 

D10 AC slot width (mm) 10.89 9.07 

Area of FEC (mm2) 339.60 245.01 

Area of armature coil (mm2) 256.13 167.98 

FEC coil number (turns) 44 44 

Armature coil number (turns) 6 7 

 

Design Performance and Result Based on 2D Finite Element Analysis: 

 The flux linkages of both 8S-4P and 8S-8P ORHEFSM are plotted in Figure 5. From these figure, it showed 

that the magnitude of flux linkage of the 8S-8P is higher when compared with 8S-4P. 8S-4P design has four 

poles less than 8S-8P and has much larger area at the rotor. Thus the flux flows become more distributed when 

compared to 8S-8P. The maximum flux for 8S-4P ORHEFSM is 0.07Wb while 8S-8P ORHEFSM is 0.15Wb. 
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The DC FEC flux linkage at various DC FEC current densities, JE are also investigated as illustrated in Figure 6. 

From the figures, it is clear that initially the flux pattern is increased with the increase in DC FEC current 

density. However, the flux generated starts to reduce when higher DC FEC current density is injected to the 

system. It is occurs due to some flux leakage and cancellation. The field distribution for PM of both 8S-4P and 

8S-8P ORHEFSM is also analyzed and as shown in Figure 7. From both diagram, most of the flux flows at the 

stator around the FEC. The PM flux flows to the rotor for both designs is low and will generate low induce 

voltage which is good for the machine to operate under maximum speed condition. 

 The comparison of back-emf of both 8S-4P and 8S-8P ORHEFSM at the speed of 1200 r/min is 

investigated in Figure 8. It is clearly shown that the amplitude of back-emf for the 8S-8P is higher compare to 

8S-4P. The induced voltage for 8S-8P is 147.72V while for 8S-4P is 36.36V. The back-emf of both design not 

exceed the supply voltage, 375V which is good for performance of the motor because it not interrupt the 

operation of the motors as it is use for regenerative breaking to charge battery. Then the cogging torque of the 

8S-4P ORHEFSM compared with the 8S-8P is exemplified in Figure 9. One cycle is formed for both motor as 

the rotor being rotate 360° electric cycle. From the graph, the peak-to-peak cogging torque for both design are 

0.5Nm and 3.16Nm respectively. The cogging torque generated for both designs are low which is good for the 

motor to produce low torque ripples. 

 

 
 

Fig. 5: Flux linkage of PM with DC FEC. 

 

 
 

Fig. 6: Maximum flux at various JE. 

 

     
          (a)                                                                        (b) 

 

Fig. 7: Flux path of PM in open circuit condition (a) 8S-4P ORHEFSM (b) 8S-8P ORHEFSM. 
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Fig. 8: Induced voltage of PM with DC FEC. 

 

 
 

Fig. 9: Cogging torque of PM Only. 

 

 The torque versus FEC current density at maximum JA of the both 8S-4P and 8S-8P ORHEFSM is also 

compared and plotted as depicted in Figure 10. The maximum torque obtained for the 8S-4P ORHEFSM is 

138.18Nm, while the 8S-8P ORHEFSM is 263.82Nm. From the diagram, when JA is set at maximum of 30 

Arms/mm
2
, the torque keep increasing as Je is increased from 0 A/mm

2
 to 30 A/mm

2 
for both designs. 

 Thus, the maximum power also has been increased as shown in Figure 11. The 8S-4P ORHEFSM 

maximum power achieved was 41.81kW, while for the 8S-8P, it is 66.07kW and both obtained when armature 

coil and DC FEC current densities are set to the maximum of 30Arms/mm
2
 and 30A/mm

2
. The torque and 

power is directly proportional to each other. From both graph, when JA increase, the torque and the power 

increase smoothly.  

 

 
 

Fig. 10: Torque versus JE at Maximum JA. 

 

 
 

Fig. 11: Power versus JE at Maximum JA. 
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Conclusion: 

 Performance comparison of 8S-4P and 8S-8P of single-phase hybrid excitation flux switching machine with 

outer-rotor configuration have been presented. The 8S-4P and 8S-8P ORHEFSM has produced a maximum 

torque of 138.18Nm and 263.82Nm respectively which are 24.49% and 137.68% higher when compared with 

the target of 111Nm. Moreover, the maximum power achieved at maximum torque for both designs are 

41.81kW and 66.07kW respectively, which are 1.98% and 61.15% higher than the target power of 41kW. In 

conclusion, the 8S-8P ORHEFSM design has much better performance when compared with 8S-4P ORHEFSM. 

However, the induced voltage and cogging torque of 8S-8P ORHEFSM are can further be repaired to get much 

higher performance. 
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