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 In order to prevent and to reduce environmental problem such as exhaustion of natural 

resources and carbon dioxide emission, research and developments for much smaller 
electric motor size, lighter in weight with at the same time keeping similar power 

density have been actively carried out to be applied for EV/HEV recently. Thus much 

smaller EV/HEV drive system can be developed with less cost and high fuel 
consumption. As a challenge in this research, a single-phase E-Core HEFSM is 

proposed as one of suitable candidate to be applied for small EV/HEV applications such 

as Honda Jazz, Nissan Leaf and Toyota Prius. The advantages of employing single-
phase motor in real EV/HEV drive system are much simpler converter size, smaller 

battery package due to small voltage capacity when compared with the three-phase 

system. Consequently, the size of EV/HEV configuration system will also be reduced 
resulting in reducing vehicles weight and cost. Preliminary study on performance of 

single phase E-Core HEFSM including armature coil test, flux enhancing, flux 

distribution and torque are analyzed based on 2D-FEA for various rotor pole topologies. 
The initial performance 4S-10P topology has achieved 64% more than the target torque, 

while the power achieved is approximately 63% of the target power. The machine 
weight to be designed is less than 30kg resulting in that the proposed single phase E-

Core HEFSM promises to attain the target maximum torque and power density. 
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INTRODUCTION 

 

 By increasing number of population in the world, demands toward vehicles for personal transportation have 

been increased dramatically in the past of decade which in turn increasing the demand for oil significantly 

(C.Chan., 2007). This trend will only intensify with the catching up of developing countries such as China, India, 

and Mexico with so called ‘global warming’. Through the report in year 2008, about seven percent of global 

carbon dioxide (CO2) emission in year 2000 came from the vehicles and are expected to be increased with the 

economic growth. In order to obtain a wide-range full performance high fuel efficiency vehicle with less-

emissions, the most feasible solution at present is hybrid electrical vehicle (HEV) a combination of battery-

operated electric machine with internal combustion engine (ICE) (Gao et al., 2007). Moreover, HEV is 

considered as an ultimate eco- friendly car with expert prediction popular in future. The characteristics 

requirements of an electric motor for HEV drive systems are highly torque, good power of density, constant 

power at high speed as well as high efficiency.There are four major types of motor that are viable for HEVs such 

as are dc motor, induction motor (IM), interior permanent magnet synchronous motor (IPMSM), and switched 

reluctance motor (SRM). The main advantages of IPMSM over the other type of motor are high efficiency, high 

power factor, the high torque–weight and torque-current ratios. (A. O. Di Tommaso et al,.2010) Moreover, 

IPMSMs are convenient because they have no excitation loss, maintenance free, easy control and robust to 

circumstance, etc.. It is possible to effectively utilize the reluctance torque for IPMSM, so higher efficiency and 

more extensive constant-power operating range can be realized.(Lei Ma et al,.2002). Thus, IPMSM become one 

of successfully developed electric motors that currently employed in HEVs. However, IPMSM design tends to be 

tough because of all PM are embedded in the rotor core. Hence, to ensure the mechanical strength of rotor core 

relies on increases in ribs thickness and/or number of bridges around PMs. Although the increase in number of 

bridges would improve the mechanical strength, it would also diminish the highest torque of the machine due to an 

increase in flux leakage (M. Ehsani et al,. 2007- E.Sulaiman et al,. 20101). Therefore, HEFSM can be considered 
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as right candidate to overcome this problem because this machine has strong and rugged rotor configuration which 

is very suitable for high-speed operation and at the same time keeping highest torque and power density. Thus 

HEFSM would play an important role for future researches and developments for HEV application 

(ErwanSulaiman et al,. 2011). In this paper, performance analyses of single phase E-Core HEFSMs at various 

topologies are presented to determine the optimal performances. Initially, initial performances of 4S-4P, 4S-6P, 

4S-8P and 4S-10P E-Core HEFSM in term ofarmature coil test, flux enhancing, flux distribution, flux linkage, 

torque profiles are analyzed and discussed. 

 

 
(a) 

 

 
(b) 

 
(c) 

 

Fig. 1: Principle operation of E-Core HEFSM (a) flux from stator via P2 and P1 (b) flux from stator via P3 and  

P2 (c) flux from stator via P3 and P2 for one electric cycle. 

 

1. Operating Principle of E-Core HEFSM: 

 The operating principle of the E-Core HEFSM is illustrated in Figure 1 which is similar with conventional flux 

switching machine (FSM). The flux flows from the stator to the rotor switches its polarity following the rotation of 

rotor. At one instant, half of rotor poles receive the flux from the stator while another half of rotor poles bring the 

flux to the stator to make a complete flux cycle. The operating principle and definition of flux switching can be 

described either by changing flux in the stator or changing flux in the rotor. Figure1 illustrates the operating 

principle of E-Core HEFSM in three different conditions. In Figure1(a), both fluxes of PM and DC-FEC flow from 

stator to rotor pole P2 and return back to the stator by rotor pole P1. At this stage, it is obvious that rotor pole P2 

received the flux from stator.  

 Meanwhile, in Figure1(b), when the rotor moves to the left side approximately half electric cycles, both fluxes 

from stator flow to rotor pole P3 in between DC-FEC winding of right side. It is clear that the stator flux switches 

its polarity through rotor pole P3 as receiving flux while rotor pole P2 brings the flux back to the stator to form a 

complete flux cycle. Finally, Figure1(c) depicts the condition where rotor pole P3 is in similar condition of rotor 

pole P2 in Figure 1(a) to form one electric cycle. The flux from stator flows through stator teeth between PM and 

armature coil to rotor pole P3 while rotor pole P2 brings the flux to the stator, simultaneously. Since the direction 

of both PM and FEC fluxes are in the same polarity, both fluxes are combined and move together into the rotor, 

hence producing more fluxes with a so called hybrid excitation flux (S.N.U Zakaria et al,. 2-14-Sulaiman et al., 

2012). 
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 In this proposed motor, the motor rotation through 1/Nr of a revolution, the flux linkage of armature has one 

periodic cycle and thus, the frequency of back-emf induced in the armature coil is Nr times of the mechanical 

rotational frequency. In general, the mechanical rotation frequency, fm and the electrical frequency, fe for the 

proposed machine can be expressed as in (1).  

mre fNf                (1) 

 

2. Design Restrictions, Parameters and Specification of FEFSM: 

 Single-phase E-Core HEFSMs are designed based on the similar equation to determine the attainable 

number of rotor pole and stator slot as mentioned in (S.N.U Zalaria et al., 2014) is used. The suitable rotor pole 

numbers for 4 stator slot topology are 4, 6, 8 and 10 correspondingly as shown in Figure 2.It is noticed that the 

main dimensions such as stator outer and inner diameter, stator teeth width, armature coil and DC-FEC slots 

area, rotor outer and inner diameter, shaft diameter, motor stack length, and air gap are identical for all designs, 

while rotor teeth width is calculated based on total stator teeth width divided with number of rotor poles as 

defined in (2)to ensure flux moves from stator to rotor equally without any flux leakage. The rotor teeth widths 

for 4S-4P, 4S-6P, 4S-8P and 4S-10P E-core HEFSMs are 39.6mm, 62.4mm, 19.8mm, 19.8mm and 15.84mm 

correspondingly. The design restrictions and target performances of the proposed single-phase E-Core HEFSM 

are listed in Table 1. The motor design parameters from D1 to D9are demonstrated in Figure 3 while the main 

machine dimension of all initial design single-phase E-Core HEFSMs is listed in Table 2.The motor stack 

length, the outer diameter, the air gap and the shaft radius of the major parts of the machine design being 70mm, 

264mm, 0.8mm and 30mm, respectively, similar with three-phase E-Core HEFSM design previously. 

 

 
 

Fig. 2: Topology of Single-phase E-Core HEFSM (a) 4S-4P (b) 4S-6P (c) 4S-8P (d) 4S-10P. 

 

 
 

Fig. 3: Design Parameter for E-Core HEFSM. 

 

The selection of initial design single-phase E-Core HEFSM with 4 stator slot configurations are based on 

the following assumptions; (i) The initial rotor radius is selected based on rotor radius of general machine of 

approximately 60% to 70% of the machine outer radius. In this machine, the initial rotor radius is set to 85.2mm 

which is approximately 65% from the total machine radius of 132mm (ii) the rotor pole width is set by dividing 

total stator teeth width to number of rotor poles by assuming that all fluxes from stator will have sufficient space 

to flow into the rotor. Small rotor pole width will prevent some amount of flux from the stator to flow to the 

rotor part, resulting in flux saturation. In contrast, larger rotor pole width will easily receive all flux from the 
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stator, but will easily distribute the flux on the rotor resulting in some of the flux leakage or flow unnecessary, 

(iii) The stator outer core thickness is set similar to stator teeth width with initial assumptions that the flux will 

easily flows to accomplish one cycle flux, (iv) The depth of rotor pole is set to 1/3 of the rotor radius to give 

much depth for the flux to flow while keeping the suitable distance of the rotor inner part to avoid flux 

saturation and to keep the acceptable rotor mechanical strength, simultaneously, (v) the PM volume is set to 

1.3kg, (vi) The DC-FEC and armature coil slot areas are similar for all designs despite the current arrangement 

might be varied to suit their operating principle correspondingly. 
 
Table 1: Restrictions and Target Specifications of E-Core HEFSM. 

Items 3-Ø E-Core HEFSM 1-Ø E-Core HEFSSM 

Max. DC-bus voltage inverter (V) 650 375 

Max. inverter current (Arms) 360 360 

Max. Ja (Arms/mm2) 30 30 

Max. Je (A/mm2) 30 30 

Stator outer diameter (mm) 264 264 

Motor stack length (mm) 70 70 

Shaft radius (mm) 30 30 

Air gap length (mm) 0.8 0.8 

PM weight (kg) 1.3 1.3 

Max. speed (r/min) 12400 12400 

Max. torque (Nm) 303 >101 

Max. power (Nm) 123 >41 

Power density (kW/kg) 3.5 >1.17 

Motor weight (kg) 30 <30 

 
Table 2: Initial Design Parameters of 1Ø E-Core HEFSSM. 

Parameter Description 4S-4P 4S-6P 4S-8P 4S-10P 

D1 Rotor outer radius (mm) 85 85 85 85 

D2 Rotor pole width (mm) 25 25 25 25 

D3 Rotor pole depth (mm) 39.6 26.4 19.8 15.84 

D4 PM width (mm) 13.311 13.311 13.311 13.311 

D5 PM depth (mm) 46.2 46.2 46.2 46.2 

D6 Armature coil width (mm) - - - - 

D7 Armature coil depth (mm) 33 33 33 33 

D8 DC-FEC width (mm) - - - - 

D9 DC-FEC depth (mm) 33 33 33 33 

 

 The numbers of turns of DC-FEC and armature coil are defined from (3) and (4), respectively. The armature 

coil and DC-FEC filling factor is set to 0.5, whilst the slot area of armature slot and DC-FEC slot is calculated, 

correspondingly. The rotor is consisted of only stacked soft iron sheets and can be expected to rotate at high-

speed because the rotor structure is mechanically robust. Furthermore, the maximum expected torque of 101Nm 

and power is set to be higher than 41kW, respectively.  
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 Where N, J, α, S and I are number of turns, current density, filling factor, slot area and input current, 

respectively. For the subscript a and e represent armature coil and DC-FEC, respectively. Once the parameters 

have been clearly determined and set in the design machine, the proposed 4S-4P, 6P, 8P and 10P E-Core 

HEFSMs are analysed based on 2D-FEA package, JMAG-Studio ver.13.0 for open circuit and short circuit 

condition. Similarly, the armature coil and DC-FEC current densities are varied up to the maximum of 

30Arms/mm
2
 and 30A/mm

2
, respectively.  

 

Open Circuit Condition and Load Analysis Based on 2D FEA: 

 Performance investigation at open circuit condition such as coil test, DC FEC flux linkage, cogging torque, 

induced voltage and at short circuit condition for instance torque and power characteristics have been analyzed 

in order to obtain the optimal performance. Figure 4 depicts the flux linkage produced by PM only for all initial 

design E-Core HEFSMs at no load condition. From the figure, flux produced by PM for 4S-4P and 4S-8P 

designed are much easier to flow from stator to rotor through adjacent rotor teeth, hence complete 4 flux cycle is 

generated by PM, thus higher flux linkage is achieved as shown in Figure 4(a) and (c). In contrast, for 4S-6P and 
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4S-10P designs shown in Figure 4(b) and (d), the flux lines generated are much smaller due to fundamentally 

unbalance stator pole design, thus preventing the flux to attain more flux cycle. In addition, excessive leakage 

flux near PM part for both 4S-6P and 4S-10P designs also reduce the total flux generation as highlighted in red 

box in the figure. The total flux linkages of all designs are compared as illustrated in Figure 5. From the figure, 

it is observed that 4S-4P design has the highest magnetic flux amplitude of 0.267Wb, followed by 4S-8P with 

0.241Wb, 4S-6P with 0.147Wb while the lowest magnetic flux of 0.036Wb is obtained from 4S-10P design. In 

addition, the flux characteristic of 4S-4P and 4S-8P single-phase E-Core HEFSMs design are slightly sinusoidal 

when compared with 4S-6P and 4S-10P designs due to fairly significant difference between slot-pole 

combinations. Furthermore, the back-emf and cogging torque of the initial design 4S-4P, 4S-6P, 4S-8P and 4S-

10P single- phase E-Core HEFSM are also investigated in open circuit condition as illustrated in Figure 6 and 7 

respectively, at 1200 r/min. From Figure 6, the induced voltage with Je of 0A/mm2 is the induced voltage 

generated from PM only as their flux source in this machine. The fundamental of induced voltage generated use 

for regenerative breaking and the value produce must not exceed the supply voltage because it will disturb the 

performance of the motor. The highest back-emf of more than 200V is achieved from4S-8P, while the lowest 

back-emf of approximately 50V is obtained for 4S-10P design with a pure sinusoidal waveform. Besides, it is 

noticeable that the induced voltage waveforms for 4S-4P, 4S-6P and 4S-8P are much distorted with a large 

amount of cogging torque pulsation due to first harmonic order. 

 

 
Fig. 4: Flux linkage of 1-Ø E-Core HEFSMs (a) 4S-4P (b) 4S-6P (c) 4S-8P (d) 4S-10P. 

 

 From Figure 7, the highest amount of cogging torque with approximately 192Nm peak-peak for 4S-8P is 

produced due to distorted induced voltage waveform compared to other designs. 4S-4P, 4S-6P and 4S-8P 

single-phase E-Core HEFSMs design are not suitable to be applied for HEV application due to high amount of 

back emf and cogging torque which is difficult be protected from the switching devices when the inverter is in 

failure mode condition as well as producing high vibration and noise, respectively.  

 Moreover, the flux linkage combinations of both PM and DC-FEC at various DC-FEC current densities are 

also investigated as represent in Figure 8. From the plot, 4S-4P, 4S-6P and 4S-8P designs have similar flux 

characteristics in which the flux keep increasing until Je of 5A/mm
2
 and start to reduce when higher Je is injected. 

All PM flux in 4S-4P, 4S-8P and 4S-6P is cancelled by DC-FEC flux due to negative flux production and become 

saturated at Je of 20A/mm2 for 4S-6P design. In addition, for 4S-10P E-Core HEFSM design, the flux is increase 

with increasing of Je and start to reduce when Je of 15A/mm
2
 is injected to the system. 

 Furthermore, for load analysis, the performances of the 4S-4P, 4S-6P, 4S-8P and 4S-10P single-phase E-

Core HEFSMs at the maximum Ja and Je of 30Arms/mm
2
 and 30A/mm

2
, respectively, are analysed. From the 
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analysis, 4S-10P E-Core HEFSM produced the highest torque of approximately 182.02Nm as illustrated in 

Figure 9while the lowest torque of33.43Nm is achieved from 4S-6P design. However, the torque performance is 

degraded for 4S-4P and 4S-6P designs due to much higher negative torque production. To explain this 

phenomenon, further examinations on flux density distribution are investigated for all designs as represent in 

Figure 10. For 4S-4P design, most of the fluxes are placed around the rotor compared to 4S-10P.Since the initial 

power in this initial design of 4S-10P single phase E-Core HEFSM are far from the target performances of HEV, 

design optimization based on deterministic optimization method will be conducted in future. 

 

 
 

Fig. 5: Flux linkage of PM. 

 

 
Fig. 6: Induced Voltage. 

 

 
 

Fig. 7: Cogging torque. 
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Fig. 8: Flux linkage at various Je. 

 

 
 

Fig. 9: Torque versus Je at maximum Ja. 

 

 
 

Fig. 10: Flux density distribution (a) 4S-4P (b) 4S-6P (c) 4S-8P (d) 4S-10P. 

 

Conclusion: 

 Design viability studies and performance investigation of 4S-4P, 4S-6P, 4S-8P and 4S-10P single phase E-

Core HEFSMs topologies for traction drive in HEV application are presented in this paper. The profile of flux 

linkage, induced voltage, cogging torque, torque characteristics are observed based on 2D-FEA. It can be 

expected that the rotor structure is mechanically robust to rotate at high speed because it consists of only stacked 

soft iron sheets. From the result, 4S-4P gives non-sinusoidal flux linkage, 4S-6P has highest flux cancellation 

effect, 4S-8P has highest cogging torque and highest back-emf while 4S-10P has less back-emf, less cogging 

torque and highest torque which increase linearly with increasing Je. Hence it is concluded that 4S-10P gives the 

best performance when compared with others design. The target maximum torque of 101Nm and power is set to 

be more than 41kW and the motor weight to be designed is less than 35kg, resulting in that the proposed E-Core 

HEFSM promises to attain the maximum power density better when compared to that estimated IPMSM. 

Finally, the proposed E-Core HEFSM is suitable for various applications with various performances.  
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