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Recently the researchers are much concern in flux switching motor (FSM) in which all flux 
producing sources are positioned in the stator with robust rotor. Development of research has 
been with toothed rotor structures which exploits changes of paths for the stator teeth, whilst the 
bipolar flux produces the flux linkage in the stator. Yet, the flux path through teeth of rotor 
takes longer cycle results in less torque generation. Therefore, in more recent work researchers 
have developed the use of a segmental rotor construction, which gives significant gains. The 
primary function of the segments in this design is to provide a defined magnetic path for 
conveying the field flux to adjacent stator armature coils as the rotor rotates. As this design 
gives shorter end-windings than with the toothed rotor structure which requires fully-pitched 
coils. Hence, permanent magnet FSM (PMFSM) and field excitation FSM (FEFSM) using 
segmental rotor have been developed. However, due to their infirmity of less torque generation 
inherit from less flux linkage, both existing designs have been combined and a new structure of 
hybrid excitation FSM (HEFSM) is proposed. With a novelty of hybrid excitation from PM and 
field excitation coil (FEC), the proposed design confirms smooth flux distribution over the 
stator and rotor, hence promising higher torque production. Additionally, the proposed design 
has also been improved by relocating the position of PM from tip of the stator pole to a new 
position sandwiched between the FEC slots. This paper also presents analysis and comparison 
of magnetic flux distribution, magnetic flux lines, flux strengthening and torque characteristics 
with existing PMFSM and FEFSM at several conditions of initial, improved and optimized 
designs of HEFSM. The novel structure of HEFSM using segmental rotor has attained smooth 
flux distribution with flux strength of 58.6mWb and maximum torque of 33.8Nm, approximately 
48% more than the initial design. The final design HEFSM with segmental rotor has also 
produce slightly higher performances than existing PMFSM and FEFSM, proving their 
suitability to be applied for hybrid electrical vehicles (EVs)  
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1. Introduction 
 

Global economic growth has brought several benefits of widespread vehicles use to the 

world’s developing and economies. Thus, the demand toward vehicles for personal and 

commercial transportation has been increased dramatically in the past decade. This trend 

will only exaggerate with the catching up of developing countries like China, India and 

Mexico. Nevertheless, with conventional internal combustion engines (ICE) that have been 

in existence for more than 100 years a serious problem associated with ever-increasing use 

of personal vehicles is the emission of CO2. According to the report in 2008, seven percent 

of global CO2 emissions have been produced from cars, vans and global road transport, and 

it is projected to be double by 2050. In order to obtain a full-performance and high 

efficiency vehicle while reducing pollutant emissions, the most feasible solution for the 

future is the hybrid electric vehicles (HEVs) [1]-[3] which combine both battery-operated 

electric machine and ICE [4]. However, to date, the automotive industry is still seeking for 

the most appropriate hybrid electric-propulsion system with the key features of efficiency, 
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reliability and cost. Mainly, the choice of electric-propulsion systems for HEV depends on 

three factors relatively of driver’s expectation, vehicle design constraints, and energy 

source. With these considerations, it is understood that the specific motor operating points 

as well as performance capability are difficult to define [5]. Commercially, several electric 

machines have successfully been installed for HEVs drive system such as interior 

permanent magnet synchronous motor (IPMSM), DC motor, switch reluctance machine 

(SRM), and induction motor (IM). The superiority behind this employment have been 

developed to enhance more power density of the machine despite of their thriving operated 

as well as superior performances. However, several demerits of complex winding 

configurations in IPMSM, difficulty in controlling orthogonal position in DC motor, high 

vibration and noisy in SRM, and asynchronous speed in IM need to be resolved [6], [7].  

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

conventional electric motors with several advantages of simple structure, superior control 

capability, smooth flux and torque pulsation, as well as producing much higher torque 

density and efficiency, which suit for HEV. With all active components such as PM, DC 

field excitation coil (FEC), and armature coil located on the stator, the machine becomes 

very robust technically due to single piece of rotor. Various applications of FSM have been 

reported, ranging from wind power generation, automotive, aerospace, power tools and etc., 

[8], [9]. Generally FSMs can be classified into three groups, namely permanent magnet 

(PMFSMs), field excitation (FEFSMs) and hybrid excitation (HEFSMs). Both PMFSMs 

and FEFSMs have only single excitation flux source which come from PM and FEC, 

respectively, while the magnetic flux source is generated from PM and FECs in HEFSM 

[10], [11]. 

In more recent work, the authors has developed the use of a segmental rotor construction 

for SRMs and single-phase FSMs [12], which gives significant gains over other topologies. 

Whereas segmental rotors are used traditionally to control the saliency ratio in synchronous 

reluctance machines, the primary function of the segments in this design is to provide a 

defined magnetic path for conveying the field flux to adjacent stator armature coils as the 

rotor rotates. PMFSM and FEFSM using segmental rotor are depicted in Figures. 1 and 2 

respectively [13]-[16], while the novel 12S-8P HEFSM I using segmental rotor is depicted 

in Figure 3. Since the proposed design produces inadequate torque performances at initial 

stage, the HEFSM I has been improved to HEFSM II and further been enhanced to HEFSM 

III by using deterministic optimization technique. Figures. 4 and 5 illustrate the improved 

HEFSM II and enhanced HEFSM III, respectively for comparison. This paper elaborates 

performance analysis of a new structure of HEFSM I using segmental rotor, improved 

design HEFSM II and optimized design HEFSM III. The short circuit and open circuit 

analysis performed on the basis of 2D-FEA are also compared with existing PMFSM and 

FEFSM using segmental rotor. 

 

2. Performance analysis based on 2-D FEA  

 

2.1. Magnetic Flux Analysis 

 

At open circuit condition, the flux linkage, flux distribution, magnetic flux strengthening 

and flux lines of  FEFSM, PMFSM, HEFSM I (initial), HEFSM II (improved) and HEFSM 
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III (optimized) at maximum FEC current density of 30A/mm
2
 are observed as depicted in 

Figure. 6, Figure. 7, Figure. 8 and Figure. 9, respectively.  

 

                       
 

                  Figure.1 PMFSM                                               Figure.2 FEFSM 

 

 
                                             

Figure.3 HEFSM I 

 

 

                 
                            

 

    Figure.4 HEFSM II                                      Figure.5 HEFSM III 
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From the results, the lowest flux linkage of approximately 0.042Wb is generated from 

PMFSM. The PM flux is not properly distributed over the stator and rotor segments as 

shown in Figure 7(a). Moreover, at maximum FEC current density of FEFSM, the flux 

linkage produced is approximately 0.052Wb, which is slightly higher than PMFSM. 

However, the flux is saturated at the edges of rotor segments and not uniformly distributed 

across the motor as shown in red circles in Figure 7(b). 

Hence, for HEFSM I, the attained flux linkage of approximately 0.052Wb is almost 

similar with FEFSM, but still the flux distributions of PM and FEC are not properly 

succeeded, results in flux cancellation as well as flux leakage at the tips of stator poles as 

shown in Figure. 7(c). Due to flux leakage and cancellation between fluxes of PM and FEC 

in the initial design of HEFSM I, the design has been improved by placing PM  parallel in 

between the FEC slots instead of tip of the pole. 

Indeed, the flux linkage of approximately 0.578Wb has been achieved and much better 

flux distribution in rotor and stator has been generated as shown in Figure 7(d). Finally, to 

achieve the optimum results the optimization process by varying several design parameters 

has been adopted. The improved HEFSM II has been optimized generating maximum flux 

linkage of approximately 0.062Wb. The optimize design has proved smooth distribution of 

flux over the stator and segments without cancellation and leakage as shown in Figure 7(e). 

Furthermore from Figure. 8, similar flux characteristics of FEFSM, HEFSM II and HEFSM 

III are observed. Initially, the flux enhancement has been achieved for all designs, but starts 

to reduce when higher Je of more than 12A/mm
2
 is injected to the system. In contrast, the 

flux characteristics of HEFSM I is almost constant with increasing Je. Although the flux 

strength profile of HEFSM I is dissimilar with other designs, the FEFSM and HEFSM I 

with segmental rotor have achieved almost equal flux strength of 0.052Wb at maximum Je. 

The limitation of flux increment with respect to field current Je in HEFSM I is primarily 

due to the cancellation of PM and FEC fluxes at interval stator tooth as shown in Fig. 9(a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 7 Flux linkage of PMFEM, FEFSM, HEFSMI, HEFSM II and HEFSM III  
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Figure. 7 Magnetic flux distribution of (a) PMFSM (b) FEFSM (c) HEFSM I (d) 

HEFSM II (e) HEFSM III using segmental rotor 
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On the other hand, HEFSM II has achieved maximum flux strength of 0.72Wb at FEC 

current density of 12A/mm2 with almost similar characteristics of FEFSM. Flux strength of 

HEFSM II starts to reduce as increasing Je due to longer flux path being trailed as depicted 

in Fig. 9(b). Finally, by improvement of HEFSM II, the optimized HEFSM III has achieved 

maximum flux strength of 0.72 Wb at current density of 12 A/mm2. Moreover, HEFSM III 

has also achieved 16% more flux strength than HEFSM II at maximum Je. The clandestine 

behind the successfully optimize flux strength is underlie from a shorter flux path emerged 

for both PM and FEC as shown in Fig. 9(c) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 8 Flux strengthening of FEFSM, HEFSM I, HEFSM II and HEFSM III using 

segmental rotor  
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Figure. 9 Magnetic Flux lines of (a) HEFSM I, (a) HEFSM II and (c) HEFSM III using 

segmental rotor 

 

1.2. Torque Vs Field Current Densities Je, at Maximum Armature Current Density, Ja 

 

The torque versus field current densities, Je at maximum armature current density, Ja of 

30Arms/mm
2
 is illustrated in Figure 10. It is noticeable that the torque attained by PMFSM 

and FEFSM are approximately 29.8Nm and 32.8Nm respectively. After combining both 

FEC and PM flux sources on the stator, the initial design HEFSM I has achieved much 

torque reduction of 17.4Nm, when compared with single flux source design. The slight 

increment of torque with varying Je is due to improper combination of FEC and PM fluxes 

as well as much higher flux cancellations as previously described in Figure. 9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10 Torque vs field current densities at maximum armature current density of 30 

Arms/mm
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Therefore, by placing the PM parallel in between the FEC slots in the initial HEFSM I, 

both PM and FEC fluxes in HEFSM II can simply be combined and flow easily from stator 

to rotor alternately, to confirm the principle of FSMs. After achieving proper position of 

PMs, the improved design HEFSM II and optimize design HEFSM III have attained the 

maximum torque of 32.6Nm and 33.8Nm, correspondingly at maximum Ja and Je. The 

optimized design HEFSM III has achieved the target torque of approximately 48% greater 

than the HEFSM I with smooth flux distribution and flux lines. 

 

5. Conclusion 
 

In this paper, flux linkage, flux distribution, flux strengthening and magnetic flux lines 

of various types of PMFSM, FEFSM, HEFSM I, HEFSM II and HEFSM III using 

segmental rotor have been analysed on the basis of 2D-FEA. Besides the torque analysis at 

different field current densities has also been performed and compared. As the novel 

HEFSM I pride itself with PM and FEC combination, the improved HEFSM II by 

relocating the PM in the middle of FEC has significantly gains much flux linkages and 

torque production. As conclusion, the optimized HEFSM III with segmental rotor has also 

produce slightly higher performances than existing PMFSM and FEFSM, proving their 

suitability to be applied for hybrid electrical vehicles (EVs).  

 

Acknowledgement  

 

This work was supported by Research, innovation, commercialization, consultancy 

management, (ORICC) under Vote No. E15501/ U241, University Tun Hussein Onn 

Malaysia (UTHM) and Ministry of Higher Education Malaysia (MOHE).  

 

 

References 

 
[1] M. Z. Ahmad, E. Sulaiman, Z. A. Haron, and T. Kosaka, Preliminary Studies on a New Outer-Rotor 

Permanent Magnet Flux Switching Machine with Hybrid Excitation Flux for Direct Drive EV Applications, 
IEEE International Conference on Power and Energy, 2–5, 2012. 

[2] E. Sulaiman, T. Kosaka, and N. Matsui, Design optimization and performance of a novel 6-slot 5-pole 

PMFSM with hybrid excitation for hybrid electric vehicle, IEEE Transaction Industry Applications. 132, 
(2), 211-218, 2012. 

[3] J. King, The King Review of low-carbon cars of low-carbon cars, Part II: recommendations for action, 

March, 2008. 

[4] M. Ehsani, Y. Gao, and J. M. Miller, Hybrid electric vehicles: architecture and motor drives, IEEE, 95 (4), 

719–728, 2007.  

[5] Z. Rahman, M. Ehsani, and K. Butler, An Investigation of Electric Motor Drive Characteristics for EV and 
HEV Propulsion Systems, SAE Tech. Paper, 2000. 

[6] S. K. Rahimi, E.Sulaiman and N. ,A. Jafar, Comparison of 12S-10P and 12S-14P of Hybrid Excitation Flux 

Switching Machine for High-speed HEVs, Journal of Applied Science and Agriculture, 9(18), 209-218, 
2014. 

[7] E. Sulaiman, T. Kosaka and N. Matsui, Design Study and Experimental Analysis of Wound Field Flux 

Switching Motor for HEV Applications,  XXth International Conference on Electrical Machines, 1269-

1275, 2012. 

[8] C. Pollock, H. Pollock, R. Borron, J. R. Coles, D. Moule, A. Court,   and R. Sutton, Flux-switching motors 

for automotive applications, IEEE Transaction on Industry Applications., 42, (5), 1177-1184, 2006. 
[9] M. J. Jin et al, Cogging torque suppression in a permanent magnet flux-switching integrated starter 

generator, IET Electric Power Application, 4,(8), 647-656, 2010. 

[10] E. Sulaiman, T. Kosaka, and N Matsui, High power density design of 6slot-8pole hybrid excitation flux 
switching machine for hybrid electric vehicles, IEEE Transactions on Magnetics, 47(10), 4453-4456, 2011. 



International Conference on Advanced Mechanics, Power and Energy 2015 (AMPE2015), 5-6 December 2015, Kuala Lumpur, Malaysia 

 

61 

 

[11] [4] E. Sulaiman, T. Kosaka, Design Improvement and Performance Analysis of 12S-10P Permanent 

Magnet Flux Switching Machine with Field Excitation Coil, Journal of Electrical Systems, 8(4), 425-432, 

2012 

[12] B. C. Mecrow, T. J. Bedford, J. W. Bennet, and T. Celik, The use of segmental rotors for 2 phase flux-

switching motors, International Conference on Electrical. Machines, Chania, Greece, 2006,  

[13] Y. Luo, G.Hwang, and. Liu, Design of synchronous reluctance motor, Electrical Electronics Insulation 

Conference, and Electrical Manufacturing & Coil Winding Conference, pp. 373–379, 1995. 

[14] T. Lipo, Novel reluctance machine concepts for variable speed drives, proceeding. Mediterranean 

Electrotech. Conference, 34–43, 1991. 
[15] A. Zulu, B. C. Mecrow, and M. Armstrong, Permanent-Magnet Flux-Switching Synchronous, IEEE 

Transactions on Industry Applications, 48, (6), 2259-2267, 2012. 

[16] A. Zulu, B. C. Mecrow, and M. Armstrong, Topologies for wound field three-phase segmented-rotor flux-
switching machines, IET International Conférence on Power Electronics, Machines and Drives, 1-6, 2010. 

 

 

 

 

 
 

 

 
 

 

 

 

 

  


