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 Research and development about hybrid electric vehicles (HEVs) become more 
attractive from governments and customers due to the concerns on the environment. 

Among of the categories of FSM, HEFSM is the best candidates because of this 

machine are easy cooling of all active parts housed in the stator and robust rotor 
structure that makes it better and suitable for high speed applications. This paper 

presents the analysis of C-Type HEFSM with two iron flux bridges. Meanwhile, the 

developed C-Type HEFSM has a problem of separated stator core which lead to 
difficulty in manufacturing design as well as flux leakage to the outer stator. The design 

target of the motor is a maximum torque of 303Nm and a maximum power of 123kW. 

The preliminary performances of the recommended HESFM are conducted based on 
two-dimensional Finite Element Analysis (2D-FEA). As a conclusion, the initial torque 

and power achieved are 62% and 16.45%, respectively when compared with the target 

torque and power. 
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INTRODUCTION 

 

 A demand for private vehicles is increasing everyday by increasing rates for rapid world population. For 

over 100 years, the vehicles that have been used for personal transportation was equipped with conventional 

internal combustion engine (ICE). A soaring emissions of green house gases became threats to the environment 

as a result from the inefficient of fossil fuel. Government has been implementing stringent emissions standards 

to encourage pollution free means of transport due to the hazardous consequences. Lately, the demand for more 

environmentally friendly and fuel efficient vehicle has increased in response to growing concerns on the clean 

environment and saving energy (E.Sulaiman, 2011). In this context, the Hybrid Electric Vehicle (HEV) has 

emerged as a viable solution to meet these requirements. In order to obtain a wide-range full performance high 

efficiency vehicle, HEV technologies gives the solutions which combine battery-based electric machines with 

an ICE (N.A Jafar, 2014). The choice of the traction motor plays an important role in improving the electrical 

system. For additional development of HEV dissemination, electric traction motors with sophisticated 

performance, such as small size, high efficiency and high power density are required. In addition, to ensure the 

fast acceleration and low torque at high speed, the traction motor must provide high torque at low speed for 

cursing purpose (M.Aydin, 2006). 

 Fig.1 illustrates the several types of electric motor drives that are considered for traction application and 

HEVs drives. This type consists of induction machines (IMs), direct current (DC) machines, switch reluctance 

machines (SRMs) and permanent magnet synchronous machines (PMSMs). Interior permanent magnet 

synchronous machines (IPMSMs) become for the example of successfully developed electric machines for 

HEVs. This type has been employed mainly to increase the power density of the machines (K.C. Kim, 2009). 

This can be proved by historical progress in the power density of main traction motor installed on Toyota HEVs. 

The power density of each motor employed in Lexus RX400h‟05 and GS450h‟06 have been improved 

approximately five times and more, respectively, compared to that installed on Prius‟97 (E.Sulaiman, 2011). 

Although the torque density of each motor has been hardly changed, a reduction gear has enabled to elevate the 

axle torque necessary for propelling the large vehicles such as RX400h and GS450h. As one of effective 
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strategies for increasing the motor power density, the technological tendency to employ the combination of a 

high-speed machine and a reduction gear would be accelerated. 

 

 
 

Fig. 1: Four major candidates, (a) induction motor (IMs) (b) DC machines (c) PM brushless motor (d) switch  

reluctance motor (SRM) of electric machines for HEV drives. 

 

 Commonly, the flux switching machine (FSM) can be classified into three groups. FSM has the advantage 

of high output torque, low cost power converter and high speed, easily controllable, particularly the relative 

lower intensity vibration and acoustic noises. The FSM consists of field excitation flux switching motor 

(FEFSM), permanent magnet flux switching motor (PMFSM) and hybrid excitation flux switching motor 

(HEFSM). The main flux sources for both FEFSM and PMFSM is consists only field excitation coil (FEC) and 

PM, respectively meanwhile for HEFSM are combine both of PM and FEC. The fourth operation which known 

as HEFSM is getting more prominent according to their theory of operation (E. Sulaiman, 2014). 

 HEFSM is a combination of PMs as utilize primary excitation and also FEC as a secondary source. 

Normally, controlling the armature winding current is resulting when PMFSM is operating beyond base speed in 

the flux weakening region. In addition, the flux of PM can also be counteracted via applied the negative d-axis 

current. However it gives the disadvantages for the increasing of copper loss and thus reducing the efficiency, 

reducing the power capability and also possible irreversible demagnetization of the PMs. Over many years, 

HEFSM have been researched due to the potential that able to improve flux weakening performance, power and 

torque density, variable flux capability, and efficiency (R.L.Owen, 2009). Besides, the HEFSM give more 

advantages cause of all active parts are located on the stator and viability to be applied in high speed drive 

applications due to the robust rotor structure and much simpler cooling system for faster heat dissipation when 

compared with water jacket system used in IPMSM for LexusRX400h. Besides, the extra FEC can be employed 

to control flux with variable flux capabilities.  

 With significant achievements and improvements of permanent magnet materials and power electronics 

devices, the brushless machines excited by PM associated with FEC are developing dramatically. This type is 

known as hybrid excitation machine (HEM) which combines both field excitation coil (FEC) and permanent 

magnet (PM). HEM has several unique characteristics that are able to be applied in HEV drive system which 

can be classified into four types according to location of FEC and PM. The first type consists both FEC and PM 

are located at rotor side (D. Fodorean, 2007), the second type consists the FEC is in the stator while the PM is in 

the rotor (J.A. Tapia, 2003), the third type consists the FEC in the machine end while the PM is in the rotor (T. 

Kosaka, 2010) and the last category consists both FEC and PM are located in the stator (Y. Amara, 2009). The 

HEMs stated in three earliest consists of a PM in the rotor and can be classified as “hybrid rotor-PM with FEC” 

whereas the final machine can be referred as “hybrid stator-PM with FEC”.  

 For high speed applications, different arrangements of rotor pole and stator slot for HEFSM motor have 

been developed. For example, 12S-10P motor has been proposed such as in (H. Wei, 2009) whereas the machine 

in (E. Hoang, 2007) has insufficient power and torque production at high current density condition. This is 

because of inadequate width of stator yoke between armature coil slots and FEC that creates problem of 

negative torque production and magnetic saturation. However, the developed C-Type HEFSM in (E.Sulaiman, 

2011) has a problem of separated stator core which lead to difficult in manufacturing design as well as flux 

leakage to the outer stator. In addition, the optimization techniques also are not so far applied to the design for 

HEV applications. In order to overcome this problem, the topologies of hybrid-excited flux-switching machines 

incorporating iron flux bridges is proposed to enhance the effectiveness of the field coil excitation. 

 To carry out the target performances for HEV applications, design viability and optimization studies are 

presented for 12S-10P HEFSM motor in this paper. Fig.2 illustrates the cross-sectional view of the main 

machine part of the initial HEFSM motor. The design of the proposed machine is illustrated in Fig.2, Fig.3 and 
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Fig.4, respectively. In Fig.2, initial design of three phase C-Type 12S-10P HEFSM with two iron bridges is 

proposed which consist of 10 salient rotor pole numbers while the stator core consists of 12 modular C-Type 

laminated segments placed next to each other with circumferentially magnetized PMs and FE coils placed in 

between them. Moreover, the proposed machine has 1 mm outer iron flux bridges. In addition, this design has 

build up of 12 DC FEC coil slots and 12 armature coil (AC) slots. Both of FEC and AC are wound in counter-

clockwise (CCW) that are demonstrated in Fig.3 and Fig.4, respectively. Furthermore, the component part that 

involved likes PMs, FEC and AC are rectangle in shape thus can make the proposed motor has a very simple 

structure. It is clearly shown that both FEC and AC are wounded separately at their own slots. The PM used in 

this design is NEOMAX-35AH with residual flux density and coercive force at 20° are 1.2T and 932kA/m, 

respectively, whilst electromagnetic steel 35H210 is used for the rotor and stator body. 

 

1. Design Conditions, Limitations and Requirements for HEV Applications:  

 Table I lists the design restrictions, requirements and specifications for the proposed HEFSM are similar for 

conventional HEV. Assuming that only a water cooling system is employed as the cooling system of the 

machine, the limit of the both armature current density, Ja and FEC current density, Je are restricted to 

30Arms/mm2 and 30A/mm2, respectively. The outer diameter 269mm and stack length 84mm of main parts of 

this design machine are identical with conventional motor used in HEV. The maximum target of torque and 

power is 303Nm and 123kW, respectively while the weight of PM is limited to 1.3kg. Commercial FEA 

package, JMAG-Studio ver.13.0, released by Japanese Research Institute (JRI) is used as 2D-FEA solver in this 

design. 

 

 
 

Fig. 2: Initial design of 12S-10P HEFSM. 

 

 
 

Fig. 3: FEC windings. 

 

 
 

Fig. 4: Armature coil windings. 
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Table 1: HEFSM motor design specifications and limitations. 

Items HEFSM 

Maximum DC voltage (V) 650 

Maximum current (Arms) 360 

Maximum Ja (Arms/mm2)a 30 

Maximum Je (A/mm2)b 30 

Stator outer diameter (mm) 269 

Motor stack length (mm) 84 

Diameter of shaft (mm) 30 

Air-gap (mm) 0.7 

PM volume (kg) 1.3 

Max. torque (Nm) 303 

Max. power (kW) 123 

Width of iron flux bridges (mm) 1 

 

2. Initial Performances of the Proposed HESFM Motor Based on 2D-FEA:  

 Initially, the performances of the proposed design of 12S-10P HEFSM with two iron flux bridges in open 

circuit condition likes the flux linkage, back-emf, cogging torque and flux line are investigated. Firstly, the coil 

arrangement tests are conducted in order to examine the generated flux of each armature coil. It is important to 

ensure that the proposed machine is valid for the position of each armature coils phase during no load analysis 

and has the good magnetic flux characteristic. Besides, the rotor must properly align on zero rotor position. To 

make sure that condition, the U flux must be 0 at the intercept of 90° and 270° or U flux will be at the maximum 

at 180°. In addition, the sequence of each phase or armature coil supply must be set correctly in order to give a 

sinusoidal profile of generated magnetic flux. 

 Since the generated flux from PM is always constant, PM flux linkage is firstly investigated under zero FEC 

current to be in the same phase or called as PM only. The result for flux linkages at each coil are compared 

according to the conventional 120° phased shifted between all phases or called as U, V, and W flux as shown in 

Fig.5. Fig.6 demonstrates the combination of U flux linkage at various conditions of PM and FEC current 

density. For this condition, the lowest amplitude of magnetic flux generated is when the proposed machine is set 

at empty PM and maximum FEC current density, Je of 30A/mm2. The highest amplitude of magnetic flux is 

obtained when the machine is set to PM with maximum Je of 30A/mm2. Then, when Je is set to 0A/mm2 that 

means the flux sources come from PM only, the amplitude of flux linkage is reduced due to the magnetic 

saturation. The generated flux from PM only, FEC only and PM with maximum FEC are approximately 

0.0935Wb, 0.0239Wb and 0.1157Wb, respectively with solidly sinusoidal waveform. From this figure, it can be 

seen that the generated flux from PM with maximum FEC is higher than PM only which proves the field 

strengthening effect. 

 Moreover, the induced voltage or also called as back-emf is generated at rated speed of 1200r/min. The 

predicted result obtained for the different current density is illustrated in Fig.7. The voltage with Je of 0A/mm2 

means that the induced voltage is generated from flux of PM only. The amplitude of fundamental component is 

208.06V and is slightly sinusoidal. When Je is varied to 15A/mm2, the amplitude of induced voltage is 

increased to 238.95V and become much distorted. This is due to the field strengthening effect by the additional 

generated flux of FEC. With increasing Je to maximum of 30A/mm2, the amplitude of induced voltage 

generated is also increased up to 279.51V and becoming more distorted. The cogging torque profile of the 

proposed HEFSM under the condition of PM only, FEC only and PM with maximum FEC is demonstrated in 

Fig.8. Obviously, 6 cycles of cogging torque are generated in electric cycle. The peak-peak cogging torque of 

PM only and PM with maximum Je of 30A/mm2 are approximately 28.03Nm and 29.91Nm, respectively. Since 

the cogging torque values produced must not exceed 10% of the average torque, the generated cogging torque of 

the proposed HEFSM is unnecessary for the performance of the machine due to production of high vibration and 

noise. Thus, further design refinement and optimization should be conducted to get the target torque and reduce 

cogging torque. 

 

 
 

Fig. 5: U,V,W phase of magnetic flux. 
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Fig. 6: Combination of U flux for PM only, FEC only and PM with maximum FEC. 

 

 
 

Fig. 7: Induced voltage at rated speed 1200r/min. 

 

 
 

Fig. 8: Cogging torque. 

 

 Furthermore, the flux path of PM with maximum FEC for design HEFSM at open circuit condition is 

depicted in Fig.9. It is obvious that most of flux flow from stator to rotor while the remaining flux flow from DC 

FEC to complete of 12 cycle flux. The flux path created by the DC winding or FEC only as the source is shown 

in Fig.10. For this configuration, PMs are replaced by the air. Certainly, the main flux has to flow through the 

magnet is very low close to that of air. Nevertheless, huge number of flux flows in the rotor will results in high 

air gap flux density which lead to unnecessary flux leakage and flux cancellation. Fig.11 and Fig.12 shows the 

flux linkage of FEC and PM with FEC at various DC FEC current density conditions, respectively. It is clear 

that similar flux pattern is obtained with increasing DC FEC current density. For maximum DC FEC current 

density of 30A/mm2 the flux linkage is increased compared with flux linkage of PM only. The maximum flux 

linkage obtained at this condition is approximately 0.1157Wb. The flux comparison of maximum flux linkage is 

represented in Fig.13 in which both conditions are increased linearly. This condition proves that the additional 

DC FEC can improve the PM flux, thus giving variable flux control capability.  

 Torque versus Je at various Ja characteristic is obtained in short circuit analysis. Fig.14 explains the drive 

performances of the initial design machine in terms of torque versus FEC current density characteristics of the 

proposed motor. The graph shows that with increasing in Je, the torque also increase linearly with the same 

pattern at 0Arms/mm2 until 20Arms/mm2. In the meantime, similar torque characteristic is obtained at 

25Arms/mm2 and30Arms/mm2 in which the torque pattern is constant. The maximum torque is approximately 

187.96Nm when Ja of 25Arms/mm2 and Je of 30A/mm2 are set. This is due to low armature coil flux that limits 

the force to move the rotor. To overcome this problem, design improvement and optimization will be conducted 

in future.  

 In addition, the instantaneous torque characteristics at maximum torque condition in which the FEC current 

density and armature current density are set to 30A/mm2 and 30Arms/mm2, respectively as demonstrated in 

Fig.15. The average torque reaches 187.97Nm with the peak-peak torque of approximately 48.40Nm. Since the 

peak-peak torque is higher than required minimum value, estimation of flux linkage which contributes to high 
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cogging torque will be investigated and optimized. The torque versus speed of the proposed motor is plotted in 

Fig.16. The torque obtained is 187.97Nm as the maximum at the base speed 1029r/min. 

 

 
 

Fig. 9: Flux path of PM with maximum FEC. 

 

 
 

Fig. 10: Flux path of maximum FEC. 

 

 
 

Fig. 11: Flux linkage of DC FEC current densities, A/mm2. 

 

 
 

Fig. 12: Flux linkage of PM with various DC FEC current densities, A/mm2. 
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Fig. 13: Comparison of maximum FEC and PM with various FEC flux linkage DC FEC current densities,   

A/mm2. 

 

 
 

Fig. 14: Torque vs Je at maximum Ja. 

 

 
 

Fig. 15: Instantaneous torque characteristic. 

 

 
 

Fig. 16: Torque vs speed characteristic 

 

Conclusion:  

 Design studies and performance investigation of 12S-10P HEFSM is presented in this paper. The 

performances of the proposed motor likes flux linkage, back-emf, cogging torque and flux path are analyzed. 

Besides, the torque characteristic is also investigated in short circuit analysis which is the initial torque and 

power achieved is 62% and 16.45%, respectively when compared with the target torque and power. From the 

results, it is expected that the motor will successfully achieved the target performances by further design 

refinement and optimization. 
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