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Abstract—Hybrid electric vehicles (HEVs), using combination 
of an internal combustion engine (ICE) and one or more electric 
motors, are widely considered as the most promising clean 
vehicles. The only machine that already installed for HEVs is 
interior permanent magnet synchronous machine (IPMSM) 
where it has developed to enhance power density of the machine. 
Despite of fine operated and superior performances, this machine 
do not miss approached by deficiency for instance IPMSM now 
have complex form and configuration that give difficulty to 
undertake the process of optimization. Moreover, the use of PM 
will result in a constant state of flux and cannot be controlled as 
well a burden because of expensive rare earth magnet prices. 
Therefore, a new candidate of field excitation flux switching 
machine (FEFSM), in which the uses of PM are totally excluded 
with rugged rotor structure suitable for high-speed operation 
and the ability to keep high torque and power density is proposed 
and examined in this paper. Under some design specifications, 
design principles and performances of 12S-14P FEFSMs with 
overlap and non-overlap FEC and armature coil windings are 
presented. The profile of flux linkage, induced voltage, cogging 
torque, torque and power characteristics are observed based on 
2D finite element analysis (FEA). 

Keywords—Field Excitation Flux Switching Motor, Hybrid 
Electric Vehicle and Field Excitation Coil (DC FEC) 

I. INTRODUCTION 
In the mid 1950s, the initial concept of flux switching 

motor (FSM) has been published. In general, permanent 
magnet flux switching motor (PMFSM), field excitation flux 
switching motor (FEFSM), and hybrid excitation flux 
switching motor (HEFSM) are three types of FSM as illustrate 
in Fig. 1. Both FEFSM and PMFSM has only permanent 
magnet and field excitation coil (FEC), correspondingly as the 
main source of flux, whilst HEFSM combines both FEC and 
permanent magnet as their main flux sources. 

 
Fig. 1. Classifications of flux switching machine 

 

Permanent magnet (PM) machines exhibit high torque 
density and high efficiency but the rare earth magnet material 
is expensive and the working environmental temperature may 
limit its application. In fact, the flux-weakening operation at 
high speed is relatively difficult for PM machines due to fixed 
PM excitation. In order to reduce the cost, one of the possible 
solutions is to replace the magnet excitation by the field 
excitation (FE). The conventional FE synchronous machine 
employs the FE on the rotor, and, consequently, the slip-rings 
are required to supply the field current. The FE doubly salient 
machine has been proposed the hybrid excited doubly salient 
and PMFSM have been investigated [1]-[3]. In addition, an FE 
flux switching machine (FEFSM) with modular rotor and non-
overlapping windings has been recently investigated [4]. 
Although it has been mentioned that the magnets could be 
replaced by the FE in three-phase PMFSM, the three-phase 
FEFSM has not further investigated.  

Moreover, the use of PM will result in a constant state of 
flux and cannot be controlled as well a burden because of 
expensive rare earth magnet prices. The one-phase FEFSM has 
been proposed and analyzed for automotive application due to 
extremely low cost of the machine [5]. The design principle 
and the one-phase FEFSM has been shown to exhibit a higher 
output power density than the equivalent universal and 
induction machines, and comparable efficiency to that of the 
induction machine [6]. However, the one-phase FEFSM has 
problems of low starting torque, large torque ripple, and fixed 
rotating direction. Thus, three-phase FEFSM with a new form 
has been created as a new candidate that can address these 
problems in which the uses of permanent magnet is totally 
excluded while the field excitation coil (FEC) is located on the 
stator [7]-[9]. The proposed motor has a simple and easy 
structure and it is expected to provide much higher power 
density and torque [10]-[12].  

The motor is operated based on the principle of switching 
flux and to describe machines in which the stator tooth flux 
switches polarity following the motion of a salient pole rotor 
[13]. The principle operation of FEFSM is demonstrated in Fig. 
2. Fig. 2 (a) and (b) show the movement of the FEC flux into 
the rotor while (c) and (d) visualize the movement of FEC flux 
into the stator which creates one complete cycle movement of 
fluxes. The stator fluxes switches between the alternate stator 
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teeth because of the each reversal of armature current shown by 
the transition involving Fig. 2 (a) and (b) [14]. 

II. REVIEW ON ELECTRIC MOTORS USED IN HEV 
Hybrid Electric Vehicles (HEVs), by means of merge of an 

Internal Combustion Engine (ICE) plus another electric 
traction motors are mostly consider as the primarily proficient 
green vehicles.  

There are four major types of electric machines currently 
used in HEV drives namely DC machine, induction machine 
(IMs), switch reluctance machine (SRMs) and also permanent 
magnet synchronous machines (PMSMs) as depicted in Fig. 3. 
However, there exist several drawbacks in each motor.  

Firstly, DC motor is unfavorable because this kind of motor 
comes out with huge structure, low reliability and low 
efficiency [15]-[16]. Next, IM drives encompass drawbacks for 
example low efficiency, high loss, low inverter-usage factor 
and low power factor which are more concern for the large 
power and high power motor and that pressed them away from 
the battle of HEVs electric propulsion system [17] and SRMs 
are familiarly known to have high torque ripple and acoustic 
noise generation [18]-[19]. In addition, PMSMs have a low 
impact on the efficiency at the high-speed range due to the 
enhance amount in iron loss as well as risk of magnetic faults 
[20].  

The only machine that already installed for HEVs is interior 
PMSMs (IPMSMs) where it has developed to enhance power 
density of the machine [21]-[22] but it have complex form and 
configuration that give difficulty to undertake the process of 
optimizing the design of this motor. Moreover, the use of PM 
will result in a constant state of flux and cannot be controlled 
as well a burden because of expensive rare earth magnet prices. 

III. DESIGN RESTRICTIONS, SPECIFICATIONS  
AND PARAMETERS OF FEFSM 

The motor parameters, restrictions and target specifications 
of the projected FEFSM for HEV applications are scheduled in 
Table I. The inverter is set at the maximum of 650V DC bus 
voltage as well as inverter current at 360V.  Assuming water 
jacket system is in use as the cooling system for the machine 
the limit of the current density is set to the maximum 
30Arms/mm2 for armature winding and 30A/mm2 for FEC, 
respectively. 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, 
alike with existing IPMSMs. The electrical steel 35H210 is 
used for stator and rotor body.  

The numbers of turns of FEC and armature coil are defined 
from (1) and (2), respectively. The motor’s filling factor is put 
at 0.5, whilst the slot area of armature slot and FEC slot is 
calculated, correspondingly. To ensure flux moves from stator 
to rotor equally without any flux leakage, the design of the 
proposed machine is defined as in (3). 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. 
The motor weight to be intended is below 35kg, ensuring in 
that the projected FEFSM assures to attain the maximum 
power density more than 3.5kW/kg, better in contrast with 

 
                      (a)                                                  (b) 

 
                          (c)                                (d) 

Fig. 2. Operating principle of FEFSM (a) θe=0° and  
(b) θe=180° fluxes move from stator to rotor  

(c) θe=0° and (d) θe=180° fluxes move from rotor to stator 
 

 
                           (a)                                                   (b) 

 
                           (c)                                                   (d) 

Fig. 3. Cross sections of traction motors (a) DC motor 
(b) induction motor (c) switch reluctance motor (d) interior PMSM 

TABLE I. FEFSM PROPOSE SPECIFICATIONS AND LIMITATIONS 

Items IPMSMs  FEFSMs 
Max. inverter DC-bus voltage (V) 650 650 

Max. current of inverter (Arms) Confidential 360 
Armature winding Ja, maximum current 

density (Arms/mm2) 
Confidential  30 

Excitation winding Je, maximum current 
density (A/mm2) 

NA 30 

Stack length of motor (mm) 70 70 
Outer diameter of stator (mm) 264 264 

Length of air gap (mm) 0.8 0.8 
Radius of shaft (mm) 30 30 
Weight of PM (kg) 1.1 (est.) 0 

Maximum torque (Nm) 333 > 210 
Maximum power (kW) 123 > 123 
Power density (kW/kg) 3.5 > 3.5 

 

Armature coil 

Armature coil 



existing IPMSMs. Furthermore, the maximum expected torque 
of 210Nm and power is set to be higher than 123kW, 
respectively. The commercial finite element analysis (FEA) 
package, JMAG-Designer ver.13.0, released by Japan Research 
Institute is used as 2D-FEA solver in this design. 
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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 FEC, 
respectively. The machine configurations of 12 stator slots and 
14 pole numbers with overlap plus non-overlap windings is 
illustrated as in Fig. 4. The FEC directions are in alternate 
direction, counter-clockwise polarity and clockwise polarity, 
respectively. 

Primarily, the selection of the proposed FEFSM is designed 
with the following assumptions; (i) The inner radius is set to 30 
mm for the motor’s shaft while rotor radius is 97.2 mm which 
is 73% of 132 mm motor radius and within the range of general 
machine split ratio, (ii) The stator outer core thickness is set to 
be half of the stator inner length with the assumptions that the 

fluxes are divided into two parts, (iii) The depth of the rotor 
pole is set to be 1/3 of rotor radius to give much depth for the 
flux to flow, (iv) The FEC and armature coil slot opening angle 
are set to 3.75°, which is half of the stator slot opening angle of 
7.5°, (v) The total coil slot area of both FEC and armature coil 
is less than the stator teeth area. Therefore, it is expected that 
all fluxes from both coils to have sufficient space to flow in the 
stator yoke, without magnetic saturation. 

IV. DESIGN PERFORMANCE AND RESULTS BASED ON  
2D FINITE ELEMENT ANALYSIS 

A.   Coil Arrangement Test 
Coil arrangements are examined in each armature coil slots 

singly in order to verify the principle operation of the FEFSM 
and to set the arrangement of each armature coil phase, where 
all armature coils are wounded in counter-clockwise direction 
while FEC are wounded in alternate direction, counter-
clockwise polarity and clockwise polarity, respectively. The 
flux linkages of overlap and non-overlap windings FEFSM at 
each coil are observed and the armature coil phases are 
defined according to the conservative three-phase as U, V, and 
W, respectively as demonstrated in Fig. 5.  

As seen from the graph, FEFSM with overlap winding 
produce higher flux than non- overlap winding as the flux 
produce is relatively smooth as no distortion. Thus, it is 
expected that FEFSM with overlap winding will produce 
much higher torque and power. The armature coil flux can 
start the rotor at the maximum as the U flux satisfies the zero 
rotor position indicated by red dotted line. 

 
(a)  

 
(b) 

Fig. 4. 12S-14P FEFSM (a) overlap winding (b) non-overlap winding 

 
                                   (a) 

 
                                   (b) 

Fig. 5. 3-phase flux of 12S-14P FEFSM (a) overlap winding  
(b) non-overlap winding 
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B.    FEC Flux Linkage at various FEC current density, JE 
The DC FEC flux linkage at various DC FEC current 

densities, JE are also investigated as illustrated in Fig. 6 to 7, 
respectively. From the figures, it is clear that initially the flux 
pattern is increased with the increase in DC FEC current 
density, JE. However, the flux generated starts to reduce when 
higher DC FEC current density is injected to the system as 
demonstrated in Fig. 7. It is expected that this phenomena 
occurs due to some flux leakage and flux cancellation that will 
be investigated in future. In addition, the flux generated from 
overlap winding is higher than non-overlap FEFSM.  

 The flux distribution at zero rotor position of DC FEC for 
both overlap and non-overlap FEFSM are illustrated in Fig. 8. 
From the figure, it is depicted that the large amount of flux 

easily flow from stator to rotor and back to stator in overlap 
winding while for non-overlap winding at the same amount of 
current, the flux linkage is less and the stator core gets 
saturated as indicated by red circle. The flux linkage of 12S-
14P with non-overlap winding can be improved by design 
refinement and optimization. 

C.    Induced Voltage at Open Circuit Condition 
The fundamental of induced voltage generated for overlap 

and non-overlap winding of 12S-14P are presented in Fig. 12. 
The induced voltage generated from DC FEC flux is at open 
circuit condition of both FEFSM at maximum DC FEC current 
densities, JE. As illustrates from the graph, overlap 12S-14P has 
higher value of induced voltage compared to non-overlap 12S-
14P FEFSMs.  

 
                                      (a) 

 
                                      (b) 

Fig. 6. 3-phase flux of 12S-14P FEFSM (a) overlap winding  
(b) non-overlap winding 

 

 
Fig. 7. Maximum U flux at various JE 
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                                      (a) 
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Fig. 8. Flux distribution of FEFSM (a) overlap winding  
(b) non-overlap winding 

 

 
Fig. 9. Induced voltage of 12S-14P FEFSM 
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The value of induced voltage must not exceed the supply 
voltage, 650V because it will interrupt the operation of the 
motors as it is use for regenerative breaking to charge battery. 
Basically, motor will not definitely stop when it trip because of 
the DC supply but there will be changes of flux. Hence, this 
phenomena will create induce voltage based on Faraday’s Law. 

D.    Cogging Torque 
The torque ripple feature for FEFSMs is shown in Fig. 10. 

From the graph, is evidence that 12S-14P with non-overlap 
winding  has highest peak to peak torque ripple in contrast 
with overlap winding 12S-14P FEFSM with 18.5Nm and 
5.2Nm, correspondingly. High vibration and noise will occur 
and effect FEFSM’s performances as if the cogging torque 
exceeds 10% of the average torque produced.  

E.  Instantaneous Torque and Power Characteristics 
At last, by situate the armature coil current density, JA at 

maximum conditions, the torque profile and power at a variety 
of FEC current densities, JE is depicted in Fig. 11 to 13. From 
the figure, it is revealed that the highest torque and power 
appear at 12S-14P overlap winding about 226.1Nm and 
127.6kW, respectively followed by non-overlap 12S-14P 
FEFSM with torque of 43.04Nm and power of 5.41kW. The 
reason behind this is because negative torque is produced due 
to cancellation of fluxes between FECs and armature coils. It 
is necessary to do further investigation to identify the problem 
on these non-overlap winding configurations. Additionally for 
non-overlap winding, the torque and power is still distant from 
the target requirements. In order to suit the goal, design 
refinement and optimization based on deterministic approach 
will be conducted in the future until the intention power and 
torque are attained [23]-[25]. 

V. CONCLUSION 
Design study and analysis comparison of 12 stator slots 

and 14 pole numbers with overlap plus non-overlap windings 
FEFSMs for traction drive in HEV applications has been 
proposed and concluded as in Table II. The proposed machine 
has no PM and in consequence, it can be anticipated as very 
cost-effective machine as well as simple structure. In addition, 
the generated flux can be controlled with variable capabilities 
through the presence of FEC. Thus, by advance design 
refinement, modification and optimizations, the target 
performance of FEFSMs are anticipated can be attained. 

 

 

 
  Fig. 10. Cogging torque 

 

 
Fig. 11. Instantaneous torque characteristics of FEFSMs 

 

 
Fig. 12. Torque vs JE at maximum JA 

 

 
Fig. 13. Power vs JE at maximum JA 
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TABLE II. OVERALL PERFORMANCE OF 12S-14P FEFSMS 

 Target Overlap Non-overlap 

T (Nm) >210 226.1 43.04 

P (Kw) >123 127.6 5.41 

Weight (kg) <35 25 25 

Pd (Kw/kg) >3.51 5.1 0.2 

Td (Nm/Kg) >6 9.04 1.72 
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