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Abstract— Hybrid Excited Flux Switching Machines (HEFSMs) 
unique feature of high torque density (𝑻𝒅𝒆𝒏)  of Permanent 
Magnet (PM) machines and flux regulation capability of wound 
field excitation machines. Due to aforesaid unique features, stator 
active HEFSMs are preferred for EV/HEV applications. In this 
paper a new Segmented PM Consequent Pole HE-FSM 
(SPMCPHEFSM) with flux bridge is proposed for EV/HEV. The 
developed SPMCPHEFSM exhibits improved flux modulation 
and flux regulation capability at reduced PM usage (suppressed 
PM volume by 46.52% and PM cost by 46.48%) and eliminating 
stator leakage flux. First, SPMCPHEFSM is geometric optimized 
(GO) for investigating influence of leading design with key 
performance indicators such as flux linkage (𝜱𝒑𝒑), average torque 
(𝑻𝒂𝒗𝒈), cogging torque (𝑻𝒄𝒐𝒈), 𝑻𝒅𝒆𝒏 , average power (𝑷𝒂𝒗𝒈) and 
power density  (𝑷𝒅𝒆𝒏)  and then proceeded optimized model to 
structure modification for optimal stator design and position of 
field excitation coils (FEC). Comprehensive performance analysis 
reveals that the developed SPMCPHEFSM show improved 𝜱𝒑𝒑 
maximum up to 9.11%, improved 𝑻𝒂𝒗𝒈 maximum up to 23.63%, 
truncate 𝑻𝒄𝒐𝒈 up to 18.9% whereas 𝑻𝒅𝒆𝒏 and 𝑷𝒅𝒆𝒏 are boost up to 
23.55% and 89.72% respectively.  

Index Terms— Electric Vehicle, Hybrid Electric Vehicle, 
Consequent Pole, Finite Element Analysis, Optimization, 
Segmented PM   

I. INTRODUCTION

LUX Switching Machines (FSMs) are examples of stator 
active brushless AC machine in which all the excitations 
sources (Permanent Magnets, field winding slot and 

Armature winding slots) resides on stator leaving passive rotor 
made of iron only. Due to double salient structure and simple 
robust rotor structure, FSMs exhibits sinusoidal flux linkage 
and back emf therefore, applicable for brushless AC 
applications. FSMs are simple structure with key features of 
improved heat dissipation, relaxed thermal management of 
excitation source and mechanically robust structure. The design, 
structure and class of FSMs varies based on presence of the 
excitation sources.   

Based on excitation source, FSMs are classified in to three 
major class i.e. Permanent Magnet (PM) excited, field excited 
and Hybrid excited (PM and field excited) [1]. The three major 
class of the FSMs becomes Permanent Magnet FSMs (PM-

FSMs), Field Excited FSMs (FE-FSMs) and Hybrid Excited 
FSMs (HE-FSMs). Among three major FSMs categories, FE-
FSM provide better flux controllability however offer low 
torque and power densities. PM-FSMs provides higher torque 
density however utilizes high PM volume and suffer from 
uncontrol and constant PM flux which causes issues of voltage 
regulation [2]. HE-FSM provide adjustable magnetic field and 
better flux controllability due exitance of both PM and field 
excitation winding in stator without effecting output 
characteristics. This flux controllability i.e. flux-weakening and 
flux enhancing capability are achieved with the help of field 
excitation current makes HE-FSM competent candidates for 
variable speed applications [3, 4] especially in Electric Vehicles 
(EVs) and Hybrid Electric Vehicles (HEVs). In addition, flux 
controllability provides ratio of the PM flux and field excitation 
winding flux which results investigation of wide constant 
power speed range [5, 6]. Based on the aforesaid merits of HE-
FSM, this paper solely focuses on detail investigation regarding 
structure variations as well torque and power capability of HE-
FSM for EV and HEV applications.   

A comprehensive overview of HE-FSM for EV and HEVs 
are discussed in [7] whereas various classification of HE-FSM 
for EV/HEV based on position of PM and field excitation coils 
(FEC) reported in literature are listed in Fig. 1. Author in [8] 
mentioned series and parallel HE-FSM however in series HE-
FSM PM permeability is same as air resulting higher excitation 
circuit reluctance. Flux controllability of HE-FSMs are 
improved utilizing iron ring at the outermost with concentrated 
field winding at the stator yoke in [9] whereas concept of iron 
flux bridge is presented in [10]. However narrow flux bridges 
easily saturated under loaded condition and heat up machine 
parts. The resultant heat causes PM demagnetization which 
degraded electromagnetic performance and its operation. 
Author in [11] developed HE-FSMs for hybrid vehicle from the 
existing PM-FSMs topologies by reducing the PM volume to 
reserve the space for field winding however flux regulation 
solely depend on PM length in axial direction. Moreover, the 
reverse current applied to field excitation winding causes PM 
demagnetization of the adjacent PMs. The flux regulation 
theories in HE-FSMs is investigated in [12]. Detailed analysis 
reveals that partial PM flux short circuited which results in 
decrease of the torque density. The torque production is 
improved in PM memory machines with novel flux regulation 
methodology utilizing High Coercive force (HCF) and low 
coercive force (LCF) PM. However, flux regulation range of 
memory machines are limited since flux is controllable in the 
maximum and minimum HCF and LCF magnetization state 
[13]-[15].  
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Fig. 1.  Classification of HE-FSMs based on position of PM and FEC for EV/HEV application.  

Author in [3] investigated HE-FSM for EV and HEV 
applications with E-core stator and excitation winding on fault-
tolerant teeth however since armature and field winding 
generates flux with reverse polarities, the flux regulation 
capability is limited which further effect wide speed operation 
range. In order to overcomes the flux regulation capability, 
author in [16] introduces dual-stator HE-FSMs to accommodate 
separate stator for armature field winding and field excitation 
winding however, in this case the design becomes highly 
complex due to iron-piece rotor sandwich between both stators. 
Moreover, the machine volume increases and due to iron-piece 
rotor it suffers from mechanical constraint and are not 
considered favorable for high speed applications.      

Authors in [17]-[20] introduced surface-mounted 
synchronous machines with both PM and FEC coils lie on rotor 
surface attaching FEC to all PM poles and consequent pole 
configuration however, flux path of the FEC coils passes over 
PM causes significant reluctance and limited flux regulation 
capability. The additional flux path to FEC coil is provided in 
IPM through iron bridge and suppressed risk of irreversible 
demagnetization, however due to narrow bridge saturation, the 
flux regulation capability still remains limited. To overcome the 
aforesaid demerits, author in [21, 22] directly combine rotor PM 
machine and rotor wound field machine where both PM field 
and wound field are attached to same shaft. In this design flux 
path of PM and FEC are inherently separated through parallel 
hybridization to achieve higher flux regulation capability. 
However, since wound field are at rotor, brushes and slip rings 
are required which increases maintenance cost and reduces 
system reliability due to mechanical contact. The requirement 
of brushes and slip rings are eliminated in brushless HE 
topologies in [23]-[28] however machine topology and drive 
circuit become complicated. Moreover, spatial confliction of 
PM and DC coils limit torque density and flux regulation 
capability.      

In order to overcome the aforesaid demerits in various HE-
FSMs designs regarding flux controllability, flux regulation 
capability, position of armature and field winding, torque and 
power densities, this paper introduces a new topology of 
Segmented PM (SPM) Consequent Pole HE-FSM 
(SPMCPHEFSM) for EV and HEV as shown in Fig. 2. The 
developed model utilized SPM with Circumferential 
Magnetization PMs (CM-PMs) and Radial Magnetization PMs 
(RM-PMs) to reduce the overall PM volume and introduces flux 
bridges to improve the flux modulation phenomena. 
SPMCPHEFSM is constructed and investigated regarding for 
flux controllability, flux regulation capability, working 
principle and proceed to optimization, geometric modification 
for optimal stator structure, position of armature and field 
winding and comparison of various SPMCPHEFSM topologies. 
It is worth mentioning that SPMCPHEFSM is extension of the 
previously studies of author regarding SPM Consequent Pole 
FSM (SPMCPFSM) with only PM excitation [29]-[31] which 
were proposed on [32] to reduce PM volume and curtailed flux 
circulation within flux bridge and flux barrier. In comparison of 
the aforesaid models, the proposed model greatly helps in PM 
volume reduction by 46.52% and suppression of circulating 
flux in stator core. Initially, in SPMCPFSM design, armature 
winding is halved and allocate it to field excitation winding and 
later on geometric modification is performed for optimum 
position and stator structure.  

Main contributions of this paper include designing of a new 
SPMCPHEFSM for EV and HEV application at 46.52% 
reduced PM volume that suppress the overall PM cost by 46.48 
and enhancing the flux modulation, flux controllability and 
power density. Furthermore, Geometric Optimization (GO) is 
investigated for enhancing electromagnetic performance and to 
achieving optimum design parameters. The optimized 
SPMCPHEFSM is updated for various stator structure and 
optimum position of field excitation winding. Comprehensive  
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Fig. 2. Proposed SPMCPHEFSM topology. 

performance analysis reveals that the developed 
SPMCPHEFSM show improved 𝛷௣௣  maximum up to 9.11%, 
enhanced 𝑇௔௩௚ maximum up to 23.63% suppressed 𝑇௖௢௚ up to 
18.9%, whereas 𝑇ௗ௘௡  and 𝑃ௗ௘௡  up to 23.55% and 89.72 
respectively. 

In the following, SPMCPHEFSM topology and flux 
regulation capability are shown in section II, section III 
discusses geometric optimization, afterward, optimized model 
is proceeded to structural modification and comparison in 
section IV. Finally, some conclusions are drawn in section V. 

II. SPMCPHEFSM TOPOLOGY AND FLUX REGULATION

CAPABILITY 

A. SPMCPHEFSM Topology

Design parameters of proposed SPMCPHEFSM is listed in 
Table I and indicated in Fig 3. Cross sectional view of 
SPMCPHEFSM shows that each armature winding coils are 
concentrated between segmented PMs with different 
magnetization pattern i.e. CM-PMS and RM-PMs which are 
enclosed between flux bridge, flux barrier and stator teeth. The 
flux bridge not only act as 2nd pole of the PMs but also provide 
magnetic path for flux distribution and linkage that ultimately 
helps in enhancing flux modulation phenomena and reducing 
the total PM usage.  

Fig. 3. Illustration of design dimension for SPMCPHEFSM. 

SPMCPHEFSM enclosed PMs in h-shaped stator teeth to 
eliminate stator leakages flux going across the stator thus, 
converting leakage flux to flux linkage. It is worth mentioning 
that in SPMCPHEFSM, flux distribution and linkage though 

airgap occurs from stator yoke as well as flux bridge (as shown 
in Fig. 4). This superposition of flux improves flux modulation 
phenomena to superimpose each other by through flux bridge 
and barriers and results higher magnetic flux density which 
ultimately improve torque/power production capability. This 
dual modulation phenomena in SPMCPHEFSM improves 
overall performance and results higher torque/power density 
and better electromagnetic performance. 

TABLE I 
MAJOR GEOMETRIC PARAMETER OF SPMCPHEFSM 

Symbol Parameter (unit) Value (mm) 
Ros Outer radius of stator 45 
Rsy Inner radius of stator yoke  41.4 

RFBH Radius of flux bridge  37 
hsi Stator back iron height 3.6 
Rsi Stator inner radius  27.5 
Rri Rotor inner radius  20.4 
Ror Rotor outer radius  27 
Rrtw Rotor tooth width  3.6 
Rstw Stator slot width  3.6 
Hpm CM-PM height 8.5 
Wpm CM-PM width 3.03 
Hfb Flux bridge height 9.5 
Wfb Flux bridge width 1.0 
Hrp Rotor pole height 6.6 
L Axial length 25 
σ Air gap length 0.5 

Fig. 4. Flux Modulation in SPMCPHEFSM. 

B. Flux Regulation Capability

The flux controllability of the proposed SPMCPHEFSM 
mainly depend on the excitation current. The flux distribution 
under different excitation sources (only PM source and both PM 
and FEC) is shown in Fig. 5 whereas flux enhancing and flux 
weakening condition are as shown in Fig. 6. It can be clearly 
seen that the flux linked to armature windings are contribution 
of both PM flux and FEC flux. Analysis reveals that the flux 
linkage can be easily controlled by injecting field current with 
different polarities.    

The flux enhancing and flux weakening capability is further 
investigated under various field excitation current density i.e. 
𝐽௘ = 0, ±5, ±10, ±15 (𝐴 𝑚𝑚ଶ⁄ ) is shown in Fig. 7. Analysis 
unveils that under flux enhancing operation mode (𝐽௘ > 0) air-
gap flux density enhanced resulting increase in the flux linkage 
with the increase in positive excitation current whereas under 
flux weakening operation mode (𝐽௘ < 0) air-gap flux density is 
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Fig. 5. Flux distribution with (a) PM excitation and (b) PM and FEC. 

Fig. 6. Flux linkage under different excitation source. 

deteriorated resulting decrease in the flux linkage with the 
increase in the negative excitation current. Furthermore, it can 
be clearly seen that under various identical field excitation 
current and different polarities, the flux linkage is symmetrical 
and sinusoidal. Overall, this verify flux enhancing and flux 
weakening capability of SPMCPHEFSM and confirm that flux 
regulation capability solely depends on excitation current.     

Fig. 7. Variation of the flux linkage under flux enhancing and weakening 
operation mode before optimization.  

III. GEOMETRIC OPTIMIZATION

Electromagnetic performance of the developed 
SPMCPHEFSM is enhanced utilizing Geometric Optimization 
(GO) with key performance indicator such as flux linkage (𝛷௣௣), 
flux linkage Harmonic (𝛷்ு஽), average torque (𝑇௔௩ ), cogging 
torque (𝑇௖௢௚ ), torque ripples ( 𝑇௥௜௣ ), torque density ( 𝑇ௗ௘௡ ), 
average power (𝑃௔௩௚), and power density (𝑃ௗ௘௡). Overall, GO is 

implemented in multiple steps with detailed flow as shown in 
Fig. 8. Key performance indicators are calculated as  

 𝛷்ு஽ =
ට∑ ௎೔

మಿ
೔సమ

௎భ
 (1) 

𝑇௥௜௣ = 𝑇௠௔௫ − 𝑇௠௜௡  (2) 

𝑇ௗ௘௡ =
𝑇௔௩௚

𝑉௉ெ

 (3) 

𝑃ௗ௘௡ =
𝑃௔௩௚

𝑊௉ெ

 (4) 

Where as 𝑈௜  is ith harmonic terms, 𝑈ଵ  is fundamental 
harmonic terms, 𝑇௠௔௫  is maximum torque peak, 𝑇௠௜௡  is 
minimum torque peak, 𝑉௉ெ  is PM volume and 𝑊௉ெ  is PM 
weight. Note that 𝑉௉ெ and 𝑊௉ெ for proposed SPMCPHEFSM 
is  8091.25 𝑚𝑚ଷ ≈ 8.09125x10ି଺ mଷ  and 0.061 kg, 
respectively.      
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Fig. 8. Flow chart of geometric Optimization. 

In this process, initial design parameters of SPMCPHEFSM 
based on their sensitivity are opted for optimization. GO is 
implemented such that most sensitive design parameter is 
optimized first and then proceed to next level with previous 
stage optimum design. In this process, sequentially GO 
optimize leading design parameters of rotor as well as stator. 
GO is opted based on objective function, constraint and 
boundary condition as  

ቐ

𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 

max  ൫𝑇௔௩௚, 𝑇ௗ௘௡, 𝑃௔௩௚, 𝑇ௗ௘௡൯

min  ൫𝑇௖௢௚ , 𝑇௥௜௣൯

 𝑎𝑛𝑑   (5) 

⎩
⎪
⎨

⎪
⎧ 𝐶𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡

𝑇௔௩௚ > 2.5 𝑁𝑚,   𝑇௖௢௚ < 2 𝑁𝑚,  𝛷்ு஽ ≤ 2%

𝑇௥௜௣ < 2.5 𝑁𝑚, 𝑇ௗ௘௡ > 310 𝑘𝑁𝑚 𝑚ଷ⁄

𝑃ௗ௘௡ > 12.45 𝑘𝑊 kg⁄  and 𝑃௔௩௚ > 760 W 

  (6) 

⎩
⎪
⎪
⎨

⎪
⎪
⎧

𝐵𝑜𝑢𝑛𝑑𝑟𝑦  𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 
0.55 ≤  𝛽௦  ≤ 0.65       
2.47 ≤  𝑅௥௧௪ ≤ 7.74 
5.1 ≤  𝐻௣௠ ≤ 10.1 

2.5 ≤  𝑊௣௠  ≤ 5.0        (7)

5.1 ≤  𝐻௙௕  ≤ 10.1 

0 ≤  𝑊௙௕  ≤ 1.0       
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Note that during GO, electrical loading (number of turns and 
applied current), magnetic loading (PM volume), slot area, 
stack length and air gap length are kept constant. Influence of 
GO in various optimization steps on different design parameters 
are discussed in the proceeding sub-sections. 

A. 𝛽௦ Optimization

𝛽௦  is the ratio of 𝑅௦௜ and 𝑅௦௢. In this optimization step, the
influence of the stator length is investigated by varying 𝑅௦௜. The 
maximum and minimum values of 𝛽௦ is restricted to ℎ௦௜/2 and 
2 ∗ ℎ௦௜  to avoid magnetic saturation and ensure uniform 
magnetic field distribution. 𝛽௦  shows major influences in 
variation of 𝑇௔௩௚ , 𝑇௖௢௚ , 𝑇ௗ௘௡  and 𝑇௥௜௣ .  Performance analysis 
with varying 𝛽௦ is shown in Fig. 9 and listed in Table II.  

Performance analysis of initial developed SPMCPHEFSM, 
and 𝛽௦ optimizations (term as SPMCPHEFSM-1) reveals that 
𝑇௖௢௚ is reduced by 23.5%, improve 𝑇௔௩௚ by 2.85%, suppressed 
𝑇௥௜௣ by 22.08%, enhance 𝑇ௗ௘௡ by 2.84%. Note that initially 𝛽௦ 
was 0.61 and in this stage, it is updated to 0.56.   

Fig. 9. Effect of 𝛽௦ optimization on (a) Flux linkage (b) Cogging Torque (c) 
Instantaneous torque (d) Power. 

TABLE. II  
PERFORMANCE ANALYSIS WITH 𝛽௦ OPTIMIZATION  

Performance indicator (unit)  SPMCPHEFSM SPMCPHEFSM-1 
𝛷௣௣ (Wb) 0.0702896 0.066853 
𝛷்ு஽ (%) 1.2694068 1.5262796 
𝑇௖௢௚ (Nm) 1.9126697 1.463334 
𝑇௔௩௚ (Nm) 2.5092076 2.580643 
𝑇௥௜௣ (Nm) 2.7329393 2.1293237 
𝑇ௗ௘௡ (𝑘𝑁𝑚 𝑚ଷ⁄ ) 310.11372 318.94244 
𝑃௔௩௚ (W) 762.7645 764.25831 
𝑃ௗ௘௡ (𝑘𝑊 𝑘𝑔⁄ ) 12.50433 12.52882 

B. 𝑅௥௧௪ Optimization

This step analyzed influence of 𝑅௥௧௪  on electromagnetic
performance. 𝑅௥௧௪ is varied for optimal point between 2.47 mm 
and 7.74-mm. Detailed performance analysis with the variation 
of 𝑅௥௧௪ is shown in Fig. 10 and listed in Table III. It can be 
clearly seen that 𝑅௥௧௪ show major influence in variation of the 
of 𝑇௔௩௚, 𝛷்ு஽, 𝑇௥௜௣, 𝑃௔௩௚ and 𝑇ௗ௘௡ .  

Performance analysis of SPMCPHEFSM-1, and 𝑅௥௧௪ 
optimizations (term as SPMCPHEFSM-2) reveals that   𝑇௔௩௚ is 
improved by 1.4%, suppressed 𝛷்ு஽ by 16.4%, enhance 𝑇ௗ௘௡ 
by 1.37% at the cost of 2.7% increase in 𝑇௖௢௚. Note that initially 
𝑅௥௧௪ was 7 mm and in this phase, it is updated to 4.86 mm.     

Fig. 10. Effect of 𝑅௥௧௪ optimization on (a) Flux linkage (b) Cogging Torque (c) 
Instantaneous torque (d) Power. 

TABLE. III  
ELECTROMAGNETIC PERFORMANCE ANALYSIS WITH 𝑅௥௧௪ OPTIMIZATION  

Performance indicator (unit)  SPMCPHEFSM-1 SPMCPHEFSM-2 
𝛷௣௣ (Wb) 0.066853 0.0679052 
𝛷்ு஽ (%) 1.5262796 1.2267575 
𝑇௖௢௚ (Nm) 1.463334 1.5007552 
𝑇௔௩௚ (Nm) 2.580643 2.6167771 
𝑇௥௜௣ (Nm) 2.1293237 2.1775138 
𝑇ௗ௘௡ (𝑘𝑁𝑚 𝑚ଷ⁄ ) 318.94244 323.40826 
𝑃௔௩௚ (W) 764.25831 769.13881 
𝑃ௗ௘௡ (𝑘𝑊 𝑘𝑔⁄ ) 12.52882 12.60883 

C. 𝐻௣௠ Optimization

Proposed SPMCPHEFSM design utilized SPM with CM-
PMs and RM-PMs enclosed inside flux bridge and flux barrier. 
In this step, 𝐻௣௠  of the CM-PMs is investigated. It is worth 
mentioning that while varying 𝐻௣௠  of the CM-PMs, the 
respective height of the RM-PMs is varied to fix the PM volume. 
It is also worth mentioning that 𝐻௣௠ is same as height of the 
flux bridge.  

In this phase, CM-PMs 𝐻௣௠ is varied between 8 mm to 12 
mm and their corresponding electromagnetic performance are 
shown in Fig. 11 and listed in Table IV. Performance analysis 
of SPMCPHEFSM-2, and 𝐻௣௠  optimizations (term as 
SPMCPHEFSM-3) unveil that 𝐻௣௠ exhibit slight variation on 
electromagnetic performance. Note that initially 𝐻௣௠  was 10 
mm and in this stage, it is updated to 11 mm. It is worth 
mentioning that 𝐻௣௠ is the same as 𝐻௙௕ .  

TABLE. IV  
ELECTROMAGNETIC PERFORMANCE ANALYSIS WITH 𝐻௣௠ OPTIMIZATION 

Performance indicator (unit)  SPMCPHEFSM-2 SPMCPHEFSM-3 
𝛷௣௣ (Wb) 0.0679052 0.068713 
𝛷்ு஽ (%) 1.2267575 1.2451442 
𝑇௖௢௚ (Nm) 1.5007552 1.4640959 
𝑇௔௩௚ (Nm) 2.6167771 2.6116359 
𝑇௥௜௣ (Nm) 2.1775138 2.1455895 
𝑇ௗ௘௡ (𝑘𝑁𝑚 𝑚ଷ⁄ ) 323.40826 322.77286 
𝑃௔௩௚ (W) 769.13881 773.55154 
𝑃ௗ௘௡ (𝑘𝑊 𝑘𝑔⁄ ) 12.60883 12.681173 

D. 𝑊௙௕ Optimization

Structure of proposed SPMCPHEFSM enclosed CM-PMs
and RM-PMs in flux barrier which provide physical isolation of 
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Fig. 11. Effect of 𝐻௣௠ optimization on (a) Flux linkage (b) Cogging Torque (c) 
Instantaneous torque (d) Power. 

both PMs and provide alternate path to working harmonics to 
enhanced flux modulation phenomena however it causes flux 
circulation which degrade electromagnetic performances. In 
this optimization phase, 𝑊௙௕ is optimized so that ensure least 
possible flux circulation and flux leakage.     

Detailed electromagnetic performance with variation of 𝑊௙௕ 
is shown in Fig. 12 and listed in Table V. Performance analysis 
of SPMCPHEFSM-3, and 𝑊௙௕  optimizations (term as 
SPMCPHEFSM-4) reveals that 𝛷௣௣  is enhanced by 3.05%, 
enhance 𝑇௔௩௚ , 𝑇ௗ௘௡  by 1.37% at the cost of 3.7% increase in 
𝛷்ு஽. Note that initially 𝑊௙௕ was 1 mm and in this point, it is 
updated to 0 mm such that the flux barrier is removed. 

TABLE. V  
ELECTROMAGNETIC PERFORMANCE ANALYSIS WITH 𝑊௙௕ OPTIMIZATION 

Performance indicator (unit)  SPMCPHEFSM-3 SPMCPHEFSM-4 
𝛷௣௣ (Wb) 0.068713 0.0694038 
𝛷்ு஽ (%) 1.2451442 1.2871991 
𝑇௖௢௚ (Nm) 1.4640959 1.5844472 
𝑇௔௩௚ (Nm) 2.6116359 2.6877762 
𝑇௥௜௣ (Nm) 2.1455895 2.2986872 
𝑇ௗ௘௡ (𝑘𝑁𝑚 𝑚ଷ⁄ ) 322.77286 332.18306 
𝑃௔௩௚ (W) 773.55154 779.19051 
𝑃ௗ௘௡ (𝑘𝑊 𝑘𝑔⁄ ) 12.681173 12.77361 

Fig. 12. Effect of 𝑊௙௕ optimization on (a) Flux linkage (b) Cogging Torque (c) 
Instantaneous torque (d) Power. 

E. 𝑊௣௠ Optimization

In final phase of GO, 𝑊௣௠ of CM-PM is optimized to ensure
least possible slotting effects. In this stage, 𝑊௣௠ of CM-PM is 
varied between 3.9 mm to 1.71 mm. In order to keep the PM 
volume constant, span of the RM-PMs is varied to ensure fix 
magnetic loading. 𝑊௣௠ shows major influences in variation of 
𝑇௔௩௚,  𝑃௔௩௚, 𝑇ௗ௘௡  and 𝑃ௗ௘௡. Performance analysis with variation 
of 𝑊௣௠ is shown in Fig. 13 and listed in Table VI.  

Electromagnetic performance comparison of 
SPMCPHEFSM-4, and 𝑊௣௠  optimizations (term as 
SPMCPHEFSM-5) reveals that 𝑇௔௩௚  is enhance by 2.89%, 
whereas 𝑇ௗ௘௡  is improved by 2.65% at the cost of 1.2% increase 
in 𝑇௔௩௚. Note that initially 𝑊௣௠ was 3.03 mm and in this stage, 
it is updated to 2.59 mm.     

TABLE. VI  
ELECTROMAGNETIC PERFORMANCE ANALYSIS WITH 𝑊௣௠ OPTIMIZATION 

Performance indicator (unit)  SPMCPHEFSM-4 SPMCPHEFSM-5 
𝛷௣௣ (Wb) 0.0694038 0.0695326 
𝛷்ு஽ (%) 1.2871991 2.0101235 
𝑇௖௢௚ (Nm) 1.5844472 1.6718445 
𝑇௔௩௚ (Nm) 2.6877762 2.7577553 
𝑇௥௜௣ (Nm) 2.2986872 2.2515639 
𝑇ௗ௘௡ (𝑘𝑁𝑚 𝑚ଷ⁄ ) 332.18306 340.8318 
𝑃௔௩௚ (W) 779.19051 781.33921 
𝑃ௗ௘௡ (𝑘𝑊 𝑘𝑔⁄ ) 12.77361 12.80883 

Fig. 13. Effect of 𝑊௣௠ optimization on (a) Flux linkage (b) Cogging Torque (c) 
Instantaneous torque (d) Power. 

The overall GO process sequentially optimized rotor and 
stator. Table VII shows initial and optimized design parameters 
of SPMCPHEFSM, Fig. 14 shows cross sectional view of initial 
and optimized design whereas electromagnetic performance of 
initial and optimized designed are compared in Table VIII.  

TABLE. VII  
INITIAL AND OPTIMIZED DESIGN PARAMETERS OF SPMCPHEFSM 

Parameter Initial value  Optimized value 
𝛽௦ 0.61 0.58 

𝐻௣௠ 10 11 
𝑊௣௠ 3.05 2.59 
𝑊௙௕ 1 0 
𝑅௥௧௪ 7 4.86 
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Fig. 13. Effect of 𝑊௣௠ optimization on (a) Flux linkage (b) Cogging Torque (c) 
Instantaneous torque (d) Power. 

TABLE. VIII  
ELECTROMAGNETIC PERFORMANCE ANALYSIS OF INITIAL AND OPTIMIZED 

SPMCPHEFSM 

Performance indicator (unit)  Initial design 
Optimized design 

(Model-1) 
𝛷௣௣ (Wb) 0.0702896 0.0695326 
𝛷்ு஽ (%) 1.2694068 2.0101235 
𝑇௖௢௚ (Nm) 1.9126697 1.6718445 
𝑇௔௩௚ (Nm) 2.5092076 2.7577553 
𝑇௥௜௣ (Nm) 2.7329393 2.2515639 
𝑇ௗ௘௡ (𝑘𝑁𝑚 𝑚ଷ⁄ ) 310.11372 340.8318 
𝑃௔௩௚ (W) 762.7645 781.33921 
𝑃ௗ௘௡ (𝑘𝑊 𝑘𝑔⁄ ) 12.50433 12.80883 

(a)    (b)  

Cooling 
duct

Fig. 14. Cross sectional view of (a) Initial design (b) Optimized design (Model-
1). 

Detailed quantitative electromagnetic performance analysis 
of initial and optimized SPMCPHEFSM reveal that  𝑇௖௢௚  is 

supressed by 12.59%, 𝑇௔௩௚ is improved by 9.9%, truncated 𝑇௥௜௣ 

by 17.61%, increased 𝑃௔௩௚ by 2.43%, increased 𝑇ௗ௘௡ by 9.9% 

and 𝑃ௗ௘௡ by 2.43% at the cost of 1.06% increase in 𝛷௣௣.  
The optimized model is further investigated for flux 

weakening and flux enhancing capability. Fig. 15 shows flux 
regulation capability of the optimized model. In comparison 
with flux regulation capability before optimization (as shown in 
Fig. 5) it can be clearly seen that when applied filed excitation 
current density i.e. 𝐽௘ = ±15 𝐴 𝑚𝑚ଶ⁄ , before optimization, 
30.37% flux enhancing capability and 38.14% flux weakening 

capability is achieved whereas after optimization, 13.35% flux 
enhancing capability and 32.89% flux weakening capability is 
achieved. It is the evidence that after optimization flux 
regulation capability is slightly reduces. 

Fig. 15. Variation of the flux linkage under flux enhancing and weakening 
operation mode after optimization.  

IV. STRUCTURAL MODIFICATION AND COMPARISON 

In this section, the optimized model (term as Model-1) is 
investigated for alternate position of the FEC and modified 
stator structure for improved electromagnetic performance. In 
this regard, initially position of the FEC are shifted to reserved 
space between PMs and the updated model (term as Model-2) 
is shown in Fig. 16(a). Furthermore, the model is reduced to E-
Core and C-core as shown in Fig. 16(b) and Fig. 16(c) which 
are term as Model-3 and Model-4 respectively.  Detailed 
quantitative electromagnetic performance of aforesaid 
topologies is listed in Table IX.   

Detailed performance of the all models (Model-1 to Model-
4) are shown in Fig. 17 to Fig. 20. Comparison of Model-1 with
Model-2 shows that, structural modification in Model-2 
exhibits 9.11% higher 𝛷௣௣ , 8.1% however reduces 𝑃ௗ௘௡  by 

47.29% and offer lower 𝑇௖௢௚ ,  𝑇௔௩௚ , 𝑇ௗ௘௡ , 𝑃௔௩௚ . In addition, 
comparison with Model-3 reveals that Model-3 exhibits 23.63% 
higher 𝑇௔௩௚ , 23.55% higher 𝑇ௗ௘௡  by 13.34% and lower 𝑃ௗ௘௡ by 
11.87%. Moreover, comparison with Model-4 reveals that 
Model-4 exhibits 13.45% higher 𝑇௔௩௚ ,  13.18% and 5.49% 

lower 𝑇ௗ௘௡ . 
To sum up, it is noted that proposed SPMCPHEFSM show 

improved 𝛷௣௣  maximum up to 9.11%, enhanced 𝑇௔௩௚ 

maximum up to 23.63%, suppressed 𝑇௖௢௚ up to 18.9%, whereas 

improves 𝑇ௗ௘௡ up to 23.55% and 𝑃ௗ௘௡ up to 89.72%.   

Fig. 16. Cross sectional view of SPMCPHEFSM topologies (a) Model-2 (b) 
Model-3 and (c) Model-4.  
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Fig. 17. Comparison of flux linkage. 

Fig. 18. Cogging torque comparison.  

TABLE. IX  
QUANTITATIVE PERFORMANCE ANALYSIS OF VARIOUS SPMCPHEFSM 

TOPOLOGIES  
Performance (unit)  Model-2 Model-3 Model-4 
𝛷௣௣ (Wb) 0.07587 0.05460 0.06683 
𝛷்ு஽ (%) 5.82401 24.7840 23.4950 
𝑇௖௢௚ (Nm) 1.83841 1.79742 1.63534 
𝑇௔௩௚ (Nm) 2.52567 3.40733 3.12143 
𝑇௥௜௣ (Nm) 2.97348 2.49208 2.2522 
𝑇ௗ௘௡ (𝑘𝑁𝑚 𝑚ଷ⁄ ) 312.149 421.113 385.779 
𝑃௔௩௚ (W) 411.824 688.563 738.442 
𝑃ௗ௘௡ (𝑘𝑊 𝑘𝑔⁄ ) 6.751213 11.28791 12.1056 

Fig. 19. Instantaneous torque of all models. 

Fig. 20. Power capability of all models. 

V. CONCLUSION

This paper proposed and investigates a new SPMCPHEFSM 
with flux bridge for EV/HEV application. Proposed 
SPMCPHEFSM exhibits enhanced flux modulation and flux 
regulation capability at reduced PM usage utilizing CM-PMs 
and RM-PMs that suppressed PM volume by 46.52% and PM 
cost by 46.48% and eliminating stator leakage flux. 
Furthermore, influence of leading design parameters is 
investigated utilizing geometric optimization and proceeded to 
structure modification for optimal stator design and position of 
excitation winding. Analysis reveals that proposed 
SPMCPHEFSM show improved 𝛷௣௣  maximum up to 9.11%, 
improved 𝑇௔௩௚  maximum up to 23.63%, truncate 𝑇௖௢௚  up to 
18.9% whereas 𝑇ௗ௘௡  and 𝑃ௗ௘௡  are boost up to 23.55%. 
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