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ABSTRACT 

Permanent magnet flux switching machines (PMFSM) have attracted considerable 

interest in recent years. Amongst all designs, AlCiRaF PMFSM with salient rotor has 

been introduced for electric vehicle applications. Although it has less PM volume and 

less flux leakage, the torque and power performance can still achieve 47 Nm and 11 

kW, respectively, higher than the conventional C-core 12S-10P PMFSM. However, 

the salient rotor and stator of PMFSM with single-tooth winding have inherited longer 

flux paths and high iron losses, affecting the motor's torque and efficiency. In this 

research a modular rotor PMFSM with higher flux linkage is proposed and design 

using 2D finite element analysis (2D-FEA) JMAG designer software version 18.1. The 

Deterministic Optimization Method (DOM) is executed by treating sensitive design 

parameters defined in the rotor segments, stator, armature slot and PM to improve the 

motor's performance. Consequently, the optimized design has 20% better flux linkage 

compared to initial design along with 39.89%, 60% and 6% increments in torque, 

power, and efficiency respectively. Moreover, flux linkage and torque characteristics 

analysis of the proposed design are examined and compared with existing sandwich 

PMFSM topologies under similar dimensions. Accordingly, the optimized PMFSM 

modular rotor can achieve improved torque and power values of 57.29 Nm and 23.23 

kW, respectively, which are higher than the target values. Thus, sizing optimization 

technique has been employed by altering the stator outer radius and stack length until 

the target torque and power of 47 Nm and 11 kW are achieved. As a result, the motor 

size has been reduced to 0.86 kg, which is 10.39% from the initial size. It can be 

concluded that the proposed PMFSM modular rotor PMFSM and compact modular 

rotor PMFSM have shown promising capabilities to achieve higher torque and power 

at maximum speed ranges.
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ABSTRAK 

Mesin pensuisan fluks magnet kekal (PMFSM) telah menarik perhatian yang besar 

sejak beberapa tahun kebelakangan ini. Antara semua reka bentuk, AlCiRaF PMFSM 

dengan rotor menonjol telah dipilih untuk diperkenalkan bagi aplikasi kenderaan 

elektrik. Walaupun ia mempunyai kurang kelantangan PM dan kebocoran fluks, tork 

dan prestasi kuasa masih boleh mencapai 47 Nm dan 11 kW, lebih tinggi daripada 

teras konvensional C 12S-10P PMFSM. Walau bagaimanapun, rotor dan pemegun 

menonjol PMFSM dengan belitan gigi tunggal mempunyai laluan fluks yang lebih 

panjang dan kehilangan besi yang tinggi yang boleh menjejaskan tork dan kecekapan 

motor. Dalam penyelidikan ini, rotor PMFSM modular dengan pautan fluks yang lebih 

tinggi telah dicadangkan dan direka bentuk menggunakan analisis unsur terhingga 2D 

(2D-FEA) perisian pereka JMAG versi 18.1. Kaedah pengoptimuman deterministik 

telah dilaksanakan dengan pembaikan parameter reka bentuk sensitif yang ditakrifkan 

dalam segmen rotor, pemegun, slot armatur dan PM untuk meningkatkan prestasi 

motor. Dengan itu, reka bentuk yang telah dioptimumkan mancapai pautan fluks 20% 

lebih baik berbanding dengan reka bentuk awal bersama dengan kenaikan 39.89%, 

60% dan 6% masing-masing dalam tork, kuasa dan kecekapan. Selain itu, analisis 

pautan fluks dan ciri tork dalam reka bentuk yang dicadangkan telah diperiksa dan 

dibandingkan dengan topologi sandwic PMFSM sedia ada dengan dimensi yang sama. 

Sehubungan itu, rotor modular PMFSM yang dioptimumkan boleh mencapai nilai tork 

dan kuasa yang lebih baik dengan nilai 57.29 Nm dan 23.23 kW, lebih tinggi daripada 

nilai sasaran. Oleh itu, teknik pengoptimuman pensaizan telah digunakan dengan 

mengubah jejari luar pemegun dan panjang tindanan sehingga sasaran tork  dan kuasa 

bernilai 47 Nm dan 11 kW dicapai. Hasilnya, saiz motor telah dikurangkan kepada 

0.86 kg, iaitu 10.39% daripada saiz awal. Dapat disimpulkan bahawa cadangan rotor 

modular PMFSM dan rotor modular padat PMFSM telah menunjukkan keupayaan 

yang menjanjikan tork dan kuasa yang lebih tinggi pada julat kelajuan maksimum.  
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CHAPTER 1 

 

 

 

 

INTRODUCTION 

1.1 Background of study 

It is noticeable that using electric machines (EMs) is significant for the advancement 

of our world, economically and environmentally for innovative development. As a 

result, substantial progress has been made in enhancing the performance of electric 

motors to make them appropriate for automotive and aerospace applications. These 

improvements are in the aspect of torque, power, efficiency, speed range, reliability, 

and controllability [1-3]. The requirement for automotive applications includes high 

torque, high efficiency, high precision, less heat loss, less weight, little use of start-up 

energy and less vibration. Thus, high torque motors are used for automotive 

applications such as light weight fully electric vehicle (FEV) [4-8]. EM provides 

torque and speed for applications and has proven to be a core component in this 

development and transformation process [9-11]. The torque of EM determines its 

performance and category of applications therefore, research for high torque motors is 

crucially significant for sustainable applications. The latest research and development 

have made possible many in-wheel automotive applications to be equipped with high 

torque electric motors [12,13]. 

Permanent magnet synchronous motor (PMSM) is used for automotive 

applications due to its predominant magnetic properties such as high torque density, 

high torque, high efficiency, wide speed range and maintenance free operation but it 

locates active materials on the rotor [14-17]. The disadvantages of PMSM include PM 

volume, limited field weakening capability, reduced slot surface area and high heat 

loss [18-20]. 
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In another developments, flux switching motor (FSM) is an advanced form of 

synchronous motor (SM) built by combining the structures of switched reluctance 

machine and inductor alternator with no active material located on the rotor [21-23]. 

FSMs can be categorized into three types by the nature of their excitation used, such 

that permanent magnet (PM) FSM, field excitation (FE) FSM and hybrid excitation 

(HE) FSM. In PMFSM and FEFSM main excitation sources used are PM and FE 

correspondingly, while both PM and FE are combined to generate flux in HEFSM 

[24]. Due to its construction and characteristics, FSM has the advantages of less 

material usage, light weight, and speed operation. Characteristically, FSM operates 

with a double electrical frequency and has attracted researchers’ interest around the 

world [25-28]. 

Over the years, PMFSMs have won a significant amount of share in today's 

researchers' studies due to their considerable advantages of free loss excitation [29-

31]. Due to the advancement of modern high-performance rare earth magnetic 

materials, PMFSMs are being increasingly more popular in various applications, 

ranging from electric and hybrid electric vehicles, renewable energy systems including 

wind power generators, electric aircrafts, industrial drives, automations, to domestic 

appliances. [32, 33]. 

It has been defined that, HEV and EV applications require electric motor with 

characteristics such as: 1) high power and torque density; 2) high overload torque; 3) 

wide speed range; 4) high efficiency over wide torque and speed range; 5) wide 

constant power range; 6) reliable and robust; 7) low noise and vibration; 8) low cost. 

In the current marketed products, IPM motors are the dominant. Multi-layer IPM 

motor is employed in the BMW i-series plug-in EVs, whereas V-shaped IPM motor is 

used in Toyota Prius and Camry EVs. Moreover, IPM motors are used in Nissan Leaf 

and Ford Focus EVs without any further information published regarding their 

specification. On the other hand, the classical induction motor issued by Tesla Motors 

Inc. in all their products; they refer to their electric induction motors as copper rotor 

motor in order to distinguish it from the motors with PMs in the rotors [140-142]. 

PMFSM with salient rotor has a better ability in field weakening than 

conventional PM motors because the excitation field is parallel to the field generated 

by the armature winding [17 – 19]. PMFSM motors have significant fault tolerance 

behavior and stability as well [22]. Additionally, the flux linkages of these motors are 

naturally bipolar, resulting in a solely sinusoidal back-EMF and fewer harmonics. 
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[20]. However, salient rotor structure is found to lead a longer magnetic flux path 

between stator and rotor producing weak flux linkage along with low torque 

performances [23–25]. To overcome some of these drawbacks, a segmented PMFSM 

topology with an inner rotor is proposed in [20]. In comparison with conventional 

motors, the magnetic flux path is shorter, and the direct coupling of the coil flux to the 

segments results in higher torque density, reduction in copper consumption, lower PM 

consumption as well as copper losses. 

1.2 Problem statement 

The permanent magnet flux switching (PMFSM) machines have gained wide 

application from aerospace to automobile industries since they offer several key 

advantages, such as simple and robust rotor, short end winding, high torque density, 

high efficiency, excellent flux-weakening capability, etc. Various PMFSM topologies 

have been emerged since its operation principle was firstly introduced [17,18,24]. 

Their torque performance generated by interaction between armature and PMs have 

been widely designed and developed for various applications.  One of the typical 

PMFSM topologies which are often investigated is the 12/10-stator/rotor-pole 

PMFSM where one permanent magnet (PM) piece is located in each stator pole. The 

conventional design is, however, receive the drawbacks of high PM volume. Hence, 

variety of PMFSM designs has been introduced ever since. For reducing the number 

of PM consumption, the stator poles are substituted alternately by a simple stator tooth 

and consequently the new E-core is established [13]. Recently another design is 

established in PM with alternate circumferential and radial direction [15,16] but there 

are some drawbacks of alternate circumferential and radial (AlCiRaF) PMFSM that 

reduce the torque and efficiency of the motor, such as flux cancellation, longer flux 

paths and flux leakage. In the Figure 1.1, blue circle shows the areas where fluxes are 

cancelled due to opposite fluxes produced by the radial and circumferential source 

pattern. However, the salient rotor structure is found to lead a longer magnetic flux 

path between stator and rotor producing weak flux linkage along with low torque 

performances is illustrated in Figure 1.1. In addition, weight of the motor is an 

important factor to keep in consideration in PMFSM designs, as it directly affects the 

efficiency, structural integrity, manufacturing, installation, and thermal management. 
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Therefore, considering these issues, a compact modular rotor PMFSM topology is 

proposed to comprehensively improve motor performance, including torque density, 

efficiency, and optimized weight. 

 

 

Figure 1.1: Flux cancellation and longer flux paths in AlCiRaF PMFSM 

1.3 Aim and objectives of study 

The main objective of this research is to develop a modular rotor permanent magnet 

flux switching motor for electric vehicle applications. In achieving the main objective, 

there are some specific objectives that have to be fulfilled, which are 

(i) To design the proposed modular rotor PMFSM motor in order to reduce the 

longer flux path in rotor.  

(ii) To analyse three different topologies of Sandwich PM modular rotor using 

same dimensions for flux linkages and torque performance.  

(iii) To optimize the weight of the motor of the proposed motor by using sizing 

optimization technique for electric vehicles.  

1.4 Scope of the study 

To conduct this research, commercial JMAG designer version 18.1 released by Japan 

Research Institute (JRI) is used as 2D-FEA solver to investigate the motor’s 

performance. The proposed modular rotor PMFSM structure is designed following 

IEC standard (IEC 60034-1) which is (Rotating electrical machines – Part 1: Rating 

Salient rotor 
Longer flux  

path 

PM 

Flux 

Cancellation 

Shorter flux  

path 
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and performance) [32]. The scope of this research is emphasized on the following 

points. 

(i) Initially, a coil test analysis was performed for feasible topologies of PMFSMs 

to confirm the operating principle of proposed modular rotor PMFSM. 

(ii) The limit of the current density was set to the maximum at 30 Arms/mm2 

for armature winding. Which is similar as AlCiRaF PMFSM [33-34] for 

electric vehicles along with the same outer diameter, stack length and air gap 

following the IEC standard “IEC 60034-22:2009”. Therefore, the design 

parameters and specification of AlCiRaF PMFSM for electric vehicles are 

displayed in Table 1.1.  

(iii) The electromagnetic performance of proposed modular rotor PMFSM, 

including induced EMF, cogging torque, and average torque is analysed and 

compared with various PM sandwiched FSM using 2D-FEA. The torque-speed 

characteristics were evaluated by varying the armature phase angle, θ.  

(iv) Deterministic optimization approach (DOA) is used to achieve optimum 

average torque and power for proposed modular rotor PMFSM. The outer 

diameter of stator, the motor stack length, the shaft radius, and the air gap, 

having dimensions of 150 mm, 70 mm, 30 mm and 0.5 mm, respectively, are 

kept constant during the various cycles of optimization. 

(v) In this research, certain aspects, namely costing, thermal expansion, cooling 

system, noise and vibrations, environmental impact, electromagnetic 

interference (EMI), and mechanical stresses, were not covered. 

Table 1.1: Design restrictions and parameters of AlCiRaF PMFSM [34] 

Items Units AlCiRaF PMFSM 

Stator outer diameter mm 150 

Rotor outer diameter mm 55 

Rotor inner diameter mm 20 

Motor stack length mm 70 

Air gap mm 0.3 

Shaft diameter mm 20 

PM weight  kg 0.50 

Maximum armature current density (Ja) Arms/mm2
 30 

Number of turns (N) - 42 
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1.5 Contribution to Knowledge  

The contributions of this research are as follows: 

(i) Utilizing 0.35kg weight of PM and 50% number used in AlCiRaF PMFSM 

motors, the 6S/10P modular rotor PMFSM achieved a high average torque of 

57.29Nm. this torque performance is higher than AlCiRaF PMFSM by 

21.37%. in terms of losses, the proposed design has produced less iron loss and 

copper loss.  

(ii) Deterministic optimization method (DOM) was adopted to improve the motor 

characteristics and compared with the existing designs of PMFSMs. The 

optimized design has achieved better characteristics than the existing designs 

and published. 

(iii) Various configurations of sandwich PMFSM with different rotor numbers and 

6 stator slots have been reviewed and published in journals. 

(iv) Sizing optimization technique is employed to reduce the weight and average 

torque of the optimized modular rotor PMFSM for electric vehicles. 

1.6 Thesis outline 

This thesis deals with the design investigation, optimization, and comparison of 

modular rotor PMFSM and PM sandwich PMFSM for electric vehicle applications. 

This is structured into five chapters and the summary of each chapter are listed as 

follows: 

(i) Chapter 2: Literature Review 

This chapter explains the literature on electrical motors and the classification of flux 

switching motors, and a critical review discusses various existing designs of PMFSM. 

Furthermore, literature on optimization is also highlighted in this chapter. 

(ii) Chapter 3: Methodology 

This chapter describes the project implementation of this research. The project 

implementation is divided into three stages including design, analysis and optimization 

of proposed modular rotor PMFSM in terms of flux linkage, secondly, comparison of 

various modular rotor PM sandwich PMFSM with proposed modular rotor PMFSM 
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and thirdly, the process of reducing weight of the proposed design using sizing 

optimization technique to obtain the target torque of 47Nm and power of 11 kW. 

(iii) Chapter 4: Results and analysis 

This chapter comprises outcomes of the research, including design examination, 

performance analysis and optimization process. Initially, the design investigation and 

performance improvement of proposed modular rotor PMFSM have been presented 

based on FEA and deterministic optimization method. The proposed design is 

compared with three other modular rotor PM sandwich PMFSM designs. This chapter 

concludes by demonstrating that the weight optimization of the proposed modular 

rotor PMFSM is compacted using the sizing optimization technique to accomplish the 

target torque and power values. 

(iv) Chapter 5: Conclusion 

The final chapter presents a comprehensive summary of the research findings and 

includes a comparative analysis with previous work. It identifies potential areas for 

future research to further enhance the design.
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CHAPTER 2 

OVERVIEW OF FLUX SWITCHING MOTORS 

2.1 Introduction 

This chapter reviews the application and the design of flux switching machines (FSMs) 

in electric vehicles and the variation in FSM designs to achieve enhanced performance. 

In comparison with the closely related switched reluctance machine (SRM), the FSM 

is considered to offer added advantages such as higher torque density [26], high-speed 

capability [27], low vibration [28] and acoustic noise [29]. FSMs can be designed for 

high output torque, high speed, ease of control and relatively low-intensity vibration 

[28,30]. 

FSMs may have a permanent magnet (PM) excitation, a Field excitation (FE) 

or hybrid excitation (combines both PM and FE). FSMs with PM excitation achieve 

high torque density; however, they may not be capable of extended speed operation 

due to voltage limitations. By incorporating FE, extended speed operation has been 

demonstrated in [31]. 

FSMs have a fault-tolerant capability under phase faults, which meet 

requirements of system reliability in safety critical applications. The rotor of an FSM 

has a robust structure without winding or any PM material. As the PMs are located on 

the stator, the temperature rise of the magnets can be controlled easily. These features 

enable FSMs to be applied in transportation, renewable energy, and aerospace 

applications. The two rotor configurations used in electric motors are inner rotor and 

outer rotor. The two rotor types are salient rotor and segmented/modular rotor. Both 

structures of motor design are presented and discussed.  The performances of all the 

motors are presented in detail with merits and demerits. FSM which has three types 

with the two rotor configurations are presented and discussed. Finally, the research 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



REFERENCES 

1. Villani, M. (2016). Induction machines, permanent magnet synchronous

machines and others for cars and trucks – advantages and disadvantages of the

types of machines. 7th International Conference on Magnetism and Metallurgy

(WMM’14).

2. Jahns, T. (2017). Getting rare-earth magnets out of EV traction machines: a

review of the many approaches being pursued to minimize or eliminate rare

earth magnets from future EV drivetrains. IEEE Electrification Magazine. 5(1).

pp. 6-18.

3. Chiba, A. & Kiyota, K. (2015). Review of research and development of

switched reluctance motor for hybrid electrical vehicle. Proc. IEEE Workshop

on Electrical Machines Design Control and Diagnosis. pp. 127-131.

4. Jurkovic, S., Rahman, K. M., Morgante, J. C. & Savagian, P. J. (2015).

Induction machine design and analysis for general motors e-assist

electrification technology. IEEE Transactions Industry Application. 51(1). pp.

631-639.

5. Ribberink, H. & Evgueniy, E. (2013). Electric vehicles - a one-size-fits-all

solution for emission reduction from transportation. IEEE World Electric

Vehicle Symposium and Exhibition (EVS27). pp. 1-7.

6. Jenal, M., Sulaiman, E. & Kumar, R. (2016). A new switched flux machine

employing alternate circumferential and radial flux (ALCIRAF) permanent

magnet for light-weight EV. Journal of Magnetics. 21(4). pp. 537-543.

7. Sulaiman, E., Kosaka, T. & Matsui, N. (2014). Design and analysis of

highpower/high-torque density dual excitation switched-flux machine for

traction drive in HEVs. Renewable and Sustainable Energy Reviews. 34.

pp.517–524.

8. Shirani, M., Abbass, A., Saeed, S. & Jamali, J. (2015). A review on recent

applications of brushless DC electric machines and their potential in energy

saving. Energy Equipment and Systems. 3(1). pp. 57-71.

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



98 

 

 

 

9. Widmer, J. D., Martin, R. & Kimiabeigi, M. (2015). Electric vehicle traction 

motors without rare earth magnets. Sustainable Materials and Technologies, 

Elsevier. 3. pp. 7-13. 

10. Gnacinski, P. & Tarasiuk, T. (2016). Energy-efficient operation of induction 

motors and power quality standards. Electric Power Systems Research, 135, 

pp.10–17. doi: 10.1016/j.epsr. 

11. Asım, G. Y., Mustafa, T., Barış, C., Ali İhsan, Ç. & Ayhan, G. (2018). Squirrel 

cage induction motor design and the effect of specific magnetic and electrical 

loading coefficient. International Journal of Applied Mathematics Electronics 

and Computers. 7(1). pp.1–8. 

12. Márcio, R. C. R., Wanderson, R. H. A., Wesley, P. C. & Aylton, J. (2016). 

Analysis of switched reluctance motor efficiency under different speed control 

strategies. CHILEAN Conference on Electrical, Electronics Engineering, 

Information and Communication Technologies. pp. 468-472. 

13. Zhang, G., Hua. W. & Cheng, M. (2016). Rediscovery of permanent magnet 

flux-switching machines applied in EV/HEVs: Summary of new topologies 

and control strategies. Chinese Journal of Electrical Eng’g. 2(2). pp.31-42. 

14. Huynh, T., & Hsieh, M.F. (2018). Performance analysis of permanent magnet 

motors for electric vehicles (EV) traction considering driving cycles. Energies. 

11(6). pp. 1-24. 

15. Guo, Q., Zhang, C., Li, L., Gerada, D., Zhang, J. & Wang, M. (2017). Design 

and implementation of a loss optimisation control for electric vehicle in-wheel 

permanent-magnet synchronous motor direct drive system. Applied Energy. 

204. pp. 1317–1332. 

16. Yuan, W., Shao, P.W. & Shu, M.C. (2016). Choice of pole spacer materials for 

a high-speed PMSM based on the temperature rise and thermal stress. IEEE 

Transactions on Applied Superconductivity. 26(7). pp.1-5. 

17. Gu, W., Zhu, X.Y., Li, Q. & Yi, D. (2015). Design and Optimisation of 

Permanent Magnet Brushless Machines for Electric Vehicle Applications. 

Energies. 8. pp. 13996–14008. 

18. Buyukdegirmenci, V.T., Bazzi, A.M. & Krein, P.T. (2014). Evaluation of 

induction and permanent magnet synchronous machines using drive-cycle 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



99 

 

 

 

energy and loss minimization in traction applications. IEEE Trans. Industry 

Applications. 50(1). pp. 395-403. 

19. Cheng, M., Sun, L., Buja, G. & Song, L. (2015). Advanced electrical machines 

and machine-based systems for electric and hybrid vehicles. Energies. 8(9). 

pp. 9541–9564. 

20. Kim, Y. G., Bae, C. B., Kim, J. M. & Kim, H. C. (2010). Efficiency 

improvement by changeover of phase windings of multiphase permanent 

magnet synchronous motor with outer-rotor type. 25th Annual IEEE Applied 

Power Electronics Conference and Exposition (APEC). pp. 112-119. 

21. Ullah, N. (2021). Design, Analysis, and Optimization of Three Phase Hybrid 

Excited Linear Flux Switching Machine (Doctoral dissertation, University of 

Engineering & Technology Peshawar (Pakistan)). 

22. Zhou, Y. J. & Zhu, Z. Q. (2014). Comparison of wound-field switched-flux 

machines. IEEE Transactions on Industry Applications. 50 (5). pp. 3314-3324. 

Sarlioglu, B. C., Morris, T., Han, D. & Li, S. (2017). Driving toward 

accessibility: A review of technological improvements for electric machines 

power electronics and batteries for electric and hybrid vehicles. IEEE Ind. 

Appl. Mag., 23(1). pp. 14-25. 

23. Zulu, A, Mecrow, B. C. & Armstrong, M. (2010). Topologies for wound-field 

three-phase segmented-rotor flux-switching machines. 5th IET International 

Conference on Power Electronics, Machines and Drives. Brighton, UK. pp. 

111-111. 

24. Ali, H., Sulaiman, E., Aziz, R., Jenal, M., Ahmad, M. Z., & Khan, F. (2021). 

Review of Double Stator Flux switching machines with various arrangements 

of excitation sources. Alexandria Engineering Journal, 60(5), 4393-4410. 

25. Zhu, Z. Q. (2018). Overview of novel magnetically geared machines with 

partitioned stators. IET Electric Power Applications, 12(5), 595-604. 

26. Udosen, D., Kalengo, K., Akuru, U. B., Popoola, O., & Munda, J. L. (2022). 

Non-Conventional, Non-Permanent Magnet Wind Generator Candidates. 

Wind, 2(3), 429-450. 

27. Bouzidi, I., Bianchi, N., & Masmoudi, A. (2014). An approach to the sizing of 

electric motors devoted to aerospace propulsion systems. COMPEL: The 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



100 

 

 

 

International Journal for Computation and Mathematics in Electrical and 

Electronic Engineering. 

28. Bouzidi, I., Masmoudi, A., & Bianchi, N. (2015). Electromagnetic/thermal 

design procedure of an aerospace electric propeller. IEEE Transactions on 

Industry Applications, 51(6), 4364-4371. 

29. Saghin, S. M., Ghaheri, A., Shirzad, H., & Afjei, E. (2021). Performance 

optimisation of a segmented outer rotor flux switching permanent magnet 

motor for direct drive washing machine application. IET Electric Power 

Applications, 15(12), 1574-1587. 

30. Cao, L., Chau, K. T., Lee, C. H., & Wang, H. (2020). A double-rotor flux-

switching permanent-magnet motor for electric vehicles with magnetic 

differential. IEEE Transactions on Industrial Electronics, 68(2), 1004-1015. 

31. Zhu, H., Xu, Y.: Permanent magnet parameter design and performance analysis 

of bearingless flux switching permanent magnet motor. IEEE Transactions on 

Industrial Electronics 68(5), 4153–4163 (2021) 

32. Yilmaz, M. (2015). Limitations/capabilities of electric machine technologies 

and modeling approaches for electric motor design and analysis in plug-in 

electric vehicle applications. Renewable and Sustainable Energy Reviews, 52, 

80-99. 

33. Ali, H., Sulaiman, E., Jenal, M., & Ali, I. (2020, September). Performance 

comparison of initial and optimized designs of dual stator HEFSM for 

aerospace applications. In IOP Conference Series: Materials Science and 

Engineering (Vol. 917, No. 1, p. 012001). IOP Publishing. 

34. Bose, B. K. Global warming: Energy, environmental pollution, and the impact 

of power electronics. IEEE Industrial Electronics Magazine. 2010. 4(1): 6 - 

17. 

35. Mills, W., Heidel, K., & Chung, C. F. Alternative earth-based and space-based 

techniques for mitigating global climate change: What can we learn by 

examining them? IEEE EIC Climate Change Conference. 10-12 May. Ottawa, 

ON, Canada. IEEE. 2013. pp. 1-10. 

36. Kumar, H. and Ravikumar, S. An approach of CO2 capture technology for 

mitigating global warming and climate change-an overview. Recent Advances 

in Space Technology Services and Climate Change (RSTS & CC). 13-15 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



101 

 

 

 

November. Chennai, India: IEEE. 2010. pp. 364-371. 

37. Pal, S. Wind energy — An innovative solution to global warming?" 1st 

International Conference on the Developments in Renewable Energy 

Technology (ICDRET). 17-19 Dec. Dhaka: IEEE 2009. pp. 1-3. 

38. Singh, B. R., & Singh, O. 21st Century challenges of clean energy and global 

warming-can energy storage systems meet these issues? 3rd International 

Conference on Thermal Issues in Emerging Technologies Theory and 

Applications. 19-22 Dec.  Cairo, Egypt: IEEE. 2010. pp. 323-329.  

39. Chan, C. C. The state of the art of electric, hybrid, and fuel cell vehicles. 

Proceedings of the IEEE. 2007. 95(4): 704-718. 

40. Ehsani, M., Gao, Y., & Miller, J. M. Hybrid electric vehicles: Architecture and 

motor drives. Proceedings of the IEEE, 2011. 95(4): 719-728. 

41. Gao, D. W., Mi, C., & Emadi, A. (2007). Modeling and simulation of electric 

and hybrid vehicles. Proceedings of the IEEE, 2009. 95(4): 729-745. 

42. Sulaiman, E., Kosaka, T., & Matsui, N. Design optimization and performance 

of a novel 6-slot 5-pole PMFSM with hybrid excitation for hybrid electric 

vehicle. IEEJ Transactions on Industry Applications, 2012. 132(2): 211-218. 

43. Rahman, Z., Ehsani, M., & Butler, K. L. (2000). An investigation of electric 

motor drive characteristics for EV and HEV propulsion systems. SAE 

transactions Technical Paper, 2000. 2396-2403. 

44. Eudy, L., & Zuboy, J. Overview of advanced technology transportation, 

Update (No. DOE/GO-102004-1849). 2004. National Renewable Energy Lab., 

Golden, CO (US). 

45. Sulaiman, E. B., Kosaka, T., & Matsui, N. Design study and experimental 

analysis of wound field flux switching motor for HEV applications. XXth 

International Conference on Electrical Machines.  2-5 Sept. Marseille, France. 

IEEE: pp. 1269-1275. 

46. Fei, W., Luk, P. C. K., Shen, J., & Wang, Y. A novel outer-rotor permanent-

magnet flux-switching machine for urban electric vehicle propulsion. 3rd 

International Conference on Power Electronics Systems and Applications 

(PESA) 01 September.  Hong Kong, China: IEEE. 2009. pp. 1-6.  

47. Hua, W., Cheng, M., Zhu, Z. Q., & Howe, D. Analysis, and optimization of 

back-EMF waveform of a novel flux-switching permanent magnet motor. 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



102 

 

 

 

IEEE Transactions on Energy Conversion. 2008. 2(3): 1025-1030. 

48. Amara, Y., Barakat, G., Paulides, J. J. H., & Lomonova, E. A. Overload 

capability of linear flux switching permanent magnet machines. Applied 

Mechanics and Materials. 2013. 416-417: 345-352.  

49. Ahmad, M. Z., Sulaiman, E., Jenal, M., Utomo, W. M., Zulkifli, S. A., & 

Bakar, A. A. Design investigation of three phase HEFSM with outer-rotor 

configuration. IEEE Conference on Clean Energy and Technology (CEAT). 18-

20 Nov: IEEE. 2013. pp. 220-225. 

50. Rauch, S. E., & Johnson, L. J. Design principles of flux-switch alternators. 

Transactions of the American Institute of Electrical Engineers. Part III: Power 

Apparatus and Systems, 1955. 74(3): 1261-1268. 

51. Hoang, E., Ahmed, H. B., & Lucidarme, J. Switching flux permanent magnet 

polyphased synchronous machines. 7th Eur. Conf. Power Electronics and 

Applications, 3: 1997. pp.  903–908. 

52. Sulaiman, E., Kosaka, T. & Matsui, N. Parameter optimization study and 

performance analysis of 6S-8P permanent magnet flux switching machine with 

field excitation for high speed hybrid electric vehicles. in Proceedings of the 

14th IEEE European Conference on Power Electronics and Applications (pp. 

1-9). 2011. 

53. Sulaiman, E., Teridi, M. F. M., Husin, Z. A., Ahmad, M. Z., & Kosaka, T. 

Investigation on flux characteristics of field excitation flux switching machine 

with single FEC polarity, The 4th International Conference on Electrical 

Engineering and Informatics, (pp. 572 – 579). 2013. 

54. Sulaiman, E., Kosaka, T., & Matsui, N. A novel hybrid excitation flux 

switching synchronous machine for a high-speed hybrid electric vehicle 

application. International Conference on Electrical Machines and Systems 20-

23 Aug. Beijing, China: IEEE. 2011. pp. 1-6. 

55. Sanabria-Walter, C., Polinder, H., & Ferreira, J. A. High-torque-density high-

efficiency flux-switching PM machine for aerospace applications. IEEE 

journal of emerging and selected topics in power electronics, 2013. 1(4), 327-

336. 

56. Gaussens, B., Hoang, E., Lécrivain, M., Manfe, P., & Gabsi, M. A hybrid-

excited flux-switching machine for high-speed DC-alternator applications. 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



103 

 

 

 

IEEE Transactions on industrial electronics, 2013 61(6), 2976-2989. 

57. Pollock, C., Pollock, H., Barron, R., Coles, J. R., Moule, D., Court, A., & 

Sutton, R. (2006). Flux-switching motors for automotive applications. IEEE 

Transactions on Industry Applications, 42(5), 1177-1184. 

58. Zhou, Y. J., & Zhu, Z. Q. (2013). Torque density and magnet usage efficiency 

enhancement of sandwiched switched flux permanent magnet machines using 

V-shaped magnets. IEEE Transactions on Magnetics, 49(7), 3834-3837. 

59. Sanabria-Walter, C., Polinder, H., & Ferreira, J. A. High-torque-density high-

efficiency flux-switching PM machine for aerospace applications. IEEE 

journal of emerging and selected topics in power electronics, 2013. 1(4), 327-

336. 

60. Gaussens, B., Hoang, E., Lécrivain, M., Manfe, P., & Gabsi, M. A hybrid-

excited flux-switching machine for high-speed DC-alternator applications. 

IEEE Transactions on industrial electronics, 2013 61(6), 2976-2989. 

61. Pollock, C., & Brackley, M. Comparison of the acoustic noise of a flux-

switching and a switched reluctance drive. IEEE Transactions on Industry 

Applications. 2003. 39(3), 826-834. 

62. Jeong, G., Hwang, H., Kim, D., Kim, T., & Lee, C. (2016, November). 

Acoustic noise and vibration reduction of flux-switching permanent magnet 

machine for elevator door application. IEEE Conference on Electromagnetic 

Field Computation (CEFC). 13-16 Nov.  Miami, FL, USA: IEEE. pp. 1-1. 

63. Bangura, J. F. Design of high-power density and relatively high-efficiency 

flux-switching motor. IEEE Transactions on Energy Conversion. 2006. 21(2), 

416-425. 

64. Fang, Z. X., Wang, Y., Shen, J. X., & Huang, Z. W. (2008, April). Design and 

analysis of a novel flux-switching permanent magnet integrated-starter-

generator. In 2008 4th IET Conference on Power Electronics, Machines and 

Drives. 2-4 April. York, UK: IET. pp. 106-110. 

65. Ahmad, M. Z., Sulaiman, E. & Kosaka, T. Optimization of outer-rotor hybrid 

excitation FSM for in-wheel direct drive electric vehicle. IEEE International 

Conference on Mechatronics.2011. pp. 691-696 

66. Sulaiman, E. & Kosaka, T. Parameter sensitivity study for optimization of 

field-excitation flux switching synchronous machine for hybrid electric 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



104 

 

 

 

vehicles. in 7th IEEE Conference on Industrial Electronics and Applications 

(ICIEA). 2012. pp. 52-57.  

67. Rauch, S.E. & Johnson, L. J. Design principles of flux-switch alternators. 

Transactions of AIEE, Power Apparatus and Systems, 1955. 

68. J. H. Walker, “The theory of the inductor alternator,” J. Inst. Electr. Eng. - 

Part II Power Eng., vol. 89, no. 9, pp. 227–241, 1942. 

69. Lawrenson, P. J. Developments in the performance and theory of segmental-

rotor reluctance motors. Proc. IEE. 1967. 114 (5).  

70. Ahmad, M. Z., Sulaiman E., Haron, Z. A., Khan, F. & Mazian, M. A. Initial 

design configuration of outer rotor hybrid excitation flux switching machine 

for direct drive applications. IEEE International Conf. on Power and Energy. 

2012.  

71. Pollock C. & Wallace, M. The flux switching motor, a dc motor without 

magnets or brushes. in Proceeding of IEEE 34th Industry Applications Society 

Annual Meeting (IAS).1999. 3, pp. 1980–1987. 

72. Dasgupta, A. K., Analytical Method to find the Best Number of Stator and 

Rotor Teeth of Inductor Alternator for 3-phase sinusoidal voltage generation. 

AIEE Trans. Power App. Syst., 1960. 79 (50). pp. 674–679. 

73. Schao, Y., Nick, J., Baker, Mecrow, B. C., Hilton, C., Sooriyakumar, G., 

Perovic, D. K. & Fraser, A. Cost reduction of a permanent magnet in-wheel 

electric vehicle traction application. IEEE International Conference on 

Electric Machines. 2014. pp. 443-449. 

74. Bangura, J. F. Design of high-power density and relatively high efficiency flux-

switching motor. IEEE Trans. Energy Conversion. 2006.  21(2), pp. 416-424. 

75. Chen. J. T., Zhu, Z. Q. Iwasaki S. and. Deodhar R. Low cost flux switching 

brushless AC machines. in Proceeding of IEEE Vehicle Power and Propulsion 

Conf. (VPPC). 2008.  

76. Zho, Y. J. & Zhu, Z. Q, Comparison of low-cost single-phase wound-field 

switched-flux machines. IEEE Trans. Ind. Appl. 2014. 50(5). pp. 3335-3345. 

77. Tang, Y., Paulides, J. J. H., Motoasca, T. E. & Lomonova, E. A. Flux-switching 

machine with DC excitation. IEE Trans Magn., 2012. 48(11), pp. 3583-3586. 

78. Pollock, H., Pollock, C., Walter, R. T. & Gorti, B. V. Low cost, high power 

density, flux switching machines and drives for power tools.  in Proceeding of 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



105 

 

 

 

IEEE Record of the Industrial Applications Conference, IAS Annual Meeting. 

2003. pp. 1451–1457. 

79. Lian, G., Gu, G., Cheng, Y., Tao, J., Wang, S & Chen, X. Comparative study 

on switched reluctance and flux-switching machines with segmental rotors. In 

18th IEEE International Conference on Electrical Machines and Systems 

(ICEMS). 2015. pp. 845-848 

80. Torkaman, H., Afjei, E. & Toulabi. M. S. New double-layer-per-phase isolated 

switched reluctance motor: concept, numerical analysis, and experimental 

confirmation. IEEE Transactions on Industrial Electronics. 2012. 59 (2). pp. 

830-838. 

81. Hoang, E., Hlioui, S., Lecrivain, M. & Gabsi, M. Experimental comparison of 

lamination material case switching flux synchronous machine with hybrid 

excitation. in Proc. of European Conf. Power Electron Application 2009.  pp. 

1-7. 

82. Hlioui, S., Amara, Y., Hoang, E., Lecrivain M. & Gabsi, M. Overview of 

hybrid excitation synchronous machine technology. in International Conf. 

Electr. Eng. Software Application (ICEESA). 2013. pp. 1-10. 

83. Gaussens, B., Hoang, E., Lecrivain, M., Manfe, P. & Gabsi, M. Hybrid-excited 

flux-switching machine for high speed DC-alternator applications. IEEE 

Trans. Ind. Electron. 2017. 61(6), pp. 2976-2989. 

84. Liao, Y., Liang, F. & Lipo, T. A. A novel permanent magnet motor with doubly 

salient structure. in Proc. Conf. Rec. IEEE IAS Annual Meeting. 1992. pp. 308-

314. 

85. Hua, W., Cheng, M. & Zhang, G. A novel hybrid excitation flux-switching 

motor for hybrid vehicles.  IEEE Trans. Magnetics. 2009. 45(10). pp. 4728-

4731. 

86. Zhu, Z.Q. Switched flux permanent magnet machines: Innovation continues. 

in Proc. Int. Conference on Electrical Mach. Systems (ICEMS). 2011. pp. 1-

10. 

87. Erwan S. Design studies on less rare-earth and high-power density flux 

switching motors with hybrid excitation/wound field excitation for HEV drives. 

PhD thesis, Nagoya Institute of Technology Nagoya Japan; 2012.  

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



106 

 

 

 

88.      Hua, W., Su, P., Tong, M. & Meng, J. Investigation of a five-phase E-Core 

hybrid-excitation flux-switching machine for EV and HEV Applications. IEEE 

Transactions on Industry Applications. 2016. 53 (1). pp. 124-133. 

89. Chen, J.T., Zhu, Z. Q., Iwasaki, S. & Deodhar, R. A novel E-core flux 

switching PM brushless AC machine. in Proceeding of IEEE Energy 

Conversion Congress and Exposition. 2010. pp. 3811–3818. 

90. Hoang, E., Lecrivain, M. & Gabsi, M. A new structure of a switching flux 

synchronous polyphased machine with hybrid excitation. in Proc. Eur. Conf. 

Power Electron. Applications. 2007. pp.1–8. 

91. Deodhar, R. P., Andersson, S., Boldea, I. & Miller, T. J. The flux-reversal 

machine: A new brushless doubly-salient permanent-magnet machine. IEEE 

Transactions on Industry Applications, 1997. 33(4), 925-934. 

92. Jusoh, L. I., Erwan, S., Kumar, R., Bahrim, F. S. & Omar, M. F. Preliminary 

studies of various rotor pole number for permanent magnet flux switching 

machines. International Journal of Applied Engineering Research. 2017. 12 

(7). pp. 1377-1382 

93. Syed, Q. A. S., Kurtović, H. & Hahn, I. New single-phase flux switching axial 

flux permanent magnet motor. IEEE Transactions on Magnetics. 2017. 53(11). 

pp. 1-5. 

94. L. Hao, L., Lin, M., Zhao, X. & Luo, H. Analysis and optimization of EMF 

waveform of a novel axial field flux-switching permanent magnet machine,” 

in Proceeding of International Conference on Electrical Machine System, pp. 

1-6. 

95. Hoang, E., Ahmed, H. B. & Lucidarme, J. Switching flux permanent magnet 

polyphased synchronous machines. In EPE 97. 

96. Fei, W. Z. & Shen, J. X. Comparative study and optimal design of PM 

switching flux motors. In Proceedings of the 41st International Universities 

Power Engineering Conference. 2006. 2. pp. 695-699. 

97. Xu, W., Zhu, J., Zhang, Y., Guo, Y. & Lei, G. New axial laminated-structure 

flux-switching permanent magnet machine with 6/7 poles. IEEE Transactions 

on magnetics. 2011. 47(10). pp. 2823-2826. 

98. Sanabria-Walter, C., Polinder, H., & Ferreira, J. A. High-torque-density high-

efficiency flux-switching PM machine for aerospace applications. IEEE 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



107 

 

 

 

journal of emerging and selected topics in power electronics.2013. 1(4). pp. 

327-336. 

99. Thomas, A., Zhu, Z. Q., Jewell, G. W. & Howe, D. Flux-switching PM 

brushless machines with alternative stator and rotor pole combinations. in 

IEEE International Conference on Electrical Machines and Systems. 2008. pp. 

2986-2991. 

100. Xu, W., Lei, G., Wang, T., Yu, X., Zhu, J. & Guo, Y. Theoretical research on 

new laminated structure flux switching permanent magnet machine for novel 

topologic plug-in hybrid electrical vehicle. IEEE Transactions on magnetics. 

2012. 48(11). pp. 4050-4053. 

101. Somesan, L., Padurariu, E., Viorel. I. A. & Szabo, L. Design of a permanent 

magnet flux-switching machine,” in Proceeding of ELEKTRO. 2012. pp. 256-

259. 

102. Zhu, Z. Q., & Chen, J. T. Advanced flux-switching permanent magnet 

brushless machines. IEEE Transactions on Magnetics. 2010.  46 (6). pp. 1447-

1453. 

103. Zhu, Z. Q.  & Evans, D. Overview of recent advances in innovative electrical 

machines - with particular reference to magnetically geared switched flux 

machines. in 17th International Conference on Electrical Machines and 

Systems, ICEMS. 2012. 

104. Cai, J., Lu., Q.  Jin., Y., Chen, C. & Ye, Y. Performance investigation of multi-

tooth flux- switching PM linear motor. in International Conference on 

Electrical Machines and Systems (ICEMS). 2011, pp. 1 – 6, 2011. 

105. Li, F., Hua, W., Tong, M., Zhao, G. & Cheng, M. Nine-phase flux-switching 

permanent magnet brushless. IEEE Trans. Magn. 2015. 51(3). pp. 34–37. 

106. Xue, X., Zhao, W., Zhu, J., Liu, G., Zhu, X. & Cheng, M. Design of five-phase 

modular flux-switching permanent-magnet machines for high reliability 

applications. IEEE Transactions on magnetics. 2013. 49(7). pp. 3941-3944. 

107. E. Sulaiman and T. Kosaka, “Parameter sensitivity study for optimization of 

field-excitation flux switching synchronous machine for hybrid electric 

vehicles,” in 2012 7th IEEE Conference on Industrial Electronics and 

Applications (ICIEA), 2012, pp. 52–57. 

108. E. Sulaiman, M. F. Omar, and S. S. Hakami, “Optimization of 6Slots-7Poles 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



108 

 

 

 

&12Slots-14Poles flux-switching permanent magnet machines for plug-in 

HEV, ”in International Conference on Control, Electronics, Renewable Energy 

and Communications (ICCEREC), 2016, pp. 220–225. 

109. L. I. Jusoh, E. Sulaiman, M. F. Omar, and H. A. Soomro, “A Comparative 

Study of Single - tooth and Multi - tooth Stator of 4S - 8P Permanent Magnet 

FSM for Electric Bicycle Application,” Int. J. Eng. Technol., vol. 7, no. 4.3, 

pp. 295–298, 2018. 

110. R. Kumar, E. Sulaiman, H. A. Soomro, L. I. Jusoh, F. S. Bahrim, and M. 

F.Omar, “Design Enhancement and Performance Examination of External 

Rotor Switched Flux Permanent Magnet Machine for Downhole Application,” 

IOPConf. Ser. Mater. Sci. Eng., vol. 226, no. 1, p. 012125, 2017. 

111. E. Sulaiman, T. Kosaka, and N. Matsui, “Design optimization of 12Slot-

10Polehybrid excitation flux switching synchronous machine with 0.4kg 

permanent magnet for hybrid electric vehicles,” in 8th International 

Conference on Power Electronics - ECCE Asia, 2011, pp. 1913–1920. 

112. E. Sulaiman, T. Kosaka, and N. Matsui, “A novel hybrid excitation flux 

switching synchronous machine for a high-speed hybrid electric vehicle 

application,” in 2011 International Conference on Electrical Machines and 

Systems, 2011, pp. 1–6. 

113. M. Z. Ahmad, E. Sulaiman, and T. Kosaka, “Optimization of outer-rotor hybrid 

excitation FSM for in-wheel direct drive electric vehicle,” in IEEE 

International Conference on Mechatronics (ICM), 2015, pp. 691–696. 

114. M. Z. Ahmad, E. Sulaiman, and T. Kosaka, “Analysis of high torque and power 

densities outer-rotor PMFSM with DC excitation coil for in-wheel direct drive, 

”J. Magn., vol. 20, no. 3, pp. 265–272, 2015. 

115. M. Z. Ahmad, E. Sulaiman, Z. A. Haron, and F. Khan, “FEA-Based Design 

Study of 12-Slot 14-Pole Outer-Rotor Dual Excitation Flux Switching Machine 

for Direct Drive Electric Vehicle Applications,” Appl. Mech. Mater., vol. 

660,no. 1, pp. 836–840, 2014. 

116. M. M. A. Mazlan, E. Sulaiman, M. Z. Ahmad, and S. M. N. S. Othman, 

“Design optimization of single-phase outer-rotor hybrid excitation flux 

switching motor for electric vehicles,” in IEEE Student Conference on 

Research andDevelopment (SCOReD), 2014, pp. 1–6. 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



109 

 

 

 

117. E. Sulaiman, S. N. U. Zakaria, and T. Kosaka, “Parameter sensitivity study for 

optimization of single phase E-Core hybrid excitation flux switching machine, 

“in IEEE International Conference on Mechatronics (ICM), 2015, pp. 697–

702. 

118. F. Khan and E. Sulaiman, “Design optimization and efficiency analysis 

of12slot-10pole wound field flux switching machine,” in IEEE Magnetics 

Conference (INTERMAG), 2015, pp. 1–1. 

119. F. Khan, E. Sulaiman, M. Z. Ahmad, and H. Ali, “Design Refinement and 

Performance Analysis of 12Slot-8Pole Wound Field Salient Rotor Switched 

Flux Machine for Hybrid Electric Vehicles,” in 12th International Conference 

on Frontiers of Information Technology, 2014, pp. 197–201. 

120. E. Sulaiman, F. Khan, M. F. Omar, G. M. Romalan, and M. Jenal, “Optimal 

design of wound-field flux switching machines for an all-electric boat,” in 

XXII International Conference on Electrical Machines (ICEM), 2016, pp. 

2464–2470. 

121. M. Jenal, E. Sulaiman, M. Z. Ahmad, F. Khan, and M. F. Omar, “A new 

alternate circumferential and radial flux (AlCiRaF) permanent magnet flux 

switching machine for light weight EV,” in XXII International Conference on 

Electrical Machines (ICEM), 2016, pp. 2399–2405. 

122. M. I. Enwelum, E. B. Sulaiman, and F. Khan, “Optimization of 12S-

14PPermanent Magnet Flux Switching Motor (PMFSM) for Electric Scooter 

Application,” in 4th IET Clean Energy and Technology Conference 

(CEAT2016), 2016, pp. 1–6. 

123. M. Jenal, E. Sulaiman, M. Z. Ahmad, F. Khan, and M. F. Omar, “A new 

alternate circumferential and radial flux (AlCiRaF) permanent magnet flux 

switching machine for light weight EV,” in XXII International Conference on 

Electrical Machines (ICEM), 2016, vol. 21, no. 4, pp. 2399–2405. 

124. R. Kumar, E. Sulaiman, M. Z. Ahmad, S. M. N. S. Othman, and F. Amin, 

“Comparative study of initial and optimal outer rotor permanent magnet 

fluxswitching machine for downhole application,” in First International 

Conference on Latest trends in Electrical Engineering and Computing 

Technologies (INTELLECT), 2017, pp. 1–6. 

125. L. I. Jusoh and E. Sulaiman, “Analysis and performance of 4S-8P permanent 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



110 

 

 

 

magnet flux switching motors (PMFSM) for electric bicycle applications,” 

in5th IET International Conference on Clean Energy and Technology 

(CEAT2018), 2018, pp. 1–7. 

126. J. Vesterstrom and R. Thomsen, “A comparative study of differential 

evolution, particle swarm optimization, and evolutionary algorithms on 

numerical benchmark problems,” in Proceedings of the 2004 Congress on 

Evolutionary Computation (IEEE Cat. No.04TH8753), 2004, pp. 1980–1987. 

127. B. Hegerty, C. Hung, and K. Kasprak, “A Comparative Study on Differential 

Evolution and Genetic Algorithms for Some Combinatorial Problems,” 

inProceedings of the 8th Mexican International Conference on Artificial 

Intelligence, 2009, pp. 1–13. 

128. Lu Huifen, Ye Yunyue, and Jin Ruojun, “Improved Tabu method applied to 

electromagnetic device designs,” in Proceedings of the Fifth International 

Conference on Electrical Machines and Systems (ICEMS), 2001, vol. 1, no. 

1,pp. 257–260. 

129. G. Bramerdorfer, J. A. Tapia, J. J. Pyrhonen, and A. Cavagnino, “Modern 

Electrical Machine Design Optimization: Techniques, Trends, and Best 

Practices,” IEEE Trans. Ind. Electron., vol. 65, no. 10, pp. 7672–7684, 2018. 

130. Y. Li, D. Bobba, and B. Sarlioglu, “Design and optimization of a novel dual 

rotor hybrid PM machine for traction application,” IEEE Trans. Ind. Electron., 

Vol. 65, no. 2, pp. 1762–1771, 2018. 

131. D.-K. Lim, S.-Y. Jung, K.-P. Yi, and H.-K. Jung, “A Novel Sequential-Stage 

Optimization Strategy for an Interior Permanent Magnet Synchronous 

Generator Design,” IEEE Trans. Ind. Electron., vol. 65, no. 2, pp. 1781–

1790,2018. 

132. Q. Wang, S. Niu, and S. Yang, “Design Optimization and Comparative Studyof 

Novel Magnetic-Geared Permanent Magnet Machines,” IEEE Trans. 

Magn.,vol. 53, no. 6, pp. 1–4, 2017. 

133. X. Zhao and S. Niu, “Design and Optimization of a New Magnetic-Geared Pole 

Changing Hybrid Excitation Machine,” IEEE Trans. Ind. Electron., vol. 64, 

no.12, pp. 9943–9952, 2017. 

134. W. Han, T. T. Tran, J. W. Kim, Y. J. Kim, and S. Y. Jung, “Mass Ionized 

Particle Optimization Algorithm Applied to Optimal FEA-Based Design of 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



111 

 

 

 

Electric Machine,” IEEE Trans. Magn., vol. 52, no. 3, pp. 1–4, 2016 

135. Fei, W. Z., & Shen, J. X. (2006, September). Novel permanent magnet 

switching flux motors. In Proceedings of the 41st International Universities 

Power Engineering Conference Vol. 2, pp. 729-733. 

136. Mo, L., Quan, L., Chen, Y., & Qiu, H. (2013). Sandwiched flux-switching 

permanent-magnet brushless AC machines using V-shape magnets. In 2013 

IEEE Vehicle Power and Propulsion Conference (VPPC), pp. 1-5. 

137. Fei, W. Z., & Shen, J. X. (2006, September). Novel permanent magnet 

switching flux motors. In Proceedings of the 41st International Universities 

Power Engineering Conference (Vol. 2, pp. 729-733). IEEE. 

138. Zhou, Y. J., & Zhu, Z. Q. (2013). Torque density and magnet usage efficiency 

enhancement of sandwiched switched flux permanent magnet machines using 

V-shaped magnets. IEEE Transactions on Magnetics, 49(7), 3834-3837. 

139. Cao, J., Guo, X., Fu, W., Wang, R., Liu, Y., & Lin, L. (2020). A method to 

improve torque density in a flux-switching permanent magnet machine. 

Energies, 13(20), 5308. 

140. Chau, K. T., & Li, W. (2014). Overview of electric machines for electric and 

hybrid vehicles. International Journal of Vehicle Design, 64(1), 46-71. 

141. Xu, W., Zhu, J., Guo, Y., Wang, S., Wang, Y., & Shi, Z. (2009). Survey on 

electrical machines in electrical vehicles. In 2009 International Conference on 

Applied Superconductivity and Electromagnetic Devices (pp. 167-170). IEEE. 

142. Chen, X. (2015). Modelling and design of permanent-magnet machines for 

electric vehicle traction, PhD: University of Sheffield. 

143. Thomas, A. S., Zhu, Z. Q., & Wu, L. J. (2012). Novel modular-rotor switched-

flux permanent magnet machines. IEEE Transactions on Industry 

Applications, 48(6), 2249-2258. 

144. Zhu, Z. Q., Chen, J. T., Pang, Y., Howe, D., Iwasaki, S., & Deodhar, R. (2008). 

Analysis of a novel multi-tooth flux-switching PM brushless AC machine for 

high torque direct-drive applications. IEEE Transactions on Magnetics, 44(11), 

4313-4316. 

145. Chen, J. T., Zhu, Z. Q., Iwasaki, S., & Deodhar, R. A novel E-core flux-

switching PM brushless AC machine. In 2010 IEEE Energy Conversion 

Congress and Exposition (pp. 3811-3818). 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



112 

 

 

 

146. Dobzhanskyi, O., & Gouws, R. (2019, May). Magnetic circuit analysis of the 

low-cost in-wheel switching flux motor for HEV applications. In 2019 IEEE 

International Electric Machines & Drives Conference (IEMDC) (pp. 623-628). 

147. Kwon, J. W., Lee, J. H., Zhao, W., & Kwon, B. I. (2018). Flux-switching 

permanent magnet machine with phase-group concentrated-coil windings and 

cogging torque reduction technique. Energies, 11(10), 2758. 

148. Zhu, Z. Q., & Azar, Z. (2012). Torque speed characteristics of switched flux 

permanent magnet machines. COMPEL-The international journal for 

computation and mathematics in electrical and electronic engineering, 31(1), 

22-39. 

149. Jia, H., Cheng, M., Hua, W., Lu, W., & Fu, X. (2008, October). Investigation 

and implementation of control strategies for flux-switching permanent magnet 

motor drives. In 2008 IEEE Industry Applications Society Annual Meeting 

(pp. 1-6).  

 

 

 

 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



113 

 

 

APPENDIX A 

LIST OF PUBLICATIONS 

 

(a)  Journals 

 

1. Irfan Ali Soomro, Erwan Sulaiman, Mohd Fairoz Bin Omar & MD Zarafi Bin 

Ahmad “Design Optimization Methods for Electrical Machines: A Review, 

Journal of Electrical Engineering & Technology, 2022. (ISI, Q4, IF:1.569) 

 

2. Irfan Ali Soomro, Erwan Sulaiman, & Roziah Aziz, Performance analysis and 

comparison for various excitation source salient rotor with modular rotor 

permanent magnet of flux switching machine”, Journal of Electrical 

Engineering & Technology, 2022. (ISI, Q4, IF:1.569) 

 

3. Irfan Ali Soomro, Erwan Sulaiman, Mahyuzie Jenal & MD Zarafi Bin Ahmad 

“Performance improvement of modular rotor flux switching machine using 

deterministic technique, Ain Shams Engineering Journal 2023. (Under 

Review) 

 

(b) Proceedings 

 

1. Irfan Ali Soomro, Erwan Bin Sulaiman, Mahyuzie Bin Jenal, MD Zarafi Bin 

Ahmad, Nur Afiqah Binti Mostaman, Design of 6 slots/10 poles modular rotor 

sandwich switched flux switching permanent magnet motor. 6th International 

Conference on Clean Energy and Technology Conference (CEAT). 7th – 8th 

June 2023.  

 

2. Irfan Ali Soomro, Erwan Bin Sulaiman, Mahyuzie Bin Jenal, MD Zarafi Bin 

Ahmad, Nur Afiqah Binti Mostaman, Performance analysis of V-shape 

magnets sandwich switched flux switching permanent magnet motor using 

modular rotor. 6th International Conference on Clean Energy and Technology 

Conference (CEAT). 7th – 8th June 2023.  

 

3. Irfan Ali Soomro, Erwan Bin Sulaiman, Mahyuzie Bin Jenal, MD Zarafi Bin 

Ahmad, Nur Afiqah Binti Mostaman, Performance Comparison of 

Conventional and V-Shape Magnets Sandwich Flux-Switching Permanent 

Magnet Machines with Modular Rotor Topology. 7th International Conference 

on Electrical, Control and Computer Engineering (InECCE). 22nd August 2023.  

 

4. Irfan Ali Soomro, Erwan Bin Sulaiman, Mahyuzie Bin Jenal, MD Zarafi Bin 

Ahmad, Nur Afiqah Binti Mostaman, Design of V-Shape Magnets Sandwich 

Flux-Switching Permanent Magnet Machines with Modular Rotor Topology. 

7th International Conference on Electrical, Control and Computer Engineering 

(InECCE). 22nd August 2023.  

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



114 

 

 

 

5. Irfan Ali Soomro, Erwan Sulaiman, Mahyuzie Jenal and MD Zarafi Ahmed, 

Electromagnetic performance of sandwich permanent magnet flux-switching 

machine using modular rotor. International Postgraduate Conference for 

Energy Research (IPCER) 2022 

 

6. Irfan Ali Soomro, Erwan Sulaiman, Roziah Aziz and MD Zarafi Ahmed, 

Magnetic Flux Characteristic of Modular rotor Based Permanent Magnet Flux 

Switching. International Conference on Electrical and Electronic Engineering 

2021 (ICon3E 2021).  

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



 

 

 

APPENDIX B 

VITA 

The author was born on 7th April 1985, in Nawabshah Sindh, Pakistan. He 

graduated from Quaid-e-Awam University of Engineering, Science and Technology 

(QUEST), Nawabshah, Sindh Pakistan in Electrical Engineering in 2007. In 2008, he 

started working as lecturer in the Department of Electrical Engineering, Quaid-e-

Awam University of Engineering, Science and Technology, Nawabshah, Sindh 

Pakistan. He taught Basic Electrical Engineering, Instrumentation & Measurements 

and Basic Electronic Engineering during his working period at QUEST Nawabshah. 

Pakistan  

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH




