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ABSTRACT 

Permanent Magnet Flux Switching Motor (PMFSM) with outer-rotor configuration 

recently reported in the literature can potentially lead to a very compact in-wheel 

electric vehicle (EV) drive design and increased cabin space through the elimination 

of mechanical transmission gears. Nevertheless, the output torque is still insufficient 

to drive heavier EV especially at starting and climbing conditions.  On the other hand, 

with the permanent magnets placed along the radial V-shaped segmented stator, the 

PMFSM is prone to excitation flux leakage and demagnetization, making optimisation 

of the rotor and stator dimensions a difficult objective to achieve, while keeping the 

PM volume constant. In this thesis, design and optimisation of high torque capability 

salient stator outer-rotor hybrid excitation flux switching motor (OR-HEFSMs) are 

investigated. With the additional DC field excitation coil (FEC) as a secondary flux 

source, the proposed motor offers advantage of flux control capability that is suitable 

for various operating conditions. The design restrictions and specifications of the 

proposed motor are kept similar as interior permanent magnet synchronous motor 

(IPMSM) employed in the existing hybrid electric vehicle (HEV) Toyota Lexus 

RX400h. The JMAG-Designer ver.14.1 was used as 2D-finite elements analysis (FEA) 

solver to verify the motor’s operating principle and output torque performance 

characteristics.  The subsequent optimisation work carried out using deterministic 

optimisation approach (DOA) has produced a very promising 12S-14P OR-HEFSM 

configuration, where a maximum torque density of 12.4 Nm/kg and power density of 

5.97 kW/kg have been obtained. These values are respectively 30% and 68% more 

than that produced by IPMSM of comparable dimensions. A reduced-scale prototype 

12S-14P OR-HEFSM has also been fabricated to minimize the manufacturing cost and 

no-load laboratory measurements have been carried out to validate the simulation 

results. The results obtained show that they are in good agreement and has potential to 

be applied for in-wheel drive EV. 
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ABSTRAK 

Motor Fluks Teralih Magnet Kekal (PMFSM) dengan konfigurasi pemutar di luar 

berpotensi  digunakan untuk pemacuan kereta elektrik di dalam roda dan menyumbang 

kepada penyediaan ruang kabin yang lebih luas  apabila tiada lagi penggunaan gear 

penghantaran mekanikal. Walaubagaimanapun, daya kilas yang dihasilkan masih tidak 

mencukupi untuk memacu kenderaan elektrik yang lebih besar terutamanya pada 

peringkat permulaan gerakan dan keadaan mendaki. Selain itu, dengan magnet kekal 

diletakkan di sepanjang jejari teras pegun berbentuk-V, ia terdedah kepada kebocoran 

fluks dan penyah-magnetan magnet kekal menjadikan teras pemutar dan teras pegun 

sukar dioptimumkan sekiranya isipadu magnet kekal adalah malar. Tesis ini 

membincangkan kajian dalam merekabentuk dan mengoptimumkan daya kilas motor 

fluks teralih pengujaan hibrid dengan pemutar di luar (OR-HEFSM). Dengan adanya 

tambahan gegelung medan pengujaan arus terus (AT) sebagai sumber fluks kedua, 

motor yang dicadangkan menjanjikan satu lagi kelebihan iaitu pengawalan fluks 

menjadi lebih mudah di mana ianya sangat berguna dalam pelbagai keadaan 

pengoperasian. Kekangan rekabentuk dan spefifikasi motor elektrik yang dicadangkan 

adalah berdasarkan spesifikasi motor segerak magnet kekal (IPMSM) yang digunakan 

di dalam kereta elektrik hibrid (HEV) Toyota Lexus RX400h. Perisian JMAG-

Designer ver.14.1 telah digunakan sebagai penyelesai analisis unsur terhingga (FEA) 

dua dimensi (2D) untuk mengesahkan prinsip kendalian dan prestasi daya kilas 

keluaran motor tersebut. Seterusnya, kajian pengoptimuman daya kilas keluaran telah 

dijalankan menggunakan kaedah penentuan optimasi dan berjaya menghasilkan OR-

HEFSM dengan konfigurasi 12S-14P berketumpatan dayakilas sebanyak 12.4 Nm/kg 

dan ketumpatan kuasa sebanyak 5.93kW/kg. Nilai tersebut adalah  masing-masing 

30% dan 68% lebih tinggi berbanding prestasi motor IPMSM dengan diameter motor 

yang sama.  Prototaip 12S-14P berskala kecil telah dibangunkan bagi mengurangkan 

kos pembuatan dan pengukuran tanpa beban telah dijalankan di makmal untuk 

mengesahkan keputusan yang diperolehi daripada simulasi komputer. Berdasarkan 
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keputusan yang diperolehi menunjukkan ciri-ciri prestasi motor tersebut adalah sejajar 

dengan keputusan yang diperolehi daripada simulasi dan berpotensi digunakan sebagai 

pemacu kereta elektrik dalam roda. 
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INTRODUCTION 

1.1 Research background 

Transportation sector is among the major contributors of carbon dioxide (CO2) 

emissions globally, which represents about 23% of fossil fuel combustion by-products 

[1]. Current mainstream opinion is that the electric vehicle (EV) is the most promising 

solution for reducing carbon dioxide (CO2) emissions from the transportation sector. 

In addition, it is projected that the depleting petroleum resources will lead the world 

to an energy crisis in the next few decades unless viable alternative energy sources are 

found [2]–[5].  These two issues are the main problems pressing the automotive 

industry, propelling their research activities to come up with a green and most fuel-

efficient vehicle that meets zero emission vehicles as early as possible. 

In conventional centralised drive of EVs, mechanical components such as 

transmission gear, differential gear, and belting take up precious cabin space, 

increasing the overall weight of EV and energy losses due to friction. The emergence 

of direct drive in-wheel motor has brought about a great opportunity to EV car 

manufacturers to eliminate the mechanical transmission components in conventional 

centralised drive [6],[7]. Furthermore, the greater cabin space availability can be 

advantageously used for series batteries installation and contributes to a longer driving 

range per-charge.  

Electric motor is the most essential part of an EV motor drive system. Typical 

design requirements for an EV motor drive are: (i) high torque and power densities; 
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(ii) high torque at low speed for starting and climbing; (iii) wide speed range at 

constant torque and constant power; (iv) fast torque response for braking; (v) low 

cogging torque for refined drivability; (vi) high efficiency; and (vii) reasonable cost 

[7]–[10].  

In recent years, research and development of flux switching machines (FSMs) 

have become increasingly popular due to their advantages of high torque density, 

robust rotor structure, less weight, and easy cooling system management [11],[12]. 

With a salient rotor structure and all excitation components (either PM or excitation 

coil) and armature coil located in the stator, the machine accrues the combined 

advantages of the permanent magnet synchronous machine (PMSM) and switched-

reluctance machine (SRM). 

For over a decade, research and development on PMFSM has growing rapidly 

and many topologies have been introduced and investigated. Nevertheless, with the 

continuing increase of the price of rare-earth magnets [13], researchers are now 

focusing on high torque machine topologies that use minimum or no permanent 

magnets [14]–[16]. Due to that reason, research and development of HEFSMs are 

getting attractive not only to save the material cost but also to improve the flux 

weakening capability and efficiency. Moreover, the HEFSM topologies allow safe 

operation at high speeds while the PM helps to increase the efficiency of the motor 

[17],[18]. 

More recently, in-wheel drive motors for EVs has generated a great deal of 

interest due to the elimination of mechanical transmission and differential gears and 

their associated mechanical parts. Nevertheless, selection of a suitable traction motor 

for in-wheel drive is very important and requires special attention. A number of 

researchers [7], [19]–[23] are of the view that an in-wheel outer-rotor motor have very 

significant advantages over the conventional inner-rotor configuration due to the 

capability to deliver higher torque density and compactness.   

1.2 Problem statement 

In-wheel direct drive is becoming more popular due to the elimination of the 

conventional transmission gearing system and the resulting increase in cabin space can 

be used to put in more battery. Thus, the in-wheel direct drive not only provides 
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optimal torque directly to the wheel, but it also contributes to a lighter vehicle and a 

longer driving range per-charge. In terms of torque and power densities, and the greater 

reliability of in-wheel drive motors, outer-rotor machine configuration is the best 

candidate compared with the conventional inner-rotor motor [7]. Previously, research 

on PM-rotor PMSMs have dominated the outer-rotor in-wheel drive application due 

to their high torque and power densities. Nevertheless, due to the un-robust rotor 

structure and the difficulty to remove heat from the PM-rotor, the outer-rotor PMFSM 

has been introduced only for light EVs application [23]. The machine comprises of a 

passive and robust salient-pole rotor, and all active components of armature windings 

and permanent magnets are accommodated at the stator. While the PMFSM has 

managed to achieve a better output torque capability, but it is still not sufficient to 

drive heavier EV. Besides that, the constant flux of the permanent magnet exposes it 

to demagnetization and uncontrollability problems when the machine operates at high 

temperature and flux weakening mode, respectively [24]. Moreover, the ever 

increasing price of rare-earth magnet used in PMFSM is also another constraint 

limiting further development of the machine [14]. Concomitantly, the V-shape 

segmented stator structure makes manual assembly of the machine very difficult and 

optimisation of its performance a challenging task. Hence, the aforementioned 

problems has attracted a lot of research and development efforts in alternative machine 

topologies for solution. There are numerous papers on FSM have been published and 

appears to be an absence of any research effort on the development of the outer-rotor 

HEFSM (OR-HEFSM) for in-wheel drive application. In view of this perceived lack 

of interest by other researchers in the use of OR-HEFSM for in-wheel direct drive, this 

research proposes a new OR-HEFSM with a salient stator topology that potentially can 

give a much higher torque and power densities compared to IPMSM employed in 

Toyota Lexus RX400h [25]. In this work it is proposed to use an additional DC FEC 

as a secondary excitation flux source to improve flux control capability, diminish PM 

demagnetization and save PM material cost, and a salient stator geometry to help 

simplify the fabrication process. It is expected that these improvements will lead to a 

more robust rotor structure and higher output torque and power densities that makes 

the machine particularly suitable for in-wheel direct drive EV. 
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1.3 Objectives of the study 

The main objective of this research is to develop a new OR-HEFSM topology with 

inherently high torque and power densities for in-wheel direct drive EV application. 

In achieving the main objective, there are some specific objectives that have to be 

fulfilled, which are:  

(i) To propose a salient stator OR-HEFSM topology and investigate its 

operating principle and output performances at various current 

densities.  

(ii) To optimise the proposed motor to examine the optimal output torque 

capability. 

(iii) To validate the simulation results experimentally based on reduced-

scale prototype of the proposed motor. 

1.4 Scope of works 

Computer simulation studies were carried out to design the proposed structure and 

investigate the operating characteristic of OR-HEFSM topologies. In particular, the 

study investigates the initial performance of flux strengthening, flux distribution, back-

emf, cogging torque, and maximum torque and power. The commercial JMAG-

Designer ver.14.1, released by JSOL Corporation, Japan was used as 2D-finite element 

analysis (FEA) solver. The design restrictions, target specifications, and parameters of 

the proposed OR-HEFSM are based on the conventional interior PMSM (IPMSM) 

used in existing hybrid electric vehicle (HEV), Toyota RX400h. The electrical 

restrictions related with the inverter such as maximum 650V DC bus voltage and 

maximum 360 A(rms) inverter current were set similar as in the IPMSM used in the 

existing Toyota RX400h [25]. Details of the motor specifications are given in 

Appendix C. 

In simulation works, the highest maximum current density of 30A/mm2 that 

can be handled by the coils was assigned. Then, the machines’ back electromagnetic-

force (back-emf), cogging torque, flux strengthening, torque speed characteristics, 

average torque, mechanical effects, machine losses and efficiency were analyzed using 

2D-FEA. Only the 12 stator-slot topologies were investigated, with the number of rotor 
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poles limited to 10, 14, 16, 20, 22, and 26 teeth. Optimisation works using the 

deterministic optimisation approach (DOA) were then carried out on 12S-10P and 12S-

14P topologies to determine which one gave the maximum output torque. 

A reduced-scale model of the actual motor was fabricated and its performance 

characteristics measured experimentally in the laboratory. The results obtained were 

compared with the computer simulation results to verify motor’s operating principle 

and validate the armature coil phase sequence and back-emf waveforms. Due to the 

constraint of DC power supply with purely DC signal, the FEC is only fed by low 

current up to 8A. Whilst, the output signals are observed by 1 kV 5 Mhz power 

analyzer. Details on the dimension of the reduced-scale prototype are given in 

Appendix D. 

1.5 Thesis outline 

The thesis is organized as follows: 

 

Chapter 2 reviews the historical development of FSMs from the first prototype 

machine to the multifarious present-day designs. Several FSM and HEFSM topologies 

are briefly reviewed and their pros and cons discussed. The chapter ends with short 

introduction on the principle operation of the HEFSM, the related mathematical model 

and equivalent circuit, and the advantages and disadvantages of outer-rotor 

configuration for in-wheel drive application. 

Chapter 3 describes the computer design of the proposed OR-HEFSM 

implemented using JMAG-Designer software. The design stage is divided into four 

phases, namely, (1) Computer validation of the machine’s operating principle, (2) 

Performance analysis, (3) Optimisation of the machine’s mechanical dimension, and 

(4) A reduced scale prototype fabrication and testing. 

Chapter 4 validates the operating principle of the proposed OR-HEFSM by  

performing a coil test to analyse its flux linkage. Initial performances of the proposed 

machine with various rotor pole configurations are shown in this chapter. Then, no-

load and load analyses are presented to identify the best rotor pole configuration that 

gives the highest torque value and power densities. 
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Chapter 5 gives the detailed results obtained from optimisation of the 12S-

10P and 12S-14P OR-HEFSMs utilizing the deterministic optimisation approach 

(DOA), viz. the machine’s flux linkage, back-emf, cogging torque, flux strengthening, 

maximum torque and power, torque and power densities, torque/power-speed 

characteristic and efficiency. The mechanical analyses undertaken, viz. PM 

demagnetization and rotor stress that helped identify the optimum torque are also 

discussed here. The chapter ends with a discussion on PM volume reduction of 12S-

14P and the experimental results obtained from measurement carried out on the 

reduced scale prototype 12S-14P OR-HEFSM. 

Chapter 6 concludes this research study by giving a summary of the main 

results and suggesting directions for future research. 

 

 



 

 

2CHAPTER 2 

 

 

 

 

LITERATURE REVIEW 

2.1 Introduction 

This chapter describes the overview of FSM topologies from the first prototype 

machine to the multifarious present-day designs. Three classes of FSM which are 

permanent magnet flux switching machines (PMFSMs), field excitation flux switching 

machines (FEFSMs), and hybrid excitation flux switching machines (HEFSMs) 

together with their several developed topologies are elaborated. Their pros and cons in 

terms of developed structure are also explained in brief as a comparison. Furthermore, 

the outer-rotor FSM configuration and its operating principle is described in details. 

The related mathematical models and equivalent circuits together with the cogging 

torque equations are also discussed. Finally, the overview of several optimisation 

methods typically used in design of electrical machines are briefly explained at the end 

of this chapter.  

2.2 Overview of flux switching machines (FSMs) 

Brushless PM machines are usually designed with magnets in the rotor and henceforth 

called by rotor-PM machines. However, recently a number of research works have 

been undertaken on electric brushless machines in which the magnets are mounted on 

the stator. These so-called stator-PM machines have two advantages which are the 

stator temperature rise can easily be controlled and the PM is not subjected to the 
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centrifugal forces of the rotating rotor [26]–[28]. Among the stator-PM machines that 

have recently gained significant attention of machine designers is the flux switching 

machine (FSM). The motor has a double salient topology and its rotor position 

determines the excitation flux path on the stator, this leads to a very efficient flux 

coupling with the stator coil. 

The single-phase FSM first proposed by A. E. Laws in 1952 was a motor and 

had four stator slots and four rotor poles [29]. The first generator application of the 

FSM concept was a single-phase machine having four stator slots, and four or six rotor 

poles which found immediate application in aircraft [30]. The basic principle of FSM 

elucidated in [30] can be easily understood by referring to the rotor position of simple 

alternator mechanism shown in Figures 2.1(a) and (b).  It consists of a pair of stator 

windings, two sets of laminated yolks, and a pair of PMs, which are located on the 

stator, while the rotor only has two salient poles attached to the shaft. As can be seen 

from Figure 2.1(a), the magnetic flux emanates from the north pole of the PM on the 

left side of the machine and flows in a clockwise direction in the stator, making a 

complete flux cycle. When the rotor position is moved anti-clockwise by one-half 

electrical cycle, as shown in Figure 2.1(b), the same flux now reverses its direction of 

flow through the adjacent stator tooth.  

Polyphase motor using the FSM concept was first reported in 1997 by E. Hoang 

et al. [31]. Since then, many new and novel FSM topologies have been developed for 

 
 

 
(a)     (b) 

Figure 2.1: Rotor position of flux switching inductor alternator, (a) θ = 0 degree 
(b) θ = 90 degrees [30] 
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various applications, ranging from low-cost domestic appliances to heavy-duty 

applications such in automotive drive system, wind power generators and aerospace 

industries [12],[32],[33]–[38]. 

2.3 Classification of flux switching machines (FSMs) 

FSMs can broadly be classified into three groups, namely permanent magnet (PM) 

FSMs, hybrid excitation (HE) FSMs, and field excitation (FE) FSMs. PMFSMs and 

FEFSMs having a single excitation flux source each, which comes from PM and FE 

coil, respectively. HEFSMs, on the other hand, have two magnetic flux sources, one a 

PM and the other a FEC [32],[39]. The three sub-categories of FSM AC machines can 

be seen from the tree diagram shown in Figure 2.2.  

 

Figure 2.2: Various categories of electrical machines. 
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2.4 Permanent magnet flux switching machines (PMFSMs) 

A working prototype three-phase PMFSM was first demonstrated by E. Hoang in 1997 

[31]. Since then, many new designs have been proposed for various applications to 

achieve better performance either in terms of output torque, power, maximum speed, 

or machine efficiency. Nevertheless, this machine utilizes a unipolar flux in the stator, 

thus limiting the maximum torque that can be achieved  [40]. The bipolar flux FSM 

proposed in [41] overcomes the limited torque capability of FSMs by enabling a 

greater flux density to be created in the air gap, and hence doubling the maximum 

torque that can be produced.  

The list below gives the different types of PMFSM that have been developed for 

different applications.   

(i) Single-phase to multi-phase PMFSM [31],[42]–[44]. 

(ii) Rotary and linear PMFSMs [45]–[50]. 

(iii) Radial, axial-field, and transverse flux PMFSMs [35], [51], [52]. 

(iv) Fault-tolerant PMFSMs [50],[53]. 

(v) Outer-rotor PMFSM [23]. 

(vi) E-core and C-core PMFSMs [54],[55] 

(vii) Segmental rotor PMFSM [56] 

(viii) Single-tooth or multi-tooth rotor pole of PMFSMs [57],[58],[59] 

 

Six different three-phase PMFSM topologies are illustrated in Figure 2.3. 

Figure 2.3(a) shows a typical three-phase 12S-10P PMFSM, where the salient pole 

stator core consists of modular U-shaped laminated segments, with the armature coil 

wound in a concentrated arrangement. The PM, on the other hand, is accommodated 

in between each U-shaped section of the stator core and is put opposite of each other  

[31]. The salient pole rotor geometry is similar to that of SRMs, making PMFSM more 

robust and suitable for high-speed applications. However, in contrast with the 

conventional IPMSM, the coil slot area is slightly reduced when the magnets are 

moved from the rotor to the stator. The reduced slot area reduces the number of coil 

windings that can be used and hence lowers the output torque of the machine. 

However, the temperature rise in the magnet now becomes much easier to control by 

installing a cooling system. In addition, placing the PM on the stator gives the machine 

a high flux weakening capability while the higher per unit winding inductance obtained 
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(a)                                                          (b) 
 

       
                              (c)                                                            (d) 
 

     
 
                             (e)                                                        (f) 

Figure 2.3: Topologies of PMFSMs. (a) 12S-10P PMFSM with all poles wound, 
(b) PMFSM with alternate poles wound, (c) E-core PMFSM, (d) C-core 

PMFSM, (e) Multi-tooth PMFSM, (f) Segmental rotor PMFSM with all poles 
wound 
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makes the machine capable of providing constant power operation over a wide speed 

range [60],[61].  

R. L. Owen et al. has found that by removing armature windings of alternate 

stator poles the fault tolerant capability of the machine is improved [53]. In the FSM 

shown in Figure 2.3(b) armature windings A2, B2 and C2 have been removed, leaving 

the machine with only six armature windings. Thus, while the PM volume has not been 

reduced the fewer armature coils used results in less copper loss. Unfortunately, the 

topologies shown in Figures 2.3(a) and (b) use very high PM volumes that will increase 

the manufacturing cost. Hence, the PMs at the stator pole without the armature winding 

are removed and simple stator tooth is redesigned to form E-core 12S-10P PMFSM, 

as shown in Figure 2.3(c) [54],[62]. From this figure, half of the PM volume in Figure 

2.3(b) is removed, and the stator core is combined together to form E-Core stator. 

Further enhancement on the E-core structure in which the middle E-stator teeth is 

removed to enlarge the slot area, and successively a new C-core 6S-10P PMFSM is 

established as exemplified in Figure 2.3(d) [63].  

Recently, PMFSM with multi-tooth stator has been proposed as in [58] to 

improve the air-gap flux density and to reduce PM usage. As can be seen in Figure 

2.3(e), the end of the stator tooth has a bifurcated pole to allow the flux to flow easily 

through all rotor teeth. However, the disadvantage of this topology is the need to have 

a high number of rotor poles, which consequently requires an inverter supply 

frequency twice that used in the machine shown in Figure 2.3(d). Akim Zulu et al. has 

proposed a three-phase 12S-10P PMFSM topology with segmental rotor to reduce flux 

leakage and shorten the flux path [56]. Nevertheless, the segmental nature of the rotor 

makes it mechanically less robust and hence unsuitable for high-speed applications. 

2.5 Field excitation flux switching machines (FEFSMs) 

PM-excited FSMs characteristically use a high volume of PM, whose most important 

ingredients are the rare-earth elements Neodymium (Nd) and Dysprosium (Dy). 

Unfortunately, the increasing annual consumption of these elements has forced their 

prices to escalate steeply due to supply shortages [13]. To circumvent problems 

associated with the ever increasing price of these elements, research and development 

effort on FSMs have recently moved towards topologies that use little or no PM at all. 
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One topology that has been actively researched recently is the FSM with DC FECs. 

This FEFSM is a form of salient-rotor reluctance machine which uses both the 

principles of the inductor generator and the SRMs for its operation [64],[65]. By 

changing the rotor position the flux linking with the armature winding is automatically 

switched to the alternate path to continue providing the attractive force to turn the 

rotor. This approach leads to a much simplified design, lower manufacturing cost, and 

zero PM usage.  At the same time the FEFSM topology provides variable flux control 

capability, a feature that is very important in various operating conditions. 

To date, many different FEFSM topologies have been investigated [66]–[73]; 

one early example is the single-phase 4S-2P FEFSM with toothed-rotor, shown in 

Figure 2.4(a) [67]. In the single-phase 4S-2P FEFSM shown, two pairs of armature 

coil and FEC windings are located at the stator in an overlapped configuration; leading 

to a very simple design and requiring only a simple electronic controller. Figure 2.4(b) 

shows another example of single-phase FEFSM, this time a machine with 8S-4P 

topology [68]. Here the FEC windings are accommodated in four slots to produce 2 

pairs of alternate north-south magnetic poles, while the another four slots form two 

pairs of armature winding; with the armature coils and FEC windings overlapping each 

other. While the machine produces a higher output torque figure and efficiency value, 

the single-phase machine is exposed with problems such as low starting torque, large 

torque ripple, and a fixed direction of rotation. Furthermore, the overlapping of the 

armature coil and FEC results in longer end windings, thus increasing the copper loss. 

The main drawbacks of the single-phase FEFSMs outlined above are largely 

eliminated in the three-phase 12S-10P FEFSM shown in Figure 2.4(c), where the PMs 

in the 12S-10P PMFSM are replaced with FEC windings wound in the outer layer [69]. 

The shorter end windings result in much smaller stator copper losses and a higher 

starting torque due to increased flux linkage. Furthermore, the greater number of poles 

present in the three-phase 12S-10P FEFSM help reduce the torque ripple and also 

simplifies control of the direction of rotation.  Nevertheless, the output torque of the 

machine is somewhat lowered due to the presence of the unused stator teeth and 

isolated FECs, as indicated by the circles shown in Figure 2.4(c). 

Significant improvement in the output torque is obtained by applying 

segmental rotor design to the three-phase 12S-8P FEFSM, and choosing a concentrated 

winding arrangement over a distributed one. The use of a concentrated winding 

arrangement helps increase the flux linkage between the rotor and the stator, and at the 
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same time helps reduce the copper losses, as shown in Figure 2.4(d) [70]. As a 

consequent, the overall efficiency of the machine is improved. Nevertheless, the 

segmented FEFSM rotor is less robust than a salient rotor, making it inappropriate for 

use in machines operating at high-speeds. Currently, research are actively carried out 

to solve this issue.   

 

 

   

   (a)                                                               (b) 

 

  

                             (c)                                                                (d) 

Figure 2.4: Example of FEFSMs (a) 1-phase 4S-2P FEFSM (b) 1-phase 8S-4P 
FEFSM (c) 3-phase 24S-10P FEFSM (d) 3-phase 12S-8P segmental rotor 
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Recently, a three-phase 12S-10P wound field flux switching machine 

(WFFSM) with salient rotor has been proposed for hybrid EV (HEV) application [71]. 

The proposed machine architecture is illustrated in Figure 2.5(a). Tests carried out on 

the prototype machine fabricated confirmed robustness of the single-piece rotor design 

and measurements carried out on the machine indicated that a higher torque density 

can be achieved compared to conventional FEFSMs of similar dimensions. 

Nevertheless, the overlapping armature coil and FEC windings results in a less 

efficient machine due to high copper losses occurring in the coils. More recently, a 

 

     
(a)                                                       (b) 

 

 
(c) 

Figure 2.5: Three-phase salient rotor WFFSM (a) 12S-10P with overlapped 
windings, (b) 12S-10P with non-overlapped windings, (c) 6S-10P non-

overlapped windings 
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12S-10P WFFSM has been developed that combines the advantages of FEFSM with 

segmental rotor shown in Figure 2.4(d) and WFFSM shown in Figure 2.5(a). The 

resulting machine architecture is shown in Figure 2.5(b) [72]. However, this 12S-10P 

WFFSM proposed by F. Khan gave a low output torque due to the use of too many 

stator slots. Subsequent torque improvement was achieved by reducing the number of 

stator slots from 12 to 6 (see Figure 2.4(d)) and optimizing the stator and rotor 

dimensions [73].   

2.6 Hybrid excitation flux switching machines (HEFSMs) 

The vastly superior torque performance at low speeds coupled with a high power 

output over a wide speed range compared to conventional IPMSM has made the 

PMFSM very suitable for EV propulsion system. On the other hand, the ever 

increasing price of rare-earth magnets is making PM-based FSM machines 

economically uncompetitive compared to FEFSMs and HEFSMs.  In addition, 

PMFSMs are difficult to operate beyond their base speeds in the flux weakening 

region, which requires control of the armature winding current. Operating the PMFSM 

beyond its base speed requires a higher armature winding current, which results in a 

higher copper loss, reduction in operating efficiency and power capability, and also 

possible irreversible demagnetization of the PMs. On the other hand, FEFSMs have 

totally resolved the issue of high PM price by totally eliminating the need for PM in 

conventional PMFSMs. Nevertheless, the torque to weight ratio of FEFSMs reported 

to-date in the literature are still far below that required for EV application, unlike that 

of a PMFSM [71].  This characteristically low torque-to-weight ratio of FEFSM is 

overcome in the HEFSM, where both a secondary excitation coil and PM are used, 

albeit on a smaller volume. The main advantage of the HEFSM is a potentially much 

improved flux weakening capability, much higher power and torque densities, variable 

flux control capability, and higher operating efficiency [32],[44],[74]–[79]. 

2.6.1 HEFSM Topologies 

To date, various combinations of stator slots and rotor poles for HEFSMs have been 

tried, some of them are illustrated in Figure 2.6. The 6S-4P HEFSM shown in Figure 
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2.6(a) is one of the earliest topologies that has been designed, where the PMs, DC 

FECs, and armature coils are arranged in three layers on the stator; with the armature 

coil placed in the innermost layer followed by DC FEC in the middle layer, and the 

PMs forming the outermost layer. A detailed explanation of the 6S-4P HEFSM is given 

in [80] and [81]. The 6S-4P HEFSM, unfortunately suffers from a low torque density 

and a high copper loss due to the long excitation coil ends. Wei Hua, M. Cheng and 

G. Zhang has managed to substantially reduce stator copper losses in the HEFSM by 

replacing the 6S-4P topology with a 12S-10P, where as shown in Figure 2.6(b) a FEC 

was used together with PMs of smaller dimensions [82].  

In the alternative three-phase 12S-10P HEFSM topology proposed by E. 

Hoang et al. and shown in Figure 2.6(c) the FECs are located between the inner stator 

wall and the protruding bifurcated stator teeth [44],[83]. However, the machine 

suffered from a lower torque density due to the larger stator diameter required to 

accommodate the FECs. The original 12S-10P HEFSM design given in [44] has been 

improved and analyzed using finite element analysis. A significant high torque 

improvement has been achieved [32],[15]; unfortunately the efficiency of the machine 

is reduced due to the higher copper losses of the overlapping armature coil and FEC 

windings. On the other hand, the PMs in PMFSM topologies can be partially replaced 

by FEC windings and consequently, several HEFSM topologies were developed as in  

[84],[85]. Although they have no overlapped between the armature coil and FEC, the 

output torque capability is significantly reduced due to less PM volume. 

Furthermore,  from the 12S-10P E-core PMFSM mentioned in Figure 2.3(c) 

exhibits relatively higher torque density, a new HEFSM topology is proposed by 

inserting DC FECs at the middle teeth of the E-core stator shown in Figure 2.6(d) [86]. 

The outer diameter is kept similar as in 12S-10P E-core PMFSM and has delivered 

higher output torque density compared with the original E-core PMFSM. 

All the HEFSMs mentioned above are having theta direction of armature coil 

and DC FEC that creates problem of PM flux cancellation at high FEC current density. 

More recently, a novel HEFSM with radial direction of FEC is developed as shown in 

Figure 2.6(e) to overcome the drawbacks of PM flux cancellation in the conventional 

series of PM and FEC slot in Figure 2.6(c) [78]. Obviously, the machine has performed 

good torque achievement and compete with the other HEFSMs.   

With the abovementioned HEFSMs, the PMs on the stator may create the 

following problems: 
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(i) The series PM and DC FEC limits the flux-adjusting capability due to 
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        (c)                                           (d) 
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Figure 2.6: Example of HEFSMs (a) 6S-4P HEFSM (b) 12S-10P Inner FEC 
HEFSM (c) 12S-10P Outer FEC HEFSM (d) 12S-10P E-core HEFSM (e) Radial 
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low permeability of the PM, Figure 2.6(a). 

(ii) The flux generated by PM is reduced by the flux path of DC FEC at 

high current density for high torque production, Figures 2.6(b) and (c). 

(iii) Torque density may decrease due to less PM volume, Figure 2.6(d). 

(iv) The stator segmented structure causes difficulty in the manufacturing 

process, Figures 2.6(b) and (d). 

(v) Un-sinusoidal back-emf due to high harmonic content and insufficient 

stator yoke width between the armature coil slot and FEC slot resulting 

in flux saturation, thus reducing the optimal performance, Figure 2.6(e). 

(vi) PMs are located along the stator radial of HEFSMs in Figures 2.6(a), 

(b), and (d), which has brought flux leakage outside and no contribution 

in torque production. 

Based on various topologies discussed above, the 12S-10P HEFSM in Figure 

2.6(c) with a single piece of stator and FEC at outermost stator body has brought 

advantages of high torque production, simple manufacturing process and is considered 

the best candidate to be further investigated. Therefore, the concept has been chosen 

and applied for the new topology of outer-rotor HEFSM proposed in this thesis. 

2.6.2 Design of HEFSMs 

The developed HEFSMs are mainly focused on providing variable speed-torque and 

constant power applications. In conventional PM machines, high torque and power 

densities are not the issue for a single operating point applications. In addition, there 

are much easier to manufacture and require no additional power converter for DC coils 

as in the HEFSMs. However, for variable speed applications, especially when used for 

EV or HEV, which requires wider speed range, the existence of hybrid excited flux 

sources are more essential in providing additional degree of freedom that can be used 

to enhance the efficiency in most operating regions. In this section, a design approach 

of hybrid excitation structures is briefly discussed. First, analytical modeling methods 

used in the design of hybrid excitation structures are presented. Then, the optimisation 

of HEFSM is discussed to clear up the applied methods. 

Different analytical models, based on the formal solution of Maxwell equations 

have been developed in [87]–[90]. In [89], an analytical model has been used for a 
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series of hybrid excitation in which the formal solution of Maxwell equations are 

proposed. The main reason of this method is to reduce execution time and to enable 

the handling of variation parameters. While in the optimisation process, all the related 

parameters such as rotor pole depth, rotor pole width, PM depth, PM width, etc. are 

needed to be tested to deliver possible value for the best performance. However, it is 

considered that the iron permeability of the machines are infinity to solve the problem 

and magnetic saturation is not taken into consideration. If the magnetic saturation is to 

be considered, a model based on the equivalent magnetic circuit must be adopted. 

Some designs of the hybrid excitation machines that applied this technique have been 

discussed in [41],[91]–[94]. Nevertheless, due to the complex topology of the 

machines, it is quite difficult to set a proper equivalent model in which the right 

estimation must be made accordingly. 

On the other hand, FEAs are broadly used to study and design not only for 

hybrid excitation machines but also for other types of machines. However, the main 

disadvantage of this approach is the time-consuming process to execute the design 

study especially for 3D design. Therefore, this technique normally takes longer to 

complete the design and optimisation process. 

2.6.3 Outer-rotor flux switching machines 

In recent years, research on in-wheel direct drive motor for EV propulsion system has 

become more attractive due to their several advantages. From forgoing literature 

obtained from [19],[95]–[97] stated that the in-wheel outer rotor machines have 

benefits of independent wheel controllability, higher torque density and efficiency 

over conventional inner-rotor structure. On the other side, the large space previously 

occupied by the necessary mechanical components such as transmission gear, speed 

reduction shafts, and differential in conventional EVs can be eliminated, thus reducing 

the overall weight of the vehicle and energy losses due to friction. However, most of 

the documented researches of outer-rotor machines are mainly discussed either in 

PMSMs or SRM [7],[19],[20]–[22],[96],[97]. However, due to the increasing cost of 

PM materials and problems of heat management in PMSMs, high torque ripple and 

acoustic noise problems of SRMs bring the opportunity for further investigation on 

outer-rotor machines to be applied for in-wheel direct drive EVs. 
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In the case of FSMs, the 12S-22P PMFSM is the earliest outer-rotor 

configuration that has been proposed only for light EV applications [23]. The design 

structure is illustrated in Figure 2.7. It has successfully attained sinusoidal back-emf 

and high torque at low speed. Nevertheless, constant PM flux of PMFSM makes it 

difficult to control, which requires field weakening flux control when operated beyond 

their base speed conditions. In addition, with the PM placed along the radial of the 

stator that might cause flux leakage and PM demagnetization effect, it should be 

avoided in field weakening operation [98]–[100]. Moreover, with the V-shaped stator, 

it is difficult to be optimized  if the PM volume is kept constant. On the other hand, 

36S-21P of WFFSM has been proposed as described in [38]. A segmented outer-rotor 

has been adopted to enhance the performance by effecting bi-directional flux flow. 

Thus, the machine is mechanically less robust, while huge size of machine is 

developed to attain high torque capability. Therefore, the machine is less suitable to 

be used for in-wheel direct drive EV applications. 

Despite from numerous published documents and owing to the highlighted 

problems of outer-rotor FSMs, there appears to be an opportunity to investigate of 

outer-rotor HEFSM (OR-HEFSM) for in-wheel drive EV application. With the 

advantages of HEFSM as previously underlined, this thesis deals with a new structure 

of OR-HEFSM to overcome the above mentioned drawbacks. 

Furthermore, because the optimal torque performance requires high current 

densities, good cooling system should be considered. An air-cooling system is not 

sufficient to keep the temperature of NdFeB within the allowable range (i.e. 150 ºC) 

[69], because all the active parts of FSMs (namely the PMs and conductors) are located 

at the inner stator, and they operate with high current densities. Therefore, a more 

practical approach is to use a direct liquid cooling system previously proposed for 

outer-rotor machine, which effectively managed the temperature rise on the conductors 

and PMs [101]. High temperature superconducting windings with cooling containers 

[102] can also be considered. 
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2.6.4 Operating principle of OR-HEFSM 

The term flux switching was introduced due to the excitation of the flux linkage, which 

switches the polarity as a result of the motion of the salient pole rotor. An in-depth 

operating principle of the proposed OR-HEFSM is illustrated in Figure 2.8, where the 

upper part is the salient rotor core while the lower part represents the stator body, 

which consists of PM, armature winding, and FEC winding. The excitation fluxes of 

both PM and FEC are indicated by the red and blue line, respectively. The polarity and 

the direction of both the PM and FEC fluxes are in the same manner, in which the rotor 

pole is receiving flux from the stator as shown in Figure 2.8(a). Both fluxes are 

combined and move together into the rotor, producing more fluxes called the hybrid 

excitation flux. When the rotor pole moves to the next stator teeth, as shown in Figure 

2.8(b), the fluxes on the same rotor pole will leave for the current stator teeth, meaning 

that the polarity of the fluxes on the same rotor poles have changed. Furthermore, in 

Figures 2.8(c) and (d), the polarity of FEC is in a reverse direction, and only the flux 

of the PM flows into the rotor, whilst the flux of the FEC just moves around the FEC 

slot area, thus producing less flux excitation. The flux does not rotate but shifts 

 

 

Figure 2.7: 12S-22P outer-rotor PMFSM [23].  

V-shape 
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stator 

Outer-rotor 
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clockwise and counter-clockwise in accordance with each armature current reversal. 

Therefore, the flux of PM can be easily controlled by DC FEC, in which it provides 

variable flux control capabilities even at field weakening and field strengthening 

conditions.  

2.7 Dynamic model and equivalent circuit of OR-HEFSM 

The OR-HEFSM can be modelled using general theory of PM synchronous machine 

to verify the original method of calculation. In PM synchronous motor, the PM is 

mounted on the rotor and armature winding is located in the stator while in FSM, both 

armature and PM are located in the stator, while for hybrid excitation there is an 

additional field excitation winding in the stator. The FSM completed two electrical 

cycles per revolution as opposed to the one by synchronous machine. The 

transformation of the state variables (voltages, current, and fluxes) from the uvw 

 

 
(a)                                          (b) 

 

 
                                        (c)                                           (d) 

Figure 2.8: Principle operation of OR-HEFSM (a) θe = 0º (b) θe = 180º more 
excitation, (c) θe = 0º (b) θe = 180º less excitation. 
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stationary frame into the rotating dq0 coordinates, is accomplished by using the 

amplitude-invariant transformation matrix defined as in Equation (2.1) [93], [103]. 
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Where θ is the angle between the stator U- phase and field flux. On the contrary, the 

state variables in the uvw stationary frame can be obtained from the rotating dq0 

components using the inverse amplitude-invariant transformation matrix; 
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For more accurate modelling, the implemented OR-HEFSM dynamic model 

takes into account the iron losses, specifically the eddy current losses. They are 

modelled by a resistor Rc, which is inserted in parallel with the magnetizing branch of 

the equivalent circuit, so that the power losses depended on the air-gap flux linkage 

[104]–[106]. Thus, the d-q axis currents of id and id are divided into iron loss currents 

(icd, icq) and magnetizing currents (imd, imq), as shown in Figure 2.9, which is developed 

from the combination of PMSM and wound field synchronous machine (WFSM) 

[70],[103].  

Assuming that the spatial distribution of flux density in air-gap under DC FEC 

and PM is sinusoidal and symmetrical three-phase sinusoidal current is fed to OR-

HEFSM, d-q modelling approach for OR-HEFSM control similarly to conventional 

AC machines can be introduced. Taking into account the effects of magnetic saturation 

due to the increase in current and interference of each axis on each machine parameter, 
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