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Abstract 

This thesis investigates different topologies of switched flux permanent magnet (SFPM) 

machines and variable flux (VF) methods for high speed applications.   

Although several novel topologies of SFPM machines have been proposed and investigated 

recently, their torque-speed capability has not been studied systematically. Therefore, the 

torque-speed capability as well as the open circuit and electromagnetic performance of 

conventional SFPM machines with three different stator/rotor pole combinations, i.e. 12/10, 

12/13 and 12/14, and three novel SFPM machine topologies, i.e. multi-tooth, E-core and C-

core are analysed and investigated by the finite element (FE) method and experiments. 

Moreover, in order to improve the flux-weakening capability of these machines a variable 

flux method using flux adjusters (FAs) is employed and the corresponding electromagnetic 

performance of the machines are investigated, analysed and compared. Both FE and 

measured results show when the FAs are used the torque-speed capability of the three 

conventional machines can be improved significantly, while no improvement is shown in the 

three novel topologies primarily due to the large winding inductances.  

The technique of using flux adjusters has been improved by reducing the number of FAs. 

Thus, a new mechanical variable-flux machine topology, which uses only half of FAs outside 

the stator at alternative stator poles, is proposed, developed and analysed. Open circuit 

results, electromagnetic performance and torque- and power-speed curves of the 12/10, 12/13 

and 12/14 stator/rotor pole SFPM machines with alternative FAs are predicted and compared 

by 2D and 3D-FE, and experimentally validated.  

Furthermore, a novel SFPM machine topology with radial and circumferential PMs is 

proposed, investigated and optimized. This topology reduces the stator flux leakage and 

offers high magnetic utilization. Moreover, this topology can also be developed as a 

mechanical variable flux machine.  

Finally, three SFPM machines with variable flux techniques, i.e. mechanically movable flux 

adjusters (MMFA), mechanically rotatable permanent magnet set (MRMS) and hybrid 

excitation with backside DC coils (HEBC) are analysed. Their open circuit results and 

electromagnetic performance with emphasis on torque-speed characteristic are investigated 

and compared. Additionally, the required power to switch between flux weakening and 
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strengthening states, flux weakening capability and permanent magnet demagnetization 

withstand capability are predicted, analysed and compared.  

The influence of end-effect on the torque-speed capability in the conventional, multi-tooth, E-

core and C-core SFPM machines is investigated. Measurements and 3D-FE are performed to 

obtain the torque-speed curve in order to validate the findings of the research. The 3D-FE 

predicted results match well with the measured results, while the 2D-FE predicted results are 

lower due to the high end-effect in the SFPM machines.    
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1. General Introduction 

1.1. Introduction  

The significant achievements in the fields of magnetic materials, power electronics and 

controlling methods in the last four decades led to a further development in brushless 

permanent magnet (BLPM) machines. Various types of permanent magnet (PM) machines 

which contain the PMs on the rotor were developed, e.g. surface-mounted (SPM), inset, 

interior and radial interior (IPM). Moreover, based on the flux switching method, three new 

types of PM machines where the magnets and the armature windings are both located on the 

stator were proposed. These machines are doubly salient (DSPM), flux reversal (FRPM), and 

switched flux (SFPM), all of which have a simple salient pole rotor without any active parts, 

i.e. windings or magnets. 

SFPM machines have several advantages which make them suitable for many industrial 

applications, such as automotive, aerospace and wind power. The location of the magnets and 

armature windings on the stator leads to simple and robust rotor, as well as easy and efficient 

cooling. In addition, high torque and power density can be exhibited in SFPM machines due 

to the utilization of flux focusing. Moreover, although concentrated winding is used, 

sinusoidal back-EMF waveform still can be achieved. Overall, the merits of the SFPM 

machine can be summarised as:  

¶ Simple and robust rotor, suitable for high speed applications 

¶ Magnets and armature windings are located on the stator, easy management of the 

temperature as well as easy to identify demagnetized magnets 

¶ High power and torque density due to flux focusing  

¶ Sinusoidal back-EMF waveform suitable for brushless AC (BLAC) applications 

¶ Concentrated winding leads to low copper usage and consequently copper loss  

However, the inductance of the conventional SFPM machine is relatively low when PM flux 

linkage is high and electric loading is low. Therefore, the SFPM machines suffer from short 

operating speed range and low flux weakening capability. Nevertheless, another advantage of 

the SFPM machine is the ability to modify the machine structure in order to include 

additional components to introduce variable flux ability while the machine is operating, this 

type of machine is known as variable flux permanent magnet (VFPM). Moreover, VFPM 
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machines are those which contain methods to adjust the PM flux level during the operation, it 

can be strengthen or weaken the PM flux which provides the flexibility of controlling the 

efficiency across the machine operation cycle as well as achieving high speed range. The PM 

flux adjusting can be achieved electrically by adding DC excitation winding, these machines 

are known as hybrid excitation machines, or mechanically by including extra mechanical 

components, or by other types of techniques.  

This thesis investigates and compares the electromagnetic performance and torque-speed 

characteristics of several SFPM machine topologies. Mechanical variable flux methods are 

applied to these machines in order to improve the torque-speed characteristics and 

compromise between the mechanical complexity and performance of the machine. The 

following sections provide introduction and review of SFPM and VFPM machines. 

1.2. Electrical Motors in Hybrid and Electric Vehicles  

In the past four decades a large increase in the environment temperature has been recorded 

worldwide which led to an international warning regarding the global warming. Therefore, 

efforts are made in order to reduce the extensive emission of greenhouse gases such as carbon 

dioxide (CO2). Since the conventional internal combustion engine (ICE) vehicles are one of 

the main sources of the CO2 emission, hybrid electric vehicles (HEV) and electric vehicles 

(EV) are proposed and developed as a solution for this issue. Electrical motors are the key 

component of the HEV and EV, as a result motors for such applications have gained 

extensive research interest in the field of electrical machine design and control.     

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 is 

used 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.  
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Moreover, SFPM machines have gained extensive research interest since they combine the 

advantages of large torque capability due to the utilization of the flux focusing effect and low 

copper usage since concentrated windings are employed. Additionally, robust rotor and easy 

cooling can be achieved since the active parts, i.e. PMs and windings are both located on the 

stator as stated previously. Moreover, it has been found that the SFPM machine can achieve 

similar torque and power density as that in IPM and SPM machines as it will be stated later 

(see section 1.4.6). However, as mentioned previously, conventional SFPM machine has 

relatively low speed range and hence it is inadequate for such applications. Therefore, the 

research of this thesis is focusing on investigating different topologies of SFPM machines 

with high speed capabilities and introduces variable flux techniques to solve this issue.     

1.3. Origin of Switched Flux Machine 

The concept of SFPM machine was proposed first in the year 1955, by Rauch and Johnson 

[1]. The machine was first introduced as flux switching alternator. However, due to the weak 

magnets and the absence of reliable electronic converters at that time, the machine was very 

simple and academic. Another machine known as Lawôs relay actuator was described as an 

origin idea of the SFPM machine. This topology was proposed in the year 1990 by Bolton 

and Shakweh, but it can be dated back to 1952 [2].    

However, due to the significant improvements in electronic inverters and controlling 

methods, as well as the invention of new high energy-product rare earth permanent magnets 

the flux switching method was re-investigated in the late 1990s and was the key to three new 

different types of permanent magnet machines, i.e. DSPM [3, 4], FRPM [5-7] and SFPM.    

1.3.1. Flux switching alternator 

Fig. 1.1 shows the flux switching alternator, the rotor contains a two-pole salient stack, while 

the stator includes two permanent magnets with a pair of iron yokes and windings around 

each yoke. Fig. 1.1 (a) shows the first operation case of the flux path in the machine 

indicating a flux linkage direction from left to right in both windings shown by the arrows. In 

the second case, Fig. 1.1 (b), the rotor moves 180 electrical degrees, thus the flux linkage 

direction is reversed but it still has the same amount as in the first case. A reversal of flux 

polarity occurs each half cycle of the rotation period allowing the rotor to maintain the 

motion and to produce the electromagnetic torque.    
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(a) Operation case 1: left to right flux path (b) Operation case 2: right to left flux path 

Fig. 1.1 Flux switching alternator. 

1.3.2. Lawôs relay actuator 

The structure of this actuator is similar to the flux switching alternator, a simple robust rotor 

is employed with a stator containing a pair of permanent magnets and coils wound around 

pair of iron yokes. Figs. 1.2 (a) and (b) show the operation principle and the flux linkage 

circuit of the machine. The direction of the flux is from left to right in the first case, the 

rotation is maintained when the flux is switched as the rotor rotates 180 electrical degrees.  

  
(c) Operation case 1: left to right flux path (d) Operation case 2: right to left flux path 

Fig. 1.2 Lawôs relay actuator. 
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1.4. Switched Flux Permanent Magnet Machine 

Switched flux permanent magnet machine is an AC brushless permanent magnet machine 

which has a topology mixed of doubly salient stator structure and a robust rotor similar to that 

of switched reluctance machine, Fig. 1.3. This machine has the advantages of high power and 

torque density, and high efficiency. It is recognised by the easy to control temperature and the 

high speed [8]. Figs. 1.3 (a) and (b) shows the cross-section of SFPM machine with all and 

alternate pole windings, respectively. 

 

 
(a) All pole winding (b) Alternative pole winding 

Fig. 1.3. Switched flux permanent magnet machine. 

1.4.1. Structure  

As mentioned previously, the rotor is simple and robust similar to that of switched reluctance 

motor and the stator is designed based on the doubly salient machine. Each stator pole made 

by two ferromagnetic laminated cores shaped like ñUò with a magnet between and 

surrounded by the concentrated armature winding. The magnets are circumferentially 

magnetized in alternative opposite directions [9]. The winding configuration depends on the 

number of the rotor poles and the magnetization direction of each stator pole, Fig. 1.4. 
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Fig. 1.4 Linear section of SFPM machine presents the permanent magnets orientation and the 

winding configuration. 

1.4.2. Operation principle 

Fig. 1.5 presents the operation principle of the SFPM machine. When the rotor pole aligns 

with one of the stator teeth over the wound area, the flux linkage will complete a close circuit 

by passing through the rotor to the stator and through the permanent magnet and back to the 

rotor again, Fig. 1.5 (a). While the rotor moves the rotor pole lines up with the same stator 

tooth which is belongs to the same coil and the flux linkage completes a close circuit again, 

Fig. 1.5 (b). The permanent magnet provides the same flux linkage during the operation while 

the polarity being switched hence it is called switched flux machine. However, since the flux 

linkage completes a full circuit the SFPM machine has bipolar flux linkage [3]. 

 

  
(a)  (b)  

Fig. 1.5 Operation principle of SFPM machine. 
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1.4.3. Winding configurations 

1.4.3.1. Coil connections 

In order to determine the combination of stator and rotor poles in SFPM machines, the 

following equations are used to obtain the possible combinations [10]: 

ὔ ὑά                                                              (1-1)  

ὔ ὔ ὑ                                                           (1-2) 

where m is the number of phases, K1 and K2 are integers. K1 should be even when m is an odd 

number since the stator pole number must be even.  

When the number of phases is even, any two opposite sectors are belonging to different 

phases. The phase coils defined by drawing one sector contains 2ˊ/m radians. For other 

phases, the sector rotates by 2nˊ/m (where n is integer n=1, 2, ..., m-1). It is worth mentioning 

that this method works for all even numbers excluding 2.  

If the number of phases is odd, the coils belonging to one phase can be obtained by drawing 

two opposite sectors having 2ˊ/m radians. Other phase sectors rotate by 2nˊ/m (where n is 

integer n=1, 2, ..., m-1). This method works for 2 phases as well as any odd number of 

phases. 

1.4.3.2. Winding factor  

The winding factor can be presented as: 

ὑ ὑὑ                                                              (1-3)  

Kd and Kp are the distribution and pitch factors, respectively. They are defined by: 

ὑ                                                               (1-4) 

ὑ ὧέί“ὺ ρ                                                     (1-5) 

where A, v and Ŭ are the number of back-EMF vectors, the order of the harmonics and the 

angle between two adjacent vectors, respectively. In general, a SFPM machine has a 

relatively high winding factor. The distribution factor normally reduces and the pitch factor 

increases when the number of stator poles increases.   
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1.4.4. Performance analyses 

Based on the general analysis the PM flux linkage is sinusoidal verses the rotor position. 

Therefore, the back-EMF is essentially sinusoidal which makes this machine suitable for 

brushless AC drive operation. SFPM machines are also characterised by high irreversible 

demagnetization withstand capability since the armature reaction flux in the machine does not 

pass through the PMs. This makes the machine suitable for flux weakening control. Since an 

assumption has been made that the flux-linkage and hence the back-EMF are sinusoidal, AC 

current is used to produce the unidirectional torque and power. The electromagnetic torque of 

a SFPM machine is given by [11]: 

Ὕ ὔ   Ὅ ὒ ὒ ὍὍ                                             (1-6) 

where Ɋpm is the PM flux linkage, Id, Iq, Ld and Lq are the d- and q-axis currents and 

inductances, respectively. However, since the inductances in the SFPM machine are 

relatively constant and the saliency ratio is close to 1, the reluctance torque is negligible and 

the SFPM machine torque is a product of permanent magnet torque only [9]. Therefore, the 

torque can be simplified to: 

Ὕ ὔ  Ὅ                                                            (1-7) 

However, by using flux weakening control, the machine power is controlled by the inverter, 

therefore two basic equations for the current and voltage constraints, i.e. maximum current 

and maximum voltage, Imax and Umax, are defined as [12]: 

Ὅ Ὅ Ὅ                                                              (1-8) 

Ὗ Ὗ Ὗ                                                            (1-9) 

The maximum phase voltage of the machine can be found by: 

ὒὍ ὒὍ                                          (1-10) 

The machine speed ɤ can be found by:  

‫                                                    (1-11) 
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When U=Umax, Id=-Imax and Iq=0, the armature current is used to weaken the PM flux, then the 

maximum operation speed at which the machine can reach is: 

‫                                                     (1-12) 

However, when Ɋpm Ò Ld Imax the motor speed is theoretically infinite. Thus, a factor Kfw, flux 

weakening factor, is defined in order to evaluate the flux weakening capability of the 

machine: 

ὑ                                                             (1-13) 

Obviously, the higher the flux weakening factor, the better the flux weakening capability of 

the machine. When the factor is equal to 1, the best performance can be obtained since 

theoretically infinite maximum speed can be expected. Nevertheless, despite the fact flux 

weakening factor higher than 1 can maintain high flux weakening capability, the influence of 

either low PM flux linkage or high inductance leads to low maximum power. Therefore, it is 

preferred to design the machine with the factor close to unity. 

Moreover, the flux weakening factor equation can be extended since the permanent magnet 

flux linkage can be presented as Ɋpm= Na Bm Am where Bm is the magnetic loading, Am is the 

cross-section area of the magnet and Na is the number of turns per phase, assuming the flux 

leakages are neglected and the winding factor is 1. Additionally, the maximum current can be 

presented as: 

 Ὅ
Ѝ

                                                           (1-14)  

Hence, the flux weakening factor can be presented as: 

ὑ
Ѝ

                                                          (1-15) 

where Kpa is the windings packing factor and Aslot is the area of the stator slot. This equation 

also can be further extended by adding the current density Js=Ia/Awire where Awire is the area of 

the copper and Ia is the phase current, and by assuming a simple geometrical design which is 

used the magnetic loading can be presented as Bm=lm Br/lm+µolg where Br, lm and lg are the 

airgap flux density and the length of the airgap and magnet, respectively. The extension of 
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the flux weakening factor equation would be complex due to the large number of parameters 

but it can be presented as: 

ὑ ´
 ȟ ȟȟ ȟ 

ȟ ȟȟ ȟ ȟ
                                                      (1-16)  

Each parameter presented in the above equation can be adjusted to improve the flux 

weakening characteristic either before or after the machine is fully designed and constructed. 

The flux variation methods in VFPM machines are in fact an adjustment of one of these 

parameters.  

1.4.5. Torque-speed characteristics 

Although the PM machines can be designed to produce the rated torque over the entire speed 

range, the requirements for a large inverter and low phase inductance could be an issue since 

large inverters place a higher demand on power device switching requirements and might 

create high short circuit current which could damage the machine winding and/or the inverter. 

Therefore, it is preferred to have a machine with high inductance and use flux weakening 

control method to drive the machine [13-15].   

The torque-speed characteristics of several PM machines are investigated in [16-25]. The 

torque speed curve is divided into three regions: constant torque region, flux weakening or 

constant power region and maximum speed limit. Fig. 1.6 presents the maximum torque per 

amp and voltage vector trajectories of conventional SFPM machine and torque-speed curve 

regions. 
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(a) Maximum torque per ampere and voltage vector trajectories of SFPM machine 

 
(b) Torque-speed regions in SFPM machine 

Fig. 1.6 Torque-speed characteristics of SFPM machine. 

1.4.5.1. Constant torque region, (ⱷ ⱷ╫╪▼▄), (╘□╪● ╘╪) and (╤□╪● ╤╪) 

This region starts from the start of the motor until the base speed ɤbase. In this region the 

inverter supplies the motor with the rated voltage and current, the current angle equal to zero 

therefore the q-axis current equal to the rated current while the d-axis current is set to zero. 

The flux in airgap is a combination of the PM flux and the q-axis current flux. Fig. 1.7 

presents the phase diagram of the constant torque region. The current is constant in this 

region and the current vector is fixed at A1, Fig. 1.6 (a). The current is presented as: 

Ὅ Ὅ ,  Ὅ π  and  Ὅ Ὅ Ὅ 
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Fig. 1.7 Constant torque region. 

1.4.5.2. Flux weakening region, (ⱷ╫╪▼▄ⱷ ⱷ□╪●), (╘□╪● ╘╪) and (╤□╪● ╤╪) 

This region starts from the base speed ɤbase and extends to the maximum speed ɤmax. In this 

region the rated voltage is constant while the current angle varies. D-axis current starts 

increasing due to the requirement of d-axis flux to oppose the PM flux, the q-axis current 

makes the contribution of q-axis flux in the airgap which reduces so that the voltage keeps 

constant. With large inductance the current angle would change fast so the current keeps the 

voltage constant that may causes a large drop in the flux weakening region. Fig.1.8 presents 

the phase diagram, the current is varying in this region and the current vector moves from A1 

to A2, along the current-limit circle as the speed increases, Fig. 1.6 (a). The current presented 

as: 

Ὅ Ὅ ίὭὲ‍,  Ὅ Ὅ ὧέί‍ and  Ὅ Ὅ Ὅ 

where ɓ is the angle between the d- and q-axis currents and varies from 0° to 90°. 

However, when the flux weakening factor is higher than 1, i.e. Imax>Ɋpm/Ld, a second flux 

weakening region can be achieved when Id=-Ɋpm/Ld by decreasing the Iq and consequently 

higher speed range can be achieved. In this region, the current vector moves from A2 to A3 

along the maximum-output trajectory, Fig. 1.6 (a). 
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Fig. 1.8 Flux weakening region. 

1.4.5.3. Maximum speed region, (ⱷ ⱷ□╪●), (╘□╪● ╘╪) and (╤□╪● ╤╪) 

While the speed increasing, the back-EMF increases from one side and the voltage drop 

across the inductance increases proportionally from other side. At a certain speed when the 

PM flux to inductance value is exceeding the rated current in the inverter both back-EMF and 

the voltage drop across the inductance would be in phase. Beyond this speed the machine is 

unable to produce torque and no longer can operate, Fig. 1.9. The current vector in this case 

is fixed at A3 along the maximum-output trajectory, Fig. 1.6 (a). The current in this region is 

presented as:      

Ὅ π,  Ὅ Ὅ  and  Ὅ Ὅ Ὅ 

 

Fig. 1.9 Maximum speed limit. 
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It is important to mention the losses are neglected in the expressions above due to the 

complication. Accounting for the losses would reduce the maximum speed due to the lower 

induced voltage that caused by iron loss. Also the current value and angle would differ due to 

the copper loss, inverter losses and the faults in supplying the current feedback and rotor 

position. The voltage supplied by the inverter is constant but some dropping would occur due 

to the inverter losses. 

1.4.6. Research in SFPM machines 

There has been an extensive research on SFPM machines in the past 10 years including 

performance investigation using lumped parameter circuit [9, 26], optimization of design 

parameters [27, 28], comparison of different stator and rotor pole combinations [29-31], 

study of the cogging torque [32-34], torque ripple analyses [35, 36],  investigation of the 

inductances [37, 38], study of the end-effect influence on the performance [39-41], 

calculation of the losses [42-47] and investigation of different control strategies [48-50]. 

Moreover, comparative studies of SFPM machine with other types of PM machines are 

presented in [3, 51-53]. Overall, the SFPM machine shows a significant potential as a strong 

candidate for several industrial applications such as aerospace, automotive and wind power. 

Therefore, several topologies with different features are derived from the original structure of 

the conventional switched flux machine. The next section of this chapter is focusing on the 

different topologies of SFPM machine. Generally, the advantages and drawbacks of the 

SFPM machines can be summarised as shown in Table 1.1.      

Table 1.1 Advantages and drawbacks of SFPM machines 

Advantages Drawbacks 

¶ Simple and robust rotor 

¶ Flux focusing utilization 

¶ Sinusoidal back-EMF waveform 

¶ Easy to manage the temperature rise 

¶ Suitable for applying external variable 

flux components 

¶ Easier to identify demagnetised magnets 

¶ Less copper usage and copper loss 

¶ Low over load capability due to magnetic 

saturation 

¶ Complicated stator structure 

¶ Small slot area  

¶ Large magnet volume 

¶ Stator outside leakage 

¶ Inherently unchangeable PM flux 
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1.5. Different Topologies of SFPM Machine 

Several topologies have been derived from the standard structure of the conventional 3-phase 

SFPM machine to fulfil the different requirements and cost restrictions. Cheaper SFPM 

topologies using less magnetic material or DC coils to replace the rare earth magnets, novel 

topologies with fault tolerance capability, linear and tubular SFPM topologies for linear 

motion applications, and external rotor topologies for direct-drive applications have been 

proposed and developed [54-82]. In this section the different SFPM machine topologies are 

categorised and reviewed.         

1.5.1. Less magnet usage topologies 

Several SFPM topologies are proposed to reduce the magnet usage while improving or 

maintaining the electromagnetic performances equivalent to the conventional SFPM machine. 

The indication behind these topologies is increasing the slot area by reducing the volume of 

the magnets therefore higher electric loading will maintain or even improve the torque 

performance compared to the conventional SFPM machine. Fig. 1.10 presents the multi-

tooth, E-core, C-core and thin-PM SFPM machine topologies.    

In order to reduce the magnet usage the alternative wound conventional SFPM machine 

topology is used. The stator poles without windings are replaced by stator teeth, Fig. 1.10 (a). 

Since the lamination core design is shaped like letter ñEò thus the machine is named E-core, 

the magnetic orientation has to be redone alternatively for 6 permanent magnets. Comparing 

with the conventional SFPM machine which has the same outer diameter, E-core has higher 

torque density at the same rated current [54]. Moreover, the C-core machine is an alteration 

of the E-core SFPM machine by removing the extra iron cores between the two stator poles, 

i.e. replacing the E-core with C-core shaped lamination, Fig. 1.10 (b). Similar to the E-core 

machine, the C-core topology has better torque performance compared to that of the 

conventional SFPM machine having the same size [55].  

Furthermore, the multi-tooth topology has an even or odd number (>1) of teeth in each stator 

pole, whereas the number of rotor poles in multi-tooth is usually high due to the multi stator 

teeth, Fig. 1.10 (c). In terms of electromagnetic performance the multi-tooth produces high 

torque at low electric loading but saturates quickly as the electric loading increases compared 

with the conventional SFPM machine which has same stator outer diameter [56-58]. On the 

other hand, a thin-PM SFPM machine topology is developed to reduce the magnetic material 
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usage [59]. This machine has same structure as the conventional SFPM machine but with 

thinner PMs, Fig. 1.10 (d). 

Another SFPM machine topology has been proposed using ferrite magnets instead of the 

expensive rare earth NdFeB magnets. Although this machine has the same amount of PM 

material as the conventional SFPM machine, it is classified as cheap topology due to the 

usage of ferrite magnets. This topology consists of two PMs sandwiched in each stator pole in 

order to increase the flux focusing effect [60].     

  
(a) E-core topology (b) C-core topology 

  
(c) Multi -tooth topology (d) Thin-PM topology 

Fig. 1.10 Different SFPM machine topologies with less PM material. 
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1.5.2. Magnetless topologies 

The permanent magnet source can be replaced by a surface DC current model, Fig. 1.11 (a). 

The original conventional design of SFPM machine contains 12 stator poles; each pole has a 

permanent magnet and armature winding coil. The proposed topology suggests replacing the 

permanent magnets with DC current source components. The DC current source is situated 

between the ñUò shaped iron cores around a small iron bridge located in the middle of the 

stator teeth, the iron bridge connecting the two ñUò shaped cores as well as increasing the 

permeance for the magnetic flux sources, Fig. 1.11 (b) [61]. In order to achieve better 

performance this topology can be remodelled, the DC windings can be distributed around the 

inner slots of the machine, Fig. 1.11 (c). The proposed winding configuration increases the 

total slot area of the machine which permits more DC excitation winding. Moreover, the DC 

coils can be connected alternatively as shown in Fig. 1.11 (d). When the end-winding is 

ignored, the machines with all and alternative DC field windings produce similar 

performance as the conventional SFPM machine [62]. It is worth mentioning these topologies 

can be considered variable flux machines since the DC current can be regulated.  

 

 

 
(a) Flux sources (b) DC flux source topology 
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(c) All pole DC winding topology (d) Alternative pole DC winding topology 

Fig. 1.11 Different SFPM machine topologies using DC flux sources. 

1.5.3. Fault tolerant topologies 

For critical applications such as aerospace, fault tolerance drives can help to improve the 

system reliability level and prevent the system from a complete shut down when a fault 

occurs during the system operation. However, such solutions might increase the total cost of 

the system and the issues with large size might occur. Therefore, fault tolerant machines are 

of a great interest for fault sensitive applications. In order to achieve a high level of fault 

tolerance, winding configurations offering full magnetic and physical isolation are needed. 

Using such winding configurations ensures when a fault occurs in one phase no effect on the 

other phases electrically and physically would follow. Thus, different topologies are proposed 

suggesting a full separation of the machine phases.  

All pole wound SFPM machine contains two phase windings in each stator slot which 

increase the possibility of machine failure if one phase is faulted. Therefore, replacing all 

pole wound with alternative winding, i.e. each slot has a coil belonging to one phase, to  

prevent the machine from a total failure in case of one phase fault occurred, Fig. 1.12 (a) 

[10]. Further development is applied to the alternative winding machine to achieve better 

isolation of phases. Fig. 1.12 (b) shows the core separation machine in which the permanent 

magnets are removed from the unwounded stator poles. This separation creates a full 

magnetic and physical isolation of phase windings, though the machine performances, i.e. 

torque and power, might suffer from significant reduction [63].  
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A simple technique can be added to the conventional SFPM machine to achieve high fault 

tolerance. Fig. 1.12 (c) shows SFPM machine with iron separator used to separate the slot 

area and hence the windings of different phases, such  a separator can also provide a path for 

the coil flux to pass through [64, 65]. Another approach to avoid complete shutdown of the 

machine in case of a fault is using multiphase, several SFPM machines with high number of 

phases are developed in [66]. Although using multiphase does not provide a full separation of 

the coils belonging to different phases, the high number of phases keeps the machine 

operating until the next maintenance is taken. It is worth mentioning the E-core topology 

presented in the previous section has a fault tolerance capability since the middle E-shaped 

core teeth provide physical separation of phases winding. 

  
(a) Alternative pole winding topology (b) Core separation topology 

  
(c) Double layer separator topology (d) Multiphase topology 

Fig. 1.12 Different SFPM machine topologies employing fault tolerance methods. 
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1.5.4. Modular, external, linear and tubular rotor machine topologies 

A modular rotor is made of non-ferromagnetic material with ferromagnetic óCô shaped cores 

in the near airgap side, Fig. 1.13 (a). This technique is used to reduce the leakage of the flux 

in the rotor due to the operation requirement as well as reduces the iron loss. The modular 

rotor was first proposed and applied in switched reluctance machine [67-69], however in 

SFPM machine the modular rotor is described in [70].  

In-wheel applications normally prefer external rotor motors over normal internal rotor motors 

since the mechanical transmission components such as gears and driven belts are not 

required. Beside the advantage of in-wheel traction, an external rotor SFPM machine has the 

ability of including external cooling systems and/or flux controlling component without 

increasing the outer diameter of the machine since the stator is internal. External rotor 

switched flux machines are proposed and investigated for direct-drive applications in [71-73]. 

Fig. 1.13 (b) shows cross-section of external rotor SFPM machine. 

Linear machines are preferred over hydraulic, pneumatic or actuators in many industrial 

applications, such as transportation, automobile, aerospace and robotics due to their 

reliability, high power density and relatively small size. Linear SFPM machines have all the 

advantages of rotary SFPM machine which are simple and robust mover, as well as high 

thrust density and PMs and armature windings are located on the stator. Furthermore, linear 

SFPM machines can be reversed in structure, i.e. the armature windings and PMs can be 

mounted on short mover, which lead to significant reduction in cost since less copper and PM 

materials are used. Fig. 1.13 (c) shows a section of linear SFPM machine, several topologies 

of linear SFPM machines have been proposed and investigated in [74-78].  

Tubular switched flux machines have been developed due to their high torque density, simple 

mover structure and inexistence of end winding and net attraction force between stator and 

armature. In general, tubular machines are suitable for several applications such as free piston 

energy converters, reciprocating compressors and healthcare devices [79]. Several tubular 

SFPM machines have been developed in [80-82]. A 3D model of tubular SFPM machine is 

presented in Fig. 1.13 (d). 
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(a) Modular rotor topology (b) External rotor topology  

 

 

(c) Tubular SFPM machine (d) Linear SFPM machine 

Fig. 1.13 Modular rotor, external rotor, linear and tubular SFPM machine topologies. 

Table 1.2 Comparison of different SFPM machines topologies 

 Less magnet Magnetless Fault tolerant Others 

Manufacture 

cost 
Medium Low High High 

Mechanical 

structure 
Medium Medium Complex Complex 

Magnetic 

saturation 
High Medium High Low 

Airgap flux 

density 
Medium Low Medium High 

End winding 

length 
Medium High Medium Medium 

Torque density Medium Low Medium High 

Magnet usage Medium Non Medium High 

Copper usage Medium High Medium Medium 
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1.6. Variable Flux Permanent Magnet Machines 

Conventionally, flux weakening control methods are used to drive the PM machines in order 

to extend the operation speed range. However, due to the inverter limitations in terms of 

maximum current and voltage, the speed range is still limited and inadequate for some 

applications, such as automotive. Therefore, for further speed range extension and more flux 

weakening capability improvement as well as without scarifying the high torque and 

efficiency of the PM machines, variable flux concept has been proposed. By using electrical, 

mechanical or other types of techniques the PM flux level can be varied in order to introduce 

adjustable speed range and flux weakening capability as well as high efficiency at high speed. 

Table 1.3 summarises the advantages and drawbacks of VFPM machines.  

 

Table 1.3 Advantages and drawbacks of variable flux PM machines  

Advantages Drawbacks 

¶ Easy to achieve extended constant power 

region without the need for complex 

electronics 

¶ Enhanced torque in the constant torque 

region without sacrificing the high flux 

weakening capability 

¶ High efficiency over the entire torque-

speed curve  

¶ Complex structure 

¶ Low torque density 

¶ Extra DC source required, or 

¶ Extra mechanical component required 

 

1.6.1. Electrical variable flux machines 

By including DC excitation winding in the PM machines, i.e. hybrid excitation machines [83, 

84], the airgap flux level can be controlled. Normally, in a flux weakening region the DC 

excitation produces d-axis flux to oppose the flux produced by the PM similar to that of flux 

weakening control [85]. These machines are characterised by their potential to extend the flux 

weakening capability and improve the efficiency at high speed as well as enhance the 

constant torque region, which is known as flux strengthening [86]. In the past 10 years many 

hybrid excitation topologies have been proposed and developed, however they can be 

grouped due to the correspondence of their DC excitation flux path to the PM flux path, i.e. 

parallel or series flux path.   
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1.6.1.1. Parallel flux path hybrid excitation permanent magnet machines 

In these machines the excitation flux and the flux created by the permanent magnets are in 

different paths, i.e. parallel paths. Since the DC excitation flux linkage circuit is in parallel 

with PM flux linkage circuit and does not pass through the PM, those machines characterised 

by their ability to avoid demagnetization risk. According to the location of the magnets there 

are two main types of parallel flux machines, PM on the stator and PM on the rotor. 

1.6.1.1.1. Hybrid excitation machines with PMs on the stator  

Generally, these types of machines have the same structure as the conventional SFPM 

machine with a modification on the stator to include the DC excitation windings. In [87] half 

magnets are used leaving space for DC excitation windings to go around the stator teeth and 

slot area, Fig. 1.14 (a), while shorter magnets are used to introduce space for DC excitation to 

wound around the PM in [88], Fig. 1.14 (b). Another approach proposed in [89], same 

structure as the conventional SFPM machine, is used with the DC coils and armature 

windings are wound the same way and share the same slot area.    

Moreover, the DC coils can be located behind the magnets and back iron and surrounded by 

ferromagnetic yoke as shown in Fig. 1.14 (c). This machine structure uses the principles of 

both switching flux and flux concentration. When the DC coils are excited with positive 

current, the DC excitation winding creates short circuit flux around the top of magnets in 

which the stator yoke back-iron saturates. Therefore, the magnet flux will be pushed toward 

the rotor in order to strengthen the airgap flux density. Moreover, when negative DC current 

is used, the flux produced by the DC excitation shorts circuit the PMs leading to lower flux 

linkage [90, 91]. 

A hybrid excitation machine was proposed based on E-core SFPM machine topology. DC 

excitation coils are employed on the middle teeth of the E-shaped core which contains no 

permanent magnets, Fig. 1.14 (d). This machine has the same non-overlapping winding as the 

conventional E-core SFPM machine and the slot area is divided between the DC excitation 

winding and the armature winding [92]. 
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(a) Hybrid SFPM (distributed winding) (b) Hybrid SFPM (toroidal winding) 

  
(c) Back-DC SFPM topology   (d) Hybrid E-core topology 

Fig. 1.14 Hybrid excitation SFPM machine topologies with magnets on the stator. 

Table 1.4 Parallel flux path hybrid excitation switched flux machines with PMs on the stator 

 Hybrid SFPM  Back-DC SFPM  Hybrid E -core 

Manufacture cost Medium High Low 

Mechanical structure Complex Complex Medium 

Magnetic saturation High Low Medium 

Airgap flux density Low Medium High 

End winding length Medium Medium Low 

Torque density Low Medium High 

Magnet usage Low High Low 

Copper usage High High Medium 

Flux strengthening  High Medium Medium 

Flux weakening High High Medium 
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1.6.1.1.2. Hybrid excitation machines with PMs on the rotor  

This category contains the machines with PMs on the rotor and both armature and DC 

excitations on the stator. The homopolar and bipolar hybrid excitation machines generally 

consist of a new rotor which contains the permanent magnets, solid cores and other laminated 

cores, while the stator includes the armature windings wound around laminated core and the 

DC excitation wound toroid around the laminated core and armature winding, Figs. 1.15 (a) 

and (c). The stator includes teeth made of lamination in which the armature windings are 

located. The solid part is used as external shield and yoke for the DC excitation winding, Figs 

1.15 (b) and (d). The airgap flux can be either strengthened or weakened due to the DC 

excitation winding, which gives a good range of flux variation and flexibility in terms of 

efficiency and speed control. In the bipolar machines the magnets could be axially or 

circumferentially magnetised while in the homopolar only circumferential magnetisation 

applied. The difference between the structure of homopolar and bipolar rotors are the solid 

core connection with laminated cores, Figs. 1.15 (a) and (c) [93-97]. On the other hand, the 

claw pole structure contains a rotor and two stators, external and internal. The surface of the 

rotor is divided into permanent magnet poles and solid iron poles. The inner stator is located 

inside the rotor and contains the DC excitation winding, while the outer stator has the 

armature winding and is located around the rotor. In this machine a fixed excitation of 

magnets comes together with variable flux supplied by circumferential DC excitation 

windings located in the inner stator. The airgap flux is divided into two sections, magnets and 

iron poles. When the DC excitation winding is not excited, permanent magnets are the only 

sources of flux in the machine, and the direction of the flux in the stator core is toward the 

airgap with respect to the shaft. In the airgap, the flux crosses mostly by the poles with 

magnets, only a few portion crosses in front of the iron poles which forms leakage. The DC 

excitation flux is either added or subtracted from the magnet flux according to the current 

direction [98-101]. Figs. 1.15 (e) and (f) show the cross-section and 3D model of the claw 

and consequent pole machine. 
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(a) Homopolar cross-section (b) Homopolar 3D model 

 

 
(c) Bipolar cross-section (d) Bipolar 3D model 

  
(e) Claw pole cross-section (f) Consequent pole 3D model 

Fig. 1.15 Hybrid excitation PM machines with magnets on the rotor. 
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Table 1.5 Comparison of parallel flux path hybrid excitation machines with PMs on the rotor 

 Homopolar Bipolar Claw pole 

Manufacture cost High High Medium 

Mechanical structure Complex Complex Medium 

Magnetic saturation - - - 

Airgap flux density - - - 

End winding length Medium Medium Low 

Torque density - - - 

Magnet usage Medium Medium High 

Copper usage High High Medium 

Flux strengthening  Medium High Low 

Flux weakening High High Low 

 

1.6.1.2. Series flux path hybrid excitation permanent magnet machines 

Although the parallel flux path machines are preferred since they minimize the PM 

demagnetization risk, series flux path DC excitation machines have also been developed. In 

these types of machines the flux linkage of the permanent magnets and the DC excitation 

windings are in series. Therefore, the DC excitation flux passes through the PMs which 

increase the risk of irreversible PMs demagnetization.  

1.6.1.2.1. Hybrid excitation surface-mounted machine 

This machine consists of a stator with conventional teeth and armature winding, whereas the 

rotor has surface permanent magnets on the outside and DC coils on the inside, Fig. 1.16. In 

order to strengthen the PM flux, the DC excitation flux has same direction as the PM to push 

the magnet flux toward the airgap. However, the flux with opposite direction supplied by the 

DC excitation passes through the PM in order to weaken the airgap flux.  However, due to the 

position of the DC excitation winding in the rotor this machine may require brushes/slip rings 

to supply the DC current [102, 103]. 
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Fig. 1.16 Hybrid excitation surface mounted machine. 

1.6.1.2.2. Hybrid excitation doubly salient 

The hybrid excitation doubly salient machine has a normal doubly salient structure and 

additional DC excitation winding placed in series with the permanent magnets. In this 

machine the two permanent magnets have a unique location between the stator teeth and the 

back iron. This location allows the magnetic flux to be concentrated in one tooth at time, 

which leads to high flux focusing. This magnetic configuration allows for some extra space 

between the two magnets for the DC excitation winding, Fig. 1.17. This machine is noted by 

the improved performance, high power density, low cost due to ferrite magnet usage and 

robust structure [104-107]. 

 

Fig. 1.17 Hybrid excitation doubly salient machine. 
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Table 1.6 Comparison of hybrid excitation surface mounted and doubly salient machines 

 Hybrid excitation surface 

mounted 

Hybrid excitation doubly 

salient 

Manufacture cost High Medium 

Mechanical structure Complex Medium 

Magnetic saturation Medium Medium 

Airgap flux density High Medium 

End winding length Short Long 

Torque density High Medium 

Magnet usage High Medium 

Copper usage Medium High 

Flux strengthening Medium Medium 

Flux weakening Medium Low 

1.6.2. Mechanical variable flux machines 

The mechanical variable flux machines are PM machines with mechanically adjustable PM 

flux. The structure of PM machines is upgraded to control the permanent magnet flux by 

either adding extra mechanical component or by altering the original structure of the 

machine. The majority of the mechanical flux variation methods can only achieve flux 

weakening due to the possibility to weaken the permanent magnet flux by providing flux 

leakage path. There are two main types of mechanical adjustment methods, i.e. rotational and 

linear. 

1.6.2.1. Rotational adjustment machines 

These machines consist of a rotatable part with mechanical components, i.e. core poles, PMs 

or windings, by rotating this part the mechanical component either boosts or weakens the flux 

in the airgap. The flux weakening capability of these machines is controlled by the relative 

position of this part and the rotation angle determines the level of flux weakening. 

1.6.2.1.1. Axial field rotational adjustment machine  

This machine consists of stator with the armature winding sandwiched between two rotor 

disks each one containing permanent magnet poles, Figs. 1.18 (a) and (b). In order to achieve 

flux weakening the rotor poles are skewed so that the different magnet poles from each rotor 

face each other which leads to magnetic short circuit and therefore lower airgap flux [108, 

109]. In [110], hybrid excitation axial field surface mounted machine is proposed, a DC 

excitation winding added inside the stator for better flux control.  
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(a) Modular cross-section (b) 3D model 

Fig. 1.18 Variable flux axial field surface-mounted PM machine. 

1.6.2.1.2. Radial field rotational adjustment machine  

Fig. 1.19 shows cross-section and 3D model of the radial field surface-mounted machine. 

This machine includes a stator with conventional teeth and two rotors and each rotor has a set 

of permanent magnets and can be adjusted mechanically. In this machine, two operational 

modes can be applied, in the first one the maximum effective flux when the same magnetic 

poles in the two rotors align with each other. The second mode is the no flux mode or the 

braking mode the machine can be stopped by making the different magnetic poles align. In 

terms of flux weakening capability the rotors can be displaced from each other therefore a 

reduction in the PM flux in the airgap can be achieved, however axial magnetic force might 

cause difficulties in displacing the rotors [111]. 

 
 

(a) Modular cross-section (b) 3D model 

Fig. 1.19 Variable flux radial field surface-mounted PM machine. 
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1.6.2.1.3. Radial field-surface rotational adjustment machine (double layer rotor) 

This machine contains two layers of rotor and each one has surface permanent magnet poles, 

Fig. 1.20. In order to control the flux weakening capability of the machine the rotors can be 

skewed. The different magnet poles can be aligned to create PM short circuit flux and 

consequently flux weakening state, while same magnet poles alignment leads to adding the 

flux of each magnet and therefore strengthening the airgap flux [112]. 

 

Fig. 1.20 Variable flux radial field surface-mounted PM machine with double layer rotor. 

 

Table 1.7 Comparison of axial, radial and double layer radial SPM machines with mechanical 

flux adjustment  

 Axial field  Radial field Radial field-surface  

Manufacture cost High High Medium 

Mechanical structure Complex  Complex Medium 

Magnetic saturation - - - 

Airgap flux density High Medium High 

End winding length Non Medium Medium 

Torque density - - - 

Magnet usage High Medium Medium 

Copper usage Medium Medium Medium 

Flux strengthening  None None None 

Flux weakening Medium Medium Medium 
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1.6.2.2. Linear adjustment machines 

These machines include movable linear components. By adjusting these components linearly, 

the flux in the airgap can be varied.  

1.6.2.2.1. Linear adjustment in rotor  

Two mechanical methods are used in IPM machines to achieve flux weakening. Fig. 1.21 (a) 

shows the first method, which consists of inserting iron pieces axially into the flux barriers in 

the rotor in order to create a short circuit path for the PMs flux [113, 114]. Moreover, a 

similar method but with the iron bars are located inside the rotor and displaced from the PMs 

by tension springs is presented in Fig. 1.21 (b). When the machine crosses the base speed the 

centrifugal force works to overcome the tension spring force and therefore those iron bars 

move to create a short circuit path for the PMs flux [115]. 

 

 

(a) Inserted iron bar topology (b) Built-in iron bar topology 

Fig. 1.21 IPM machine with mechanical flux adjusting bars. 

1.6.2.2.2. Linear adjustment in stator 

This technique uses mechanically movable pieces (made of ferromagnetic material) located 

outside the stator, as shown in Fig. 1.22. The PM flux is controlled by the position of those 

iron pieces. At open position, i.e. when these pieces located away from the magnets, the PM 

flux linkage flows through the stator tooth, stator back-iron, airgap, rotor pole and rotor back-

iron and therefore the flux distribution is same with that of the conventional SFPM machine 

without these pieces. By moving the pieces to the closed position, i.e. located at the top of the 

magnets, a part of the PM flux will be short circuited through these pieces [116, 117].  
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Fig. 1.22 SFPM machine with mechanically movable pieces. 

1.6.2.2.3. Airgap mechanical adjustment 

The airgap length can be adjusted to strengthen or weaken the airgap flux level. In axial-field 

permanent magnet machines the distance between the stator and the rotor can be adjusted to 

control the flux passing through by displacing the rotor away from the stator. The distance 

between the rotor and stator determines the flux weakening level. However, Fig. 1.23 shows 

SFPM machine with segmented stator poles, by moving those stator poles away from the 

rotor the airgap length decreases and therefore lower flux density and consequently high flux 

weakening capability can be achieved [118]. 

 

Fig. 1.23 SFPM machine with adjustable airgap. 
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Table 1.8 Comparison of linear mechanical flux adjustment machines  

 Rotor linear  Stator linear Airgap adjustment 

Manufacture cost High Medium High 

Mechanical structure Complex Medium Complex 

Magnetic saturation - Medium Medium 

Airgap flux density - - - 

End winding length Low Medium Medium 

Torque density High High Medium 

Magnet usage Medium High High 

Copper usage Medium Medium Medium 

Flux strengthening  Non Non - 

Flux weakening Medium High - 
 

1.6.3. Other types of variable flux machines 

There are machines which contain flux adjusting techniques but do not qualify as electrical or 

mechanical. This category contains two main types, memory motors and winding adjustment 

machines.  

1.6.3.1. Memory motor 

The memory motor is proposed as new variable flux machine, using AlNiCo magnets which 

they can easily be demagnetized and re-magnetized by using short pulse d-axis current. the 

variation of PM remanence provides flux weakening and strengthening during the machine 

operation [119]. The memory motor is divided into four major types.  

1.6.3.1.1. Pole changing memory motor 

The concept of this machine is to change the number of rotor poles by magnetizing or 

demagnetizing the PMs. The rotor contains radially inserted tangentially magnetized 

permanent magnets sandwiched between the iron cores, each pole has more than one magnet, 

Fig. 1.24. Normally, a pole changing memory machine has a stator/rotor pole combination of 

non-integer number. Therefore, by applying a short pulse of stator current the number of rotor 

pole changes, the higher the number of rotor pole, the better the flux level in the airgap. 

Additionally, demagnetization and re-magnetization of the magnets provide flux weakening 

and strengthening [120, 121].  
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Fig. 1.24 Pole changing memory motor. 

1.6.3.1.2. Flux controlled memory motor 

The rotor has tangentially magnetized permanent magnets sandwiched between iron cores 

and triangles made of nonmagnetic material between the iron cores to direct the flux toward 

the airgap, Fig. 1.25. However, by applying opposite stator current, i.e. d-axis current, the 

magnets partially demagnetized which leads to lower airgap flux density and consequently 

higher flux weakening capability. When the current is applied in different direction the 

magnets are re-magnetized and the airgap flux level increases [122].  

 

Fig. 1.25 Flux controlled memory motor. 
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1.6.3.1.3. Composite memory motor 

This machine has a stator with conventional teeth and two sets of magnets are used in the 

rotor, the first set is NdFeB circumferentially magnetized and the second is AlNiCo radially 

magnetized. The rotor magnets magnetisation directions and dimensions are designed to keep 

countering the magneto-motive force (MMF) of the armature to be below the coercive force. 

Between the shaft and the rotor iron core there is a bush made of nonmagnetic material as 

well as slots filled with nonmagnetic material to fix the magnets in the d-axis position, the 

slots are shaped as semicircle at two ends and rectangles in the middle. The reason of these 

slots is to increase the q-axis magnetic resistance and prevent armature reaction created by 

load current from affecting the d-axis airgap flux when it is weakened. Therefore, the main 

purpose of the slot is to prevent the AlNiCo from demagnetizing. Additionally, there are 

joints between NdFeB and each two adjacent AlNiCo magnets, their shape is trapezoidal and 

they are filled by either nonmagnetic material or air. All these additions in the rotor are to 

reduce the magnetic leakage and narrow the magnetic circuit as much as possible. Therefore, 

this machine is designed to prevent demagnetization of NdFeB magnets even under extreme 

operation conditions. The length of these magnets has to be chosen carefully to avoid being 

demagnetized by the NdFeB magnet flux. The demagnetization and re-magnetization of 

AlNiCo magnets provide flux weakening and strengthening capability [123, 124]. Fig. 1.26 

shows the interior composite rotor machine.    

 

 

Fig. 1.26 Memory machine with interior composite rotor. 
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1.6.3.1.4. Flux mnemonic machine 

The structure of this machine is based on the doubly salient machine, it consists of external 

salient rotor and internal stator contains the armature winding on the surface side and both 

permanent magnets and the DC excitation winding on the inner part, Fig. 1.27. The 

advantages of this machine are the simple rotor structure with no windings or magnets and 

the stator inner part is used by the magnets and the DC excitation windings. Unlike other 

memory motors the exceptional feature in this machine is using DC excitation pulses to 

magnetize and demagnetize the PMs instead of d-axis flux [125, 126]. 

This machine works in three different modes. First mode is the doubly salient operation in 

which the magnets are fully magnetized when the armature current applied, the 

electromagnetic torque produced by the permanent magnets only. Secondly the mixed mode 

between doubly salient and switched reluctance mode, the magnets are partially 

demagnetized hence the magnet torque reduces while the reluctance torque becomes 

significant. The torque of the machine in the second mode is a product of PM and reluctance 

torque combination. Finally, the switched reluctance operation mode, the magnets are fully 

demagnetized therefore no PM flux in the motor and the machine works as reluctance 

machine [127].      

 

Fig. 1.27 Mnemonic machine. 
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Table 1.9 Comparison of memory motors 

 Pole changing Flux control  Composite Mnemonic 

Manufacture 

cost 
Medium Medium High High 

Mechanical 

structure 
Medium Complex Complex Complex 

Magnetic 

saturation 
- - - - 

Airgap flux 

density 
- - High High 

End winding 

length 
Low Low Low Medium 

Torque density Medium - - High 

Magnet usage High Medium High Medium 

Copper usage Medium Medium Medium High 

Flux 

Strengthening 
High - High High 

Flux weakening High - Medium Medium 
 

1.6.3.2. Winding adjustment machines 

A new method using simple electronic switching circuit for high speed operation is proposed.  

Fig. 1.28 (a) presents the double winding set machine in which two sets of armature winding 

both are 3 phases, i.e. dual 3-phase, are used. In order to achieve high torque when the 

machine is operating under constant torque region, both phase sets are utilized. Moreover, to 

achieve flux weakening capability one winding set is shut down, therefore the number of 

turns per coil reduces which leads to lower PM flux linkage and therefore higher flux 

weakening capability [128, 129]. 

Another winding adjustment topology proposed in [130, 131] is the mixed pole machine. 

This machine consists of two different stator winding sets hence two different stator pole 

pairs can be used, Fig. 1.28 (b). Therefore, by switching between the winding sets during the 

operation the stator/rotor pole combinations change and consequently the PM flux linkage. 

On the other hand, in both winding adjustment machines the flux weakening mode can also 

be achieved by supplying one winding set with variable voltage and/or frequency. 
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(a) Double winding set machine (b) Mixed pole machine 

Fig. 1.28 Winding adjustment machine topologies. 

Table 1.10 Comparison of different winding adjustment machines 

 Double winding set Mixed pole  

Manufacture cost Medium High 

Mechanical structure Medium Medium 

Magnetic saturation Medium High 

Airgap flux density - - 

End winding length Low High 

Torque density - - 

Magnet usage None None 

Copper usage Medium High 

Flux strengthening None None 

Flux weakening High Medium 

1.7. Research Scope and Contributions of Thesis 

1.7.1. Scope of research 

The review presented in the previous sections of this chapter has mainly covered different 

topologies of SFPM and VFPM machines. However, this thesis explores and compares 

different types of SFPM and VF methods. For easy understanding, Fig. 1.29 illustrates the 

reviewed structure and the selected SFPM machines and variable flux methods to be 

investigated further in this thesis as well as the research methodologies. Less magnet 

machines, i.e. multi-tooth, E-core and C-core as well as the conventional SFPM machine with 

different stator/rotor poles combinations, i.e. 12/10, 12/13 and 12/14, are selected due to the 

different number of PMs and rotor poles. Whereas, the variable flux method consists of using 
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iron bars described in section 1.5.2 is selected since no alternation to the original machine is 

required and it is easy to be applied to any SFPM machine. The selection criteria are shown 

in Table 1.10. A summary of each chapter is shown here. 

Table 1.11 Selection criteria of SFPM and VFPM machines  

Less Magnet Usage SFPM 

Machines 

Conventional SFPM 

Machines  

Linear Bars Mechanical 

Adjustment 

¶ Less PM usage 

¶ High torque and torque 

density 

¶ Flexible for applying 

external components 

¶ Different rotor pole 

numbers 

¶ High torque and torque 

density 

¶ Flexible for applying 

external components 

¶ Applicable for any fully 

designed SFPM machine 

¶ It can be adjusted 

radially, axially or 

circumferentially 

¶ Able to weaken the 

machines flux at different 

levels 

Chapter 2 

Using 2D-finite element analysis (FEA), the electromagnetic performances with emphasis on 

the torque-speed characteristics of the six selected SFPM machines are analysed and 

compared. Particular comparison is made regarding the torque per magnet ratio and the 

influence of high electric loading on the output torque performance. Experimental validation 

of the FEA results is provided. 

Chapter 3 

The influence of the end-effect on the torque-speed characteristics of the six analysed SFPM 

machines is investigated. The full model of each SFPM machine including the third 

dimension and full coil windings is designed and analysed using 3D-FEA. However, to 

obtain the influence of the end-effect on the torque-speed characteristics, the 2D- and 3D-

FEA predicted PM flux-linkage and the d- and q-axis inductances are investigated and 

compared. Moreover, the predicted results are experimentally validated. 

Chapter 4 

Mechanical variable flux method consists of using ferromagnetic pieces, i.e. flux adjusters, is 

introduced and applied to the six SFPM machines. The influence of such method on the open 

circuit results, electromagnetic performance and torque-speed characteristics is investigated 

and compared with that of the original machines, i.e. without flux adjusters. Prototypes of the 

machines with flux adjusters are tested to validate the FEA results.  
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Chapter 5 

In chapter 5, a modification of the mechanical variable flux method presented in chapter 4 is 

proposed by employing alternate pole flux adjusters. A comparison study of the 

electromagnetic performance of the three SFPM machines with different stator/rotor pole 

combinations, i.e. 12/10, 12/13 and 12/14, equipped with the modified variable flux method 

is presented and a prototype machine is tested.        

Chapter 6 

A novel SFPM machine topology with high magnetic utilization due to the use radial and 

circumferential PM sets is proposed. External and internal rotor configurations are designed 

and optimized. A comparison between the proposed topology and conventional SFPM 

machine with the same overall size and stator/rotor pole combination is presented, including 

electromagnetic performance, torque-speed characteristics, losses and efficiency. Moreover, 

this topology can be introduced as mechanical variable flux machine.    

Chapter 7 

A comparative study of the SFPM machine with mechanical adjuster, backside DC excitation 

hybrid excitation SFPM machine (reviewed in section 1.5.1.1) and the proposed topology in 

chapter 6 is presented. In addition to the electromagnetic performance and torque-speed 

characteristics, the flux weakening capability, the required power for switching between flux 

strengthening and weakening states and demagnetization withstand capability are compared.  

1.7.2. Contribution of thesis 

The contributions of this thesis can be summarised as: 

¶ Comparative study of six different SFPM machines has illustrated the differences in their 

torque/power speed characteristics and defined the suitable applications in which they 

may be used.   

¶ A mechanical variable flux technique is proposed by employing all pole flux adjusters. 

¶ A modified mechanical variable flux technique by employing alternate pole flux adjusters 

is proposed in which the mechanical components can be reduced to half.  

¶ A novel SFPM machine topology with radial and circumferential permanent magnet sets 

is proposed offering high PM utilization and variable flux ability. 
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Fig. 1.29 Research methods and arrangement of chapters. 
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2. Comparative Study of the 

Electromagnetic Performance of 

Different SFPM Machines 

2.1. Introduction  

Several stator/rotor pole combinations for SFPM machine are proposed in [10, 132]. In [10], 

it is shown that the optimal stator/rotor pole combination for maximum torque is 12/13. 

However, an odd number of rotor poles resulting in significant unbalanced magnetic force, 

which causes high acoustic noise and vibration. Therefore, even number of rotor poles is 

preferred since they compromise between high torque and low unbalanced magnetic force. 

Furthermore, as mentioned previously, due to high cost of rare earth magnet material, ferrite 

magnets may be employed [60], while part or all of the PMs can be replaced by DC 

excitation as proposed in [61, 133]. However, such options cause reduction in the machine 

performance, i.e. torque density and efficiency. Alternatively, multi-tooth, C-core, and E-core 

SFPM machine topologies are designed using half of the PMs employed by the conventional 

SFPM machine but without sacrificing the torque density [54, 56, 134].  

In this chapter, the open circuit results, electromagnetic torque performance and torque-speed 

characteristics of different SFPM machines are investigated, compared and validated both 

theoretically and experimentally. The comparison includes the influence of the rotor pole 

number by comparing three conventional machines with different stator/rotor pole 

combinations, i.e. 12/10, 12/13 and 12/14, as well as three novel machine topologies with low 

PM material usage, i.e. multi-tooth, E-core and C-core SFPM machines. The results are 

predicated and investigated using 2D-finite element analysis (FEA) and analytical methods. 

Finally, prototypes are constructed and measurements of open circuit, electromagnetic torque 

and torque-speed curves are performed in order to verify the analyses. 

2.2. Topologies of SFPM Machines 

In Fig. 2.1 (a)-(c), the conventional SFPM machines are shown, in which the same stator is 

employed but with different rotor pole numbers, i.e. 12/10, 12/13 and 12/14. The cross-

sections of multi-tooth, E-core and C-core SFPM machines are shown in Fig. 2.1 (d)-(f), 

respectively. The six machines have the same outer diameter, airgap and active length, their 
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design parameters are illustrated in Table 2.1. The number of turns per phase is 72 with a 

packing factor of 0.4 in all the machines except for the C-core machine, which has 84 turns 

per phase since all these machines are optimized at the same copper loss and phase current 

[27, 54, 55, 58]. The winding configuration of SFPM machines depends on the number of 

rotor poles and the orientation of the PMs. Therefore, in conventional machines with different 

stator/rotor pole combinations, the winding configuration of the 12/13 is considerably 

different from the 12/10 and 12/14 SFPM machines due to the odd rotor pole number (see 

appendix A1). It should be mentioned that the optimum number of rotor poles is used in 

multi-tooth, E-core and C-core machines [54, 55, 57].      

 

Table 2.1 Major design parameters of analysed SFPM machines. 

Topologies Multi -tooth E-core C-core 

Number of rotor poles 19 11 13 

Number of stator poles 6 6 6 

Rotor outer radius(mm) 27 29.25 29.25 

Rotor pole width(mm) 3.5 5.3 4.7 

Rotor pole height(mm) 5 7.6 7.6 

Stator outer radius(mm)  45 45 45 

Stator tooth thickness(mm) 6 4.4 4.4 

Stator back iron thickness(mm) 4.4 4.5 3.5 

Magnet height(mm) 17 15.2 15.2 

Magnet width(mm) 3.6 4.4 4.4 

Total slot area(mm2) 212 103 280 

Rotor pole width(mm) 3.5 5.3 4.7 

Axial length(mm)  25 25 25 

Airgap length (mm) 0.5 0.5 0.5 

Number of turns per phase 72 72 84 

Magnets remanence (T) 1.2 1.2 1.2 

Conventional combinations 12/10 12/13 12/14 

Number of rotor poles 10 13 14 

Number of stator poles 12 12 12 

Rotor outer radius(mm) 27 27 27 

Rotor pole width(mm) 5.6 4.2 3.8 

Rotor pole height(mm) 7 7 7 

Stator outer radius(mm) 45 45 45 

Stator tooth thickness(mm) 3.6 3.6 3.6 

Stator back iron thickness(mm) 3.6 3.6 3.6 

Magnet height(mm) 17.5 17.5 17.5 

Magnet width(mm) 3.6 3.6 3.6 

Total slot area(mm2) 100 100 100 

Rotor pole width(mm) 5.6 4.2 3.8 
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Axial length(mm) 25 25 25 

Airgap length (mm) 0.5 0.5 0.5 

Number of turns per phase 72 72 72 

Magnets remanence (T) 1.2 1.2 1.2 

 

 

 

 

   

  
(a) 12/10 stator/rotor combination machine (b) 12/13 stator/rotor combination machine 

  
(c) 12/14 stator/rotor combination machine (d) Multi -tooth topology 
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(e) E-core topology (f) C-core topology 

Fig. 2.1 Different SFPM machine topologies. 

2.3. Comparison of SFPM Machine Performance 

2.3.1. Open circuit  

Fig. 2.2 presents the equipotential and flux density distributions of the six studied SFPM 

machines, predicted under open circuit condition with rotor locked at d-axis position.   

The airgap flux density distribution waveforms of the conventional SFPM machines with 

different stator/rotor pole combinations, i.e. 12/10, 12/13 and 12/14, and multi-tooth, E-core, 

and C-core SFPM machines, are shown in Fig. 2.3 (a). It demonstrates that a similar peak 

value of airgap flux density of around 2T is observed in the six machines due to the flux 

focusing effect.  

The PM flux linkage waveforms of the conventional machines and multi-tooth, E-core and C-

core machines are presented in Fig. 2.3 (b). It can be seen that the 12/10 machine has the 

highest peak flux linkage among the conventional SFPM machines followed by 12/13 and 

12/14, respectively. Since the three machines have the same stator and number of turns per 

phase, the flux-linkage is inversely proportional to the rotor pole number, due to flux-leakage. 

On the other hand, the E-core and C-core machines have similar peak value of flux-linkage, 

which is higher than that produced by the multi-tooth machine, due to the higher number of 
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turns per phase in the C-core machine and the presence of the middle tooth in the E-core 

machine.  

Since the winding factor of the 12/13 machine is higher than those in 12/10 and 12/14 

machines due to the odd number of rotor poles [10], the back-EMF of 12/13 machine is the 

largest among the conventional combinations, Fig. 2.3 (c). Compared with the multi-tooth 

and the E-core machines, the C-core machine produces the highest back-EMF. Although the 

PM flux linkage of the multi-tooth is the lowest, higher back-EMF than the E-core machine is 

observed in the multi-tooth machine due to the high electrical frequency, Fig. 2.3 (c). 

Furthermore, it can be seen that the harmonics are relatively small in the three conventional 

SFPM machines except 12/13 machine, which has a significant 3rd harmonic due to the 

angular difference between the adjacent slot conductors [10], Fig. 2.3 (d). Since the 5th and 

7th harmonics in the three conventional SFPM machines are small, the torque ripples at low 

current levels are mainly produced by the cogging torque. E-core and C-core machines 

produce significant 7th harmonic, this causes distortion in the back-EMF waveform and 

therefore ripples in the electromagnetic torque, Fig. 2.3 (d). 

The cogging torque waveforms of the six SFPM machines are shown in Fig. 2.3 (e). It shows 

that the E-core and 12/10 machines exhibit the largest cogging torque, which is about 0.2Nm, 

followed by the C-core and 12/14 machines. However, the lowest cogging torque is observed 

in the multi-tooth and the 12/13 machines. The cogging torque frequency is determined by 

the least common multiple (LCM) of the stator and rotor poles number. In the conventional 

combinations, the 12/13 machine has the lowest cogging torque due to the odd number of 

rotor poles. Moreover, the largest cogging torque is observed in 12/10 followed by 12/14, 

since the higher number of stator/rotor pole combination reduces the net distribution of the 

flux density and causes lower cogging torque. On the other hand, the multi-tooth machine has 

significantly low cogging torque due to the large number of rotor poles. Although the E-core 

and C-core machines have odd number of rotor pole, significant cogging torque is observed 

in those machines due to their large slot opening. 
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(a) 12/10 stator/rotor combination machine (b) 12/13 stator/rotor combination machine 

 0  
(c) 12/14 stator/rotor combination machine (d) Multi -tooth topology 
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(e) E-core topology (f) C-core topology 

 
 

Fig. 2.2 Open circuit equipotential and flux density distributions of SFPM machines. 
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(a) Airgap flux density 

 

 
(b) Flux linkage waveforms  
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(c) Back-EMF waveforms at rotor speed (400rpm) 
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(d) Back-EMF harmonics  

 

 
(e) Cogging torque waveforms 

Fig. 2.3 Comparison of open circuit results of analysed SFPM machines. 
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2.3.2. Electromagnetic torque 

The torque waveforms of the three conventional combinations and the multi-tooth, E-core, 

and C-core machines under load condition of Id=0, Iq=15A, calculated by 2D-FEA are shown 

in Fig. 2.4 (a). It shows that the C-core machine produces the largest torque among the six 

machines, followed by the E-core machine, which has relatively large torque ripple. 

However, the multi-tooth and the 12/14 machines exhibit relatively large torque with small 

torque ripple, while 12/13 machine has small torque ripple compared with other machines. 

Table 2.2 summarizes the torque ripple and average torque of the six machines. Since the 

load condition with zero current angles, the torque equation of the SFPM machine can be 

presented in (1-7). Therefore, at same q-axis current the torque is proportional to the number 

of rotor poles and PM flux-linkage. However, although the rotor pole number of 12/13 

machine is lower than that of 12/14 SFPM machine, similar torque is observed in 12/13 

machine due to its relatively higher PM flux-linkage. On the other hand, the high number of 

rotor poles in the multi-tooth machine leads to high torque although it has the lowest PM 

flux-linkage.  

Unlike conventional machines, the influence of magnetic saturation on the multi-tooth, E-

core and C-core machines is relatively large due to the high electric loading per coil in those 

machines (Fig. 7 (c)). Due to its small stator teeth and small rotor pole width, the multi-tooth 

machine saturates at a relatively low current level compared to the other machines. Moreover, 

the C-core machine exhibits the highest torque at low current levels since a higher number of 

turns per phase is used. However, the magnetic circuit will be saturated at lower current level 

compared to the E-core machine due to thinner back-iron and absence of stator middle teeth.  
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(a) Electromagnetic torque waveforms at load condition of 15A phase current (Id=0, Iq=15A) 

 
(b) Torque-current curves of six analysed SFPM machines 

Fig. 2.4 Electromagnetic torque performance of alternate analysed SFPM machines. 
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Table 2.2 Torque ripple comparison of the six analysed SFPM machines (at rated current) 

 
12/10 12/13 12/14 M-tooth E-core C-core 

Lower torque peak (Nm) 2.4 2.83 2.85 2.76 2.71 3.46 

Higher torque peak (Nm) 2.85 3 2.92 2.8 3.17 3.63 

Torque ripple % 15.67 5.61 2.26 1.46 14.6 4.89 

Peak-peak torque (Nm) 5.26 5.83 5.77 5.57 5.89 7.09 

Average torque (Nm) 2.6 2.92 2.88 2.79 2.94 3.54 

2.3.3. Torque-speed characteristic 

In general, the torque-speed characteristic of SFPM machines can be analytically predicted 

by (1-6) and (1-10). To predict the torque-speed characteristic of SFPM machines accounting 

for the magnetic saturation and cross-coupling, the method presented in [135] is used. Full 

accounting for magnetic saturation and cross-coupling can be obtained when d- and q- axis 

inductances are calculated at different d- and q-axis currents (see appendix A2). 

Figs. 2.5 and 2.6 show the PM flux-linkage at different q-axis currents and the d- and q-axis 

inductances against d- and q-axis currents. It can be seen that in 12/10, 12/13 and 12/14 

SFPM machines the influence of magnetic saturation and cross-coupling is relatively small. 

However, such effects are more visible in the multi-tooth machine, due to the multi-tooth 

structure and the high number of rotor poles, leading to higher flux density in the small stator 

teeth and rotor poles, as well as the largest inductance of the 6 machines. The influence of 

cross-coupling also occurs in all six of the analysed SFPM machines, being extremely high in 

the multi-tooth machine and relatively high in the E-core and C-core machines compared to 

the conventional machines, since higher magnetic saturation is observed in those machines. 

Moreover, the multi-tooth, E-core and C-core machines have much larger inductance values 

than the 12/10, 12/13 and 12/14 machines due to the larger number of turns per coil. On the 

other hand, the 12/13 machine exhibits the largest inductance among the conventional 

machines due to the winding connection, followed by the 12/14 machine. The d-axis 

inductance is slightly smaller than the q-axis inductance in the conventional, E-core and C-

core machines, while similar values of d- and q-axis inductance are observed in the multi-

tooth machine. Moreover, the influence of electric loading on the PM flux linkages of the 

multi-tooth, E-core and C-core machines are more significant.   

The torque-speed characteristic of each machine is analytically calculated by employing the 

obtained inductances and PM flux linkage in equations (1-6) and (1-10). Figs. 2.7 and 2.8 

present the torque and power-speed curves of the six analysed machines, respectively. The 
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flux weakening capability in the multi-tooth, E-core and C-core machines are much wider 

than those of the conventional combination SFPM machines. In general, the flux weakening 

factor Kfw, defined by (1-13), is employed in order to determine the flux weakening capability 

of SFPM machines.  

Table 2.3 shows the flux weakening factor for all machines. In addition, the maximum values 

of the torque and power, and the base and maximum speeds are compared. A larger Kfw value 

indicates better flux weakening capability and if Kfw is equal to or larger than one, i.e. Ld 

multiplied by Imax is larger than Ɋpm, then the operating speed of the machine is theoretically 

infinite, as in the multi-tooth and C-core SFPM machines. On the other hand, the 

conventional SFPM machines have relatively small inductances and low flux weakening 

capability. Furthermore, it can be seen that the higher the rotor pole numbers, the higher the 

flux weakening capability and the higher the maximum speed in the conventional machines, 

i.e. Ɋpm is lower in the machine with higher rotor pole number. 

As mentioned earlier, it is known that the higher the flux weakening factor, the better the flux 

weakening capability of the machines. As Kfw approaches unity, the best performance can be 

obtained from the machine. However, as Kfw increases above 1, two effects can be seen. 

Either the extremely large inductance leads to the maximum voltage being reached at lower 

speed or the low PM flux-linkage leads to low torque and power. Despite the fact that infinite 

maximum speed can be achieved, the small base speed leads to low power at extended 

constant power region. Therefore, both multi-tooth and C-core machines produce lower peak 

power compared to the other machines. It is also worth mentioning that the torque-speed 

curves are obtained at maximum phase current of 15A and DC-link voltage of 36V. 
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(a) 12/10 stator/rotor combination machine 

 
(b) 12/13 stator/rotor combination machine 

 
(c) 12/14 stator/rotor combination machine 
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(d) Multi -tooth machine 

 
(e) E-core machine 

 
(f) C-core machine 

Fig. 2.5 D- and q- axes inductances at different currents. 
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Fig. 2.6 PM flux linkage at different q-axis current. 
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Fig. 2.7 Torque-speed curve of six analysed SFPM machines at load condition of (15A phase 

current, 36V DC-link voltage). 
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Fig. 2.8 Power-speed curves of different SFPM machines at load condition of (15A phase 

current, 36V DC-link voltage). 

 

Table 2.3 Comparison of speed range, maximum torque and power, d-axis inductance, PM 

flux linkage and flux weakening factor of SFPM machines 

Machines 

Base 

speed 

(rpm)  

Max. 

speed 

(rpm)  

Max. 

torque 

(Nm) 

Max. 

power 

(W) 

L d(mH) mꜝ(Wb) K fw 

12/10 2,000 3,600 2.60 506 0.308 0.011751 0.39 

12/13 1,500 4,900 2.98 506 0.346 0.010041 0.51 

12/14 1,500 3,000 2.89 405 0.333 0.009332 0.53 

Multi -tooth 700 Ð 2.84 174 1.471 0.007593 2.90 

E-core 1,500 16,000 2.95 506 0.761 0.012816 0.90 

C-core 1,000 Ð 3.55 385 0.953 0.013126 1.08 
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2.4. Comparison of Permanent Magnet Volume 

Since the usage of PMs in the analysed SFPM machines is different, the average torque per 

magnet volume (T/M) ratio is compared. Table 3.4 shows the PM volume, average torque 

and T/M ratio of each machine at the rated phase current of 15A. The highest T/M is obtained 

in the C-core machine followed by the multi-tooth and the E-core machines. In the 

conventional SFPM machines, both 12/13 and 12/14 SFPM machines produce high T/M 

followed by the 12/10 SFPM machine. Fig. 2.9 presents the T/M against different current 

levels of the six machines. Compared to the conventional machines the multi-tooth has much 

higher T/M ratio at low current level, and similar ratio at high currents since a low volume of 

magnet material is used. Overall, the multi-tooth, E-core and C-core machines have larger 

T/M compared to the conventional machines.  

 

Table 2.4 Torque per magnet volume ratio in SFPM machine (Iph=15A) 

Machines 12/10 12/13 12/14 M-tooth E-core C-core 

Magnet volume (mm3) 18900 18900 18900 9450 10200 10200 

Average torque (Nm) 2.6 2.92 2.89 2.89 2.95 3.55 

T/M volume (Nm/mm3) 1.38 1.54 1.52 3.06 2.89 3.47 

Torque density (Nm/mm3) 1.63 1.83 1.81 1.81 1.85 2.22 

 

 
(a) Convetional SFPM machines 
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(b) Multi-tooth, E-core and C-core SFPM machines 

Fig. 2.9 Torque per magnet volume ratio at different current levels of analysed SFPM 

machines. 

2.5. Experimental Validation 

Prototypes of the multi-tooth, E-core, C-core and conventional SFPM machines are 

constructed with the specification illustrated in Table 2.1. Fig 2.10 presents the prototypes of 

the SFPM machines and the dynamic testing rig.  

Using an external DC motor, the back-EMF of the six machines is tested at rotor speed of 

400rpm. Measured and predicted back-EMF waveforms are presented in Fig. 2.11. It can be 

seen that the measured back-EMF is lower than the predicted due to the large end-effect in 

the SFPM machines.  

Moreover, the torque-current curves of the six machines are tested and presented together 

with their predicted counterpart in Fig. 2.12. Similar to the back-EMF due to the end-effect 

the measured results are lower than the predicted. However, by increasing the current level, 

the difference between the measured and predicted results increases. The reason is due to the 

manufacturing tolerance of the material and the influence of the temperature rise which is not 

accounted in the FEA calculations.  

The torque-speed characteristics of the six SFPM machines are tested using flux weakening 

control under maximum current and DC-link voltage of Imax=7.5A (reduced due to the 

limitations of testing rig) and 36V, respectively, as shown in Fig. 2.11. During the 
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measurements, phase resistance, voltage drop, and dead time in the inverter are considered in 

the control algorithm [136].  

Furthermore, it can be also seen that for all the machines the measured constant torque region 

is lower than the predicted due to the influence of end-effect. However, better flux weakening 

capability than that of the 2D-FEA in all machines except for the multi-tooth machine is 

observed. Therefore, the influence of end-effect on the torque-speed characteristics is 

investigated in the next chapter. It is worth mentioning the torque-speed curve measurements 

are carried on up to rotor speed of 1500rpm in all the analysed machines except multi-tooth 

machine where the maximum measured speed is 1000rpm limited by the high mechanical 

vibration due to the high frequency of this machine, Fig. 2.12.  

 

 

 
(a) Conventional 12 pole stator and 10, 13, and 14 poles rotors 
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(b) Multi -tooth stator and 19 pole rotor 

 
(c) E-core stator and 11 pole rotor 

 
(d) C-core stator and 13 pole rotor 
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(e) Complete test bench 

Fig. 2.10 Prototypes of conventional, multi-tooth, E-core and C-core SFPM machines and 

dynamic testing bench. 

 
(a) 12/10 stator/rotor combination machine 

 
(b) 12/13 stator/rotor combination machine 
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(c) 12/14 stator/rotor combination machine 

 
(d) Multi -tooth machine 

 
(e) E-core machine 
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(f) C-core machine 

Fig. 2.11 Measured, 2D, and 3D-FEA predicted back-EMF waveforms of SFPM machines 

(rotor speed 400rpm). 

 

 
(a) 12/10 machine  




















































































































































































































































































































































































