
ABSTRACT 

SIKDER, CHANDAN. Design and Controller Optimization of Switched Reluctance and 

Flux Switching PM Machines (Under the direction of Dr. Iqbal Husain). 

 

This dissertation presents the design, modeling, control and implementation of two 

different radial flux electric machine topologies that use the same type of rotor with several 

specific objectives and requirements. Flux Switching PM (FSPM) machine is one of those 

machines which can be seen as an improved or modified version of the other which is the 

Switched Reluctance Machine (SRM) with better performance and higher power density. 

A novel control technique for SRM is developed to maximize efficiency for a wide speed 

range. A geometry based analytical model was used to establish the concept and develop the 

control algorithm. Based on the simulation results, a correlation have been found between 

Switched Reluctance Generator (SRG) system efficiency and DC-link current ripple. A novel 

control algorithm has been developed that dynamically varies the commutation angles for the 

machine operation based on the required and commanded DC-link current along with 

continuously monitoring the ripple in DC-link current. The algorithm is implemented and 

successfully tested on a 1kW SRM drive. This control concept can generally be applied to any 

SRM for all speed ranges. 

FSPM machine is one of the newer topologies that emerged as a potential alternative 

candidate to the existing popular topologies due to its ability to combine most of the features 

and advantages of SRM and conventional PM machines into one structure. This dissertation 

presents a methodology for designing low torque ripple FSPM by addressing the issue of 

cogging torque by rotor pole shaping. A generalized design rule on rotor pole shaping has been 

developed using permeance based model for cogging torque minimization. The proposed pole 



shaping is shown to minimize the torque ripple to up to 97% with only 5.34% sacrifice on the 

average torque.  

The issue of noise, vibration and stator deformation are also addressed from a design 

perspective. An analytical model has been proposed and verified with FEA to account for the 

natural mode frequencies of the segmented stator of FSPM. Based on the analytical model of 

natural mode frequencies, another design rule has been proposed to improve the noise and 

vibration characteristics of the machine. The proposed design modification reduces noise by 

7-8 dB at all the operating speeds, whereas the stator deformation is within acceptable limits 

as found from structural FEA.  

 An accurate machine model incorporating saturation and mutual coupling has been 

developed using FEA based d- and q-axes flux linkage characteristics. The performance of the 

motor drive has been verified before fabrication using a coupled simulation of the FEA 

machine model and a dynamic simulation model of the controller and drive. 

An experimental prototype of the designed 0.5kW, 12/10 FSPM machine was constructed 

with non-rare earth PM applying the design rules for reduction of cogging torque and acoustic 

noise. Based on the developed machine model and coupled simulation, stator field oriented 

vector controller has been implemented in the experimental setup. No-load back EMF, steady 

state torque and phase current waveforms have been collected from the experimental setup to 

evaluate and verify the motor drive system performance at different operating speeds and for 

up to 200% rated load. All the tests show excellent correlation to the FEA analysis and co-

simulation results. In addition, a steady state heat run test was also performed to examine the 

temperature rise in different parts of the machine according to the losses. 
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Introduction 

The motivation behind the research and development of innovative types of electric 

machines in the recent years have primarily been driven by economic and environmental 

factors. While the AC machines, such as synchronous and induction machines have been 

widely accepted to work well for most of the renewable energy systems where 

electromechanical energy conversion is required, why is there continued research activities on 

electric machines in the recent past half century? The answer is the search for novel machine 

technologies to efficiently and effectively harness renewable energy [1]–[4] as well as to keep 

up with the new standardization and global regulations [5]–[8]. As the high-flux density 

permanent magnets based on rare earth elements such as neodymium (Nd) emerged in the 

1980’s [9]–[12], permanent magnet-based electric machines [13], [14] had a clear performance 

and cost advantage over induction machines and reluctance machines when weight and size 

factors are considered such as in hybrid electric vehicles and wind turbines. However, the 

supply and high price of rare earth permanent magnet (PM) materials may obscure the 

advantages of such machines. Between 2007-2012, there has been nearly a 10-fold increase 

[15] in price and the imposition of export limits of rare earth magnets by the major producing 

country China. During this period, an additional requirement or trend of reducing the use of 

rare earth magnet [16]–[18]; designing electrical machines that are ‘rare earth free’ or employ 

‘non-rare earth magnets’ has come to practice. Although the price of rare earth PM material 

slumped to some extent past 2012, the need to remove dependency on these materials is of the 

utmost importance. 
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While recognizing the influence of these constraints and requirements, it must also be 

acknowledged that the notable developments shown in the appearance of innovative electrical 

machines during this period are due to the corresponding rapid developments in power 

semiconductor, integrated circuit devices [19]–[27], computer simulation capability including 

tools for Finite Element Analysis (FEA) and numerical analysis [28]–[30]. Before this period, 

the configurations that define the DC commutator machine, AC induction and AC synchronous 

machine were the dominant types. Now, the electric machines types have been augmented by 

the entry of the AC synchronous reluctance machine (SynRM), the switched reluctance 

machine (SRM) and various types of brushless AC and DC permanent magnet machines. 

The SRM and permanent magnet synchronous machine (PMSM) are the traditional 

electric machines used in many industries and applications mainly due to their advantages in 

maintenance and cost. There is a recent trend to search for alternatives that are efficient both 

in terms of power and volume. In many applications, it is an important issue to keep balance 

between these two. Flux switching permanent magnet (FSPM) machine realizes many 

combined advantages of reluctance machines (i.e. SRM) and PM machines (i.e. PMSM, 

BLDC) into one topology. It displays the robustness and simplicity of SRM, power density of 

PMSM, as well as the advantage of using low-cost sensorless electronic controller and fault 

tolerance and robustness against output short-circuit and overload. 

The emergence of the flux switching machine (FSM) is as recent as just over a decade 

ago, exploiting the advances in drives technology for feasibility of operation and exhibiting 

high specific output and economy of construction. Yet there are few drawbacks or issues where 

there are room for improvement in the conventional FSPM machine technology. This thesis 

contributes in many of those, namely cogging torque minimization, noise and vibration 
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reduction, and modeling of FSPM considering saturation and mutual coupling. It describes the 

modeling, analysis, and control of SRM and FSPM, with an emphasis on current ripple 

minimization in Switched Reluctance Generator (SRG), design of an FSPM for cogging torque 

minimization and low-noise performance. This chapter concludes with a brief introduction to 

SRM and FSPM, an outline of the thesis structure and original contributions. 

 

1.1 Switched Reluctance Machine (SRM) 

The SRM is comparatively new among the brushless machines family, although its 

concept was developed more than 150 years ago. The torque in a SRM is produced by the 

tendency of its rotor to move to a position where the inductance of the excited winding is 

maximized. SRM technology was not widely used until recently due to the absence of suitable 

semiconductor switches for controlling the machine. In the late 1960’s, the control of the SRM 

became much easier creating a renewed interest in SRM drives due to: 

1. The availability and improvement of cost-effective high power fast semiconductor 

switches; 

2. Heavy computational power at an affordable price to use extremely convenient finite 

element method for machine design; 

3. Extensive use of microcontrollers and integrated circuits that facilitated high speed signal 

processing and control of electric machines. 

Exploiting these developments, the fundamental design, and operating principles of the 

machine was established in 1970s [31]. The cross section of a modern, three-phase SRM with 

12 stator poles and 8 rotor poles is shown in Figure 1.1. 
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Figure 1.1: A three-phase, 12/8 SRM. 

 

The reason behind the growing interest in SR machines technology is best understood 

from a summary of their numerous advantages and a few disadvantages: 

Advantages of SRM drive 

1. Simple, robust, and rugged structure which leads to its high reliability. 

2. Concentrated stator winding which is easy to repair. 

3. No winding in rotor; hence low inertia and quicker dynamic response. 

4. Most losses occur in the stator which is easily cooled. 

5. The rotor losses are very small; hence the rotor cooling problems vanish. 

6. The motor and the converter are inherently fault tolerant. 

7. High starting torque without the problem of inrush current. 

8. Four-quadrant operation is possible. 
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9. No winding or PM in rotor; therefore, ideal for high speed operation. 

10. The torque production is independent of the polarity of the phase current; therefore, a 

simplified power converter can be used with a reduced number of power semiconductor 

switches. 

Disadvantages of SRM drive 

1. Inherent torque ripple and acoustic noise due to doubly salient structure. 

2. Converter requires high kVA. 

3. Same excitation penalty as IM, and cannot equal the efficiency or power density of the 

PM motor in small sizes. 

4. Position information and current control: incurs complexity, cost and size concern to 

SRM drive system. 

In summary, SRM drives have the potential to be a less expensive alternative to other 

types of electrical motor drives. However, the requirement of rotor position sensor, greater 

torque pulsation [32]–[34] and acoustic noise [35]–[37] are the major drawbacks of SRM drive 

and could limit the use of SRM in some applications. 

1.1.1 Applications of SRM Drives 

Due to the ability of operation in high temperature, simple construction, absence of PM, 

rotor conductor or brushes, SRM drive applications include (but are not limited to): 

1. Electric vehicles: ordinary cars and trucks, electrically powered bikes and scooters, 

industrial utility vehicles, station cars and wheel chairs [38]; 

2. Aerospace: where a smaller weight is essential [39], [40]; 
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3. Household appliances: washing machines and vacuum cleaners [41]; 

4. Robotics: use as direct drive actuators [34]; 

5. Variable speed and servo-type applications: Starter/generator systems for gas turbine 

applications [31], [42]. 

 

1.2 Stator PM Machine Technology 

In general, stator PM machines have all excitation sources on the stator, requiring simpler 

cooling method, leaving the rotor to carry neither windings nor magnets; and essentially getting 

rid of the brush gear and slip rings. There are several varieties of stator-PM machines, through 

which the Flux Switching technology evolved gradually, discussed in detail in Chapter 2.  

FSPMs are gradually gaining increasing interest in high performance drives due to their 

numerous advantages over other brushless machines [43], [44]. However, there is room for 

improvement in cogging torque and noise/vibration performance through geometric 

modification in the design stage of the FSPM. So far most of the research have been conducted 

using rare earth magnet. Using non-rare earth magnet for FSPM is another interesting direction 

as the FSPM already shows promising torque density as compared to conventional PM 

machines. Overall, these are the obvious direction to reduce cost as well as improve 

electromagnetic and structural performance.  
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PMSMSRM
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 Robust and rugged rotor.
 Low inertia, quicker 

dynamic response.
 Most losses occur in 

stator, can be easily 
cooled

 Rotor losses are negligible, 
rotor cooling is not of 
concern.

 No winding in rotor, ideal 
for high speed operation.

 Construction simplicity.

 Higher power factor 
(compared to IM) due to 
the absence of 
magnetizing current

 No brush maintenance 
required as wound rotor 
SM

 Larger energy density 
and compact structure

 Being a PM machine, cogging torque should be looked into.
 Segmented stator can be a manufacturing challenge
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 If rare-earth magnet is used, demagnetization could be a factor.

Stator 
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Rotor 
tooth
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back iron

 
Figure 1.2: Flux Switching PM Machines: Combining SRM and PMSM features. 

 

As an introductory overview, it can be said that the FSPM, employing segmental stators 

in three phase configuration, combines already well-known configurations of stator and rotor 

topologies to combine the positive attributes of SR and PM machines into one machine. A 

graphical representation of this phenomena is shown in Figure 1.2. The rotor structure is 

similar to that of SR machines inheriting the associated advantages in terms of robustness and 

construction simplicity. In terms of operation, FSPM is an AC machine having a sinusoidally 

varying permanent-magnet flux-linking each phase winding with rotor rotation. It can thus be 
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sinusoidally driven and have the associated advantages of sinusoidally excited machines 

including a smooth output torque and constant input power in steady-state balanced operation. 

The output torque can be dynamically controlled using vector-control algorithms.  However, 

there are some forms of sacrifice or disadvantages, which were also taken into account and 

considered for performance improvement during the design stage. 

1.2.1 Prospect and Applications of FSPM drive: 

As the machine combines many well-known advantages and features from both SRM and 

PMSM, presumably, it can be used for a wide range of application traditionally suitable for 

both kind of machines. They include (but not limited to) 

1. Electric and Plug-in hybrid vehicles (Can achieve competitive power density as 

rare earth PM machines). 

2. Fault tolerant applications such as in aerospace. (Competitive with PMSM, 

higher power density than SRM). 

3. Downhole applications where continuous operating temperature is as high as 

150° C. 

4. High speed applications (DC Alternator). 

5. Variable speed and servo type applications (an alternative to BLDC motor). 

6. Gearless drive applications. 

Details on flux switching machines, including its history and operating principle are 

discussed in Chapter 2. 
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1.3 Research Motivation 

With growing interest in SR machines, extensive research has been carried out on its 

design and control. Because of its feasibility in four quadrant operation, it is a very lucrative 

candidate for applications where both motoring and generating is required at various speed 

range. Torque ripple and current ripple are the key issues during SRM operations for motoring 

and generating, respectively. They can be addressed by both manipulating the design or 

innovative control algorithm and techniques. 

Researchers have been trying to minimize these key demerits for both motoring and 

generating controls of SRM [45]–[47] . Several techniques have been proposed for maximizing 

the efficiency when SRM is used as a generator by controlling the commutation angles. The 

attractive advantages of SRM can be effectively utilized in many applications with 

improvements in the generated current ripple. This thesis presents a new control technique of 

SRM as a generator based on geometry based analytical model. The system operation has been 

verified experimentally using a 1kW SRM drive setup. A detailed analysis has been performed 

on the DC-link current ripples affecting the overall system performance, efficiency, and battery 

life during generation using SRM. It has also been shown that minimizing current ripple while 

generating indirectly maximizes the efficiency of the whole SRM drive system. 

Efficient and optimum SRG control requires carefully fine-tuned commutation angles. 

The complexity increases at low speed as compared to high speed operation. At high speeds, 

phase currents go into single pulse mode where no hysteresis control is required. At low speeds, 

phase current is controlled by hysteresis. Therefore, to achieve ripple minimization or 

efficiency maximization for operation where wide speed range of operation is prerequisite, a 

two loop controller which controls all the commutation angles along with the reference current 
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is essential. 

A control algorithm has been developed that dynamically varies the commutation angles 

for the machine operation based on the required and commanded DC-link current level along 

with continuously monitoring the ripple in DC-link current. The algorithm is implemented and 

tested at different operating speeds where hysteresis control is applicable. This control concept 

can generally be applied to any SRM for all speed ranges. 

It is today’s challenge to come up with new and innovative machine topologies by 

combining already existing knowledge in this field of research. Flux reversal or flux switching 

is another concept of energy conversion which was first proposed back in 1950’s and emerged 

recently exploiting the advances in power electronics, microcontrollers, and high fidelity finite 

element analysis (FEA). Among the existing machine structures, PM machines, namely 

Permanent Magnet Synchronous Machine (PMSM), Interior PM (IPM) and surface mounted 

PM-BLDC machines offer the highest power density using rare earth magnets. However, Flux 

Switching machine topologies can achieve torque and power density very close to that of 

today’s rare earth PM machine topologies with non-rare earth magnets because of their flux 

focusing structure. 

Unlike any electric machine technology, there are areas that can be improved in terms of 

performance and efficiency. FSPMs have naturally low torque ripple and the main source of 

that is the cogging due to the presence of flux focusing magnets. FSPM can be controlled using 

standard dq control. Therefore, it would be helpful if the cogging torque can be minimized 

during the design stage. Among the existing techniques to achieve that, skewing the rotor poses 

difficulty in manufacturing. One of the motivations for this research is to develop a novel yet 

simple method of minimizing cogging torque from machine design perspective. Consequently, 
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if a design rule can be established that can be applied to FSPM design in general, that helps in 

further adopting such machine topologies in high performance applications where low torque 

ripple is a prerequisite.  

Because of the structure, the most feasible three-phase topology is 12/10, but this poses 

another challenge of low second order mode frequency which will cause high noise and 

vibration. The segmented stator structure also needs to be looked into for analytically 

predicting the mode frequencies, and hence, noise and vibration. Unlike cogging torque, it is 

possible to minimize the noise and vibration by tweaking the geometrical design of the 

machine to verify it using FEA. Another motivation is to develop a geometric pole shaping 

and eventually to establish a design rule to minimize noise and vibration in FSPM machine. 

Eventually, a comprehensive design methodology is to be developed so as to facilitate FSPM 

design for high performance, low torque ripple, low noise applications. 

Because of the nature of operation, FSPM can be controlled in a similar technique as done 

for IPM and Brushless DC machines. However, precise control requires fine modeling of the 

machine. Existing models do not consider the effects of saturation and mutual coupling. This 

research introduces a model of FSPM including the saturation and cross-coupling effect. The 

model is to be used to develop and implement control of FSPM machines. The motivation of 

this research is to address all the issues in FSPM operation and find solution from design and 

control perspective so that it can be applied to FSPM design for low torque ripple, low noise 

applications in general 
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1.4 Research Objective and Methodology 

The primary objective of this dissertation is to evaluate the recent trends and goals in 

electric machines and drives industry to design and develop controllers and high performance 

doubly salient, radial flux machines without using rare earth PM materials. In this research, an 

understanding of cogging torque, noise, and vibrations in FSPM designs have been developed 

in order to facilitate the design of a low cogging torque, low noise FSPM with non-rare earth 

magnet. In addition, the issue of low efficiency for SRG operation is also addressed by 

developing a novel two loop controller for a wide speed range.  

SRM’s are attractive for many applications where energy conversion is required in both 

ways. However, there are two shortcomings in the existing literature, (i) maximizing efficiency 

is not obtained in real time operation because it was not correlated to any physical parameter, 

and (ii) methods for control parameter optimization for SRG have only been addressed at 

higher speed [45], [47], [48], [49]. Generally, SRG control is more complex at lower speed 

than at higher speed because at lower speed when current goes into hysteresis mode, there are 

more parameters to control than at higher speed, single pulse mode. This research intends to 

fill in these gaps for SRG operation. A correlation was established between SRG system 

efficiency and generated current ripple through theoretical analysis and results obtained from 

simulation. Extensive set of data for a wide range of speeds and currents were obtained and 

analyzed for this. Based on the collected data, a novel, two loop controller was developed and 

implemented that minimizes DC-link current ripple and maximizes efficiency at all speeds.  

The control algorithm was implemented and tested successfully on a 1kW SRG drive system. 

The next research objective of this dissertation is to develop an understanding of torque 

ripple and vibrations in various FSPM designs in order to facilitate the design of a low torque 
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ripple, low noise FSPM. A comprehensive design methodology is to be developed that can be 

used to design FSPM of any size and power level. The mechanism of flux switching using PM 

to produce three phase configuration was characterized. All the possible geometric parameters 

were examined to design a geometrically optimized FSPM within a set of constraints. The 

design is made highly scalable so as to be applied to any size and power level.  

For cogging torque minimization, several FSPM configurations were assessed and the 

factors and geometric parameters that affect cogging torque the most was identified. Based on 

this, a unique pole shaping design was developed to minimize the cogging torque. A design 

rule that can be applicable to any FSPM configuration has been developed through theoretical 

analysis founded on a permeance based model. A detailed analysis of cogging torque has been 

done in relation to reluctance torque, torque ripple and rotor eccentricity. 

The existing methods of calculating stator mode frequencies do not consider segmented 

stator structure. One of the important design objectives is to address the issues of noise and 

vibration FSPM to develop a low noise design. An analytical model was developed to predict 

mode frequencies of a segmented structure like FSPM. Based on that, a pole shaping was 

proposed that would minimize the noise due to the vibration for second order mode frequency 

at all operating speeds. The contributors to acoustic noise and vibration have been analyzed to 

develop a low-noise machine. A static structural FEA model has been developed using 

magnetic radial forces obtained from electromagnetic FEA to predict the stator tooth 

deformation accurately. The techniques for minimization of cogging torque and acoustic noise 

are combined with the basic design to present a comprehensive methodology for FSPM design. 

The next step is to materialize the design into a physical prototype to be tested. An FSPM 

prototype was built based on the design developed. Modeling the machine parameters are 
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extremely important to develop the motor control algorithm. A novel method of modeling the 

FSPM based on FEA results incorporating saturation and mutual coupling has been developed. 

Machine parameters obtained from this model have been used to control the machine 

operation. This is particularly helpful in analyzing the performance of the machine at different 

operating conditions with different control methods. 

Stator field oriented vector control was implemented on the FSPM based on the machine 

parameters identified. A high fidelity, dynamic co-simulation model was used to accurately 

model and predict the response of the motor and the controller. Upon obtaining satisfactory 

performance, the controller was also implemented in the experimental hardware. 

The final step of this research is to conduct the experiments to verify the performance of 

the motor designed and constructed. Standard laboratory testing at no-load and loaded 

conditions have been performed and verified with analytical and FEA based results. The motor 

was loaded to up to 200% rated current, and was tested at a range of operating speeds. A steady 

state heat-run test was also performed to examine the steady state thermal capabilities of the 

motor and losses and temperature rise at different parts at different operating conditions. 

 

1.5 Dissertation Organization 

Chapter 1 presents a general introduction to the two types of electric machines in 

consideration, their features followed by advantages and disadvantages and applications. It 

describes how FSPM can combine features and advantages from the existing popular 

technologies (SR and PM) into one machine. The main objective, motivation and approach of 

the dissertation are also presented. 
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Chapter 2 provides detailed background of SRM and FSPM technologies. The 

construction, operating principle, control and converter topologies of SRM is discussed. As 

FSPM is comparatively new, the evolution of FSPM has been presented.  

Chapter 3 presents the design of an optimum, two loop controller for SR generators that 

maximizes the efficiency of the system for a wide speed range. At low speed, the reference 

current, along with turn on and turn off angles need to be controlled precisely to minimize the 

current ripple. A theoretical analysis has been provided to show the effect of current ripple on 

system efficiency. A geometry based model of SRM has been used to generate large set of data 

to validate the analysis. A two-loop controller has been developed in simulation, and then 

implemented experimentally. Finally a generalized theory is proposed to validate the 

functionality of the SRG controller for a wide speed range. 

Chapter 4 covers the comprehensive design methodology of FSPM. The topological 

configurations for three-phase arrangements are discussed. A set of constraints have been set 

to facilitate manufacturing of a prototype and laboratory testing. Based on the constraints, a 

complete, exhaustive and comprehensive design is performed. Existing theory and techniques 

have been used in this design to start with. Towards the end, the performance of the machine 

is predicted through FE analysis and existing and adopted rules on the design of 

electromagnetic systems. 

Chapter 5 presents a novel pole shaping method to minimize cogging torque in FSPM. 

The sources of cogging torque have been discussed and an analytical verification of this pole 

shaping is also covered. Detailed FEA based parametric sweep has been performed to develop 

a generalized design rule that can be applicable to any FSPM topology and structure. The effect 

of this poles shaping on reluctance torque and rotor eccentricity is also analyzed.  
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The discussions on the stator vibration, structural damping and circumferential mode 

shapes of stator vibrations are presented in Chapter 6. A method to predict the mode 

frequencies for such structures has been developed in this chapter. The key parameters that 

have affects the stator vibration and noise have been identified. Based on this, another pole 

shaping on the stator was proposed and applied for a low-noise design. The mode frequencies 

of the base design and the low-noise design have been verified using the proposed model and 

structural FEA. To the end, a static structural FEA simulation (including magnetic radial force 

calculated from electromagnetic FEA) has been performed to show that the stator deformation 

of the final design is within the acceptable limit. 

Chapter 7 presents the description of the experimental setup with the prototype built. An 

advanced modeling technique was used to identify the motor parameters including the effect 

of saturation and mutual coupling. Vector control was implemented using the machine 

parameters identified, both in simulation and in the experimental hardware. The general 

performance parameters of the prototype was tested at rated speed and at other speeds, for up 

to 200% of rated current. In addition, a steady state heat run test was also performed to examine 

the temperature rise at different parts of the machine. 

A relatively new and an older motor topology have been tested through this dissertation 

via extensive simulation and experimental work. In doing so, notable novel contributions have 

been made in the areas of design and control of SRM and FSPM. Yet, there still exist the scope 

for further research and improvement. A summary of the research accomplishments achieved 

through this dissertation and scope of future works are discussed in Chapter 8. 
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Switched Reluctance and Flux Switching Machines 

This chapter presents the basic operating principal of the two types of electric machines 

in consideration, along with the evolution and background of FSPM. The concept of SR 

machines has been around since the mid-18th century. The machine concept was established 

by Davidson as early as in 1838 and it was used to propel a locomotive on the Glasgow-

Edinburgh railway [31] at that time. With the development of fast-acting power semiconductor 

switches in the 1970’s, SR machines experienced growing interest and showed great potential 

for various applications and research. On the other hand, among the popular PM machine 

topologies where the magnets are located in the rotor, poor cooling and limitation in high speed 

operation are the issues which limit their performance in many applications. Researchers in the 

field of electric machine and motor drives are always striving to come up with new and unique 

topologies that offer advantages over various established topologies into one. To decrease total 

system cost, increasing power density of the electric machine is important. In the stator PM 

machine (where permanent magnets are located on the stator), the temperature rise in the PMs 

is less severe and can be controlled in a much easier way. The rotor of these machines is very 

simple and robust like SRM, and therefore, can be operated at a very high speed. With the idea 

of stator-PM and SRM like simple, salient rotor in mind, a few stator PM topologies have been 

proposed, and the FSPM topology evolved gradually. 

 

 

 



18 
 

2.1 Switched Reluctance Machines 

Among all the existing machines, SRM arguably has the simplest structure. It is a doubly 

salient, singly excited machine with unequal number of stator and rotor poles. SRM uses 

reluctance torque production technique to convert electrical energy to mechanical energy. For 

a continuous torque production, as the stator poles are energized, the most adjacent rotor pole 

is attracted towards the stator pole carrying armature current to attain minimum reluctance of 

the corresponding magnetic path. Obviously, the unequal stator-rotor pole combination is to 

ensure a continuous torque production, so that the torque is never zero (i.e., all rotor poles are 

aligned with stator poles and stalled). The stator and rotor structures are made of magnetic steel 

laminations. Only the stator has windings, which are excited from an external DC source 

through a power converter. The windings are placed around the stator poles to configure the 

independent phases. Windings on diametrically opposite poles are connected either in series 

or in parallel to make one phase of the machine.  

The SRMs can be of various numbers of stator and rotor pole combinations which gives 

rise to different phase configurations. For a 3-phase machine, the basic structure has 6 stator 

poles and 4 rotor poles. Based on this 6/4 structure, the pole count can be increased to 12/8, 

18/12 structure, which is known as 2-repitition and 3-repitition version of the basic. Similarly, 

8/6 (basic), 16/12 (2-repitition) and 24/16 (3-repitition) are some possible structures for four-

phase SRM. The choice of the number of phases in SRM is a compromise between low torque 

ripple and cost of power electronic converter [31]. 
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2.1.1 Operating Principle of SRM 

The principle of operation of a SRM is based on the fact that in any electromagnetic 

system the stable equilibrium is the position where the reluctance of the magnetic path is 

minimum. Unlike any rotating electric machine, the stator pole and rotor pole are separated by 

an airgap in SRM. When a stator pole is excited, the closest rotor pole is attracted towards the 

stator pole so that the reluctance of the magnetic path between the stator and the rotor is 

minimum, resulting in torque production. When a pair of rotor poles become aligned with a 

pair of stator poles, an adjacent pair of stator poles is excited to bring a second pair of rotor 

poles into alignment. The successive movement of a 3-phase, 12/8 SRM is shown in Figure 

2.1. The synchronization of the stator phase excitation is readily accomplished with rotor 

position feedback. 

   

A: Aligned 

B: Unaligned and about to align 

next for clockwise rotation 

C: Unaligned 

A: Unaligned 

B: Aligned 

C: Unaligned and about to align 

next for clockwise rotation 

A: Unaligned and about to align 

next for clockwise rotation 

B: Unaligned 

C: Aligned 

Figure 2.1: Operating Principle of SRM. 

 

The aligned position of any phase is defined to be the situation when the stator and rotor 

poles of the phase are perfectly aligned with each other attaining the minimum reluctance 

position. The unsaturated phase inductance, La is maximum in this position. The phase 



20 
 

inductance decreases gradually as the rotor poles move away from the aligned position in either 

direction. When the rotor poles are symmetrically misaligned with the stator poles of a phase, 

the position is said to be unaligned position. The phase inductance is minimum in this position, 

and is called the unaligned inductance Lu.  

2.1.2 Motoring and Generating using SRM  

In this section, the operation of SRM will be explained with the help of the governing 

mathematical equations. The difference between motoring and generating operation and their 

relation to inductance profile will be explained and the importance of different control 

parameters will be elaborated. 

The general expression for phase voltage of SRM is 

 
𝑉𝑝ℎ = 𝑖𝑝ℎ𝑅𝑝ℎ +

𝑑𝜆

𝑑𝑡
  …( 2.1) 

where 𝑉𝑝ℎ is the DC-bus voltage, 𝑖𝑝ℎ is the instantaneous phase current, 𝑅𝑝ℎ is the winding 

resistance, and λ is the phase flux-linkage. The SRM is always driven into saturation to 

maximize the utilization of the magnetic circuit, and hence, the flux-linkage (λ) is a non-linear 

function of stator current and rotor position 

 𝜆𝑝ℎ = 𝜆(𝑖𝑝ℎ, 𝜃𝑝ℎ)  …( 2.2) 

The stator phase voltage in Eqn. (2.1) can be expressed as 

𝑉𝑝ℎ = 𝑖𝑝ℎ𝑅𝑝ℎ +
𝑑𝜆

𝑑𝑖
.
𝑑𝑖

𝑑𝑡
+

𝑑𝜆

𝑑𝜃
.
𝑑𝜃

𝑑𝑡
= 𝑖𝑝ℎ𝑅𝑝ℎ + 𝐿(𝜃)

𝑑𝑖

𝑑𝑡
+ 𝑖𝑝ℎ

𝑑𝐿(𝜃)

𝑑𝑡
𝜔 

where 
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𝑑𝑖

𝑑𝑡
=

𝑉𝑝ℎ − 𝑖𝑝ℎ𝑅𝑝ℎ − 𝑖𝑝ℎ
𝑑𝐿(𝜃)

𝑑𝑡
𝜔

𝐿(𝜃)
 …(2.3) 

 

From Eqn. (2.3), it is apparent that the left hand side is positive when 
𝑑𝐿(𝜃)

𝑑𝑡
 has a negative 

value, and vice versa. The required excitation region of phase current according to inductance 

variation can be elaborated easily using Figure 2.2. If phase current is applied at positive slope 

of inductance, the machine will convert electrical energy into mechanical. On the other hand, 

if switches are turned on in a particular sequence so that phase current is applied into the 

winding at negative slope of the inductance, then the machine will generate more energy than 

drawn and push it back to the source, hence converting mechanical energy into electrical. 

Motoring

Generating

Phase

Current

Phase

Current

L(θ)

 
Figure 2.2: Motoring and generating operation and their relation to inductance profile. 

 

2.1.3 SRM Drive System: 

The SRM drive system is composed of (1) the controller module, (2) the power converter 

and (3) the machine itself. The simplest block diagram representation of an SRM drive is 
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shown in Figure 2.3. The control module determines a phase current command and 

corresponding commutation angles based on the rotor position and the phase current feedback. 

The phase current commands are configured for producing the phase torque at the output shaft 

to satisfy the load requirement. In the case of generating mode, phase current and commutation 

angles are determined by the controller module to produce the required current output. The 

output torque will have some torque ripple around the average torque output which should be 

within the predefined range by design. There will also be current ripple, and it is one of the 

control objectives to reduce this. The phase current commands are converted to gate switching 

signals in the controller for the power semiconductor devices in the inverter. The inverter then 

produces the phase voltages based on the commanded signals to drive the machine that delivers 

the desired torque at the appropriate speed. The research presented in this dissertation makes 

significant contributions on the control of SR generators, for optimal power generation and 

maximizing generator efficiency for a wide speed range. 

Controller
Power 

Converter
Load

Gate

Signals
Phase 

Currents

Position, Current

SRM

 
Figure 2.3: Simplified basic SRM drive system. 

 

2.1.4 SRM Power Converters  

SRM power inverter is significantly different from other multiphase machine 

technologies. Each phase is independently controlled by its own converter phase leg. Several 

converter topologies suitable for SRM drives have been proposed in the literature [31], [42], 
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[50]. The most commonly used, yet the most flexible and versatile converter is the classic 

bridge converter shown in Figure 2.4 [50]. It requires two switches and two diodes per phase.  

 
Figure 2.4: Classical bridge converter for a three-phase SRM. 

 

The top and bottom switches along with the freewheeling diodes of the inverter circuit in 

Figure 2.4 are used for controlling the machine. To turn on any phase so that the armature 

winding can draw current from the supply, both the top and bottom switches of that phase are 

turned ON. This effectively applies the DC bus across the phase. Similarly, both the switches 

are turned off simultaneously to turn off the phase. During the turn off period, the phase current 

flows through the freewheeling diodes and return the trapped magnetic energy back into the 

DC link. Zero voltage can be applied across a phase by turning off either the top or the bottom 

switch; this conduction period is known as the natural commutation period or freewheeling 

period.  Figure 2.5 shows the different conduction sequences of a phase using the classical 

bridge converter. Each phase is independently controlled by the controller and inverter. 
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Figure 2.5: Operation of the classic bridge type converter. 

 

For the generating mode of operation, the Switched Reluctance Generator (SRG) requires 

a source of excitation in order to generate electrical energy. The excitation is derived from the 

converter. When both switches are ‘on,’ current builds in the SRG phase winding.  Once 

current is built up, the phase conduction is cycled between freewheeling (zero volts) and de-

magnetization (-Vdc) during current hysteresis at low speeds. This way, more energy is 

returned to the source than was provided for excitation.  

 
Figure 2.6: Converter switching sequence during motoring and generating. 
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The sequence of switching and corresponding voltage across the phase for motoring and 

generating is shown in Figure 2.6. For motoring, the sequence is (+Vdc ~ zero ~ +Vdc ~ zero 

~ Vdc ~ -Vdc) in the increasing inductance region, and the sequence is (+Vdc ~ zero ~ -Vdc ~ 

zero ~ -Vdc ~ zero) for generating in the decreasing inductance region. The machine draws 

energy at the beginning only during magnetization; then, circulates within the converter during 

freewheeling and generates back to the source during demagnetization. The net energy pushed 

back to the DC-bus is more than drawn, hence the machine operates as a generator.  It is very 

important to recognize and understand the difference between motoring and generating to 

develop and implement a target control algorithm that works successfully all four-quadrant 

operating region. 

 

2.2 Flux Switching Machines 

This section presents the background and literature review of the types of electric 

machines that operates based on the principle of flux switching. Firstly, the definition of the 

term ‘flux switching’ is presented with the principle of operation. Different types flux 

switching concepts are described from the early schemes to the later ones before introducing 

the modern flux switching topology using toothed rotor and spoke-shaped magnets in the 

stator. As the thesis is on modern flux switching permanent magnet (FSPM) machines with 

doubly salient structure, more detail and on this type of machines is presented towards the end 

of the chapter.  

2.2.1 Background and Definition  

In any electromechanical system, the induced voltage e, can be predicted by Faraday’s 
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law at a specified mechanical angular speed 𝜔𝑟 as the change of flux linkages 𝜑𝑎 with position 

𝜃,  

 
𝑒 = −𝜔𝑟

𝑑𝜑𝑎

𝑑𝜃
 …( 2.4) 

This applies to any electric machine having coils in the armature linking flux from the 

field. As the rotor rotates, the flux linking the armature coil from the field changes with time. 

This change in flux linkage is periodic, which builds up to a maximum value and then gradually 

decreases to a minimum. In the conventional configuration of electric machines, the change of 

state of the armature flux between low and high is assisted by the relative motion of the 

polarized field system. Field excitation can either be a magnet consisting a pair of N and S 

poles or DC field using an electric circuit. The amount of armature flux linkage changes with 

the relative position between the field poles and the armature windings. 

It is possible to establish a variation in flux linkage between low to high without using the 

change of the relative position of the N and S polarization of the field with the armature. One 

way to do this is to modulate the flux linking the armature using an external field with a fixed 

excitation by changing the permeance seen by the armature. The permeance seen by the 

armature is then controlled by the position of the rotor. For the rotor position to influence the 

permeance seen by the armature in an impactful way, the rotor must have saliency. Saliency 

can be introduced in the geometry mechanically using rotor slots or teeth. The change of the 

armature flux from maximum to minimum as caused by variation of the permeance seen by 

the armature is addressed as ‘Flux Switching.’ Electric machines that work on this principle 

are popularly addressed as ‘Flux Switching Machines (FSM).’ Therefore, the key requirements 

of flux switching machines are 
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(i) Presence of both the field and the armature coils in the stator, 

(ii) Slotted/toothed structure to provide saliency for permeance variation. 

By requirements, it is apparent that the rotor is very similar to the conventional SR 

machines, thus allowing many advantages of SRM such as simplicity of construction and 

robustness to be retained.  

2.2.2 Modes of Flux Switching  

The idea behind the principle of flux switching is that the armature flux linkage changes 

with position principally due to the change in the permeance seen by the armature coils with 

position. The variation of flux between maximum and minimum values can be distinguished 

by two modes: (i) unipolar and (ii) bipolar flux linkages. As the names suggest, unipolar mode 

is of one polarity, all positive flux; whereas bipolar is between positive maximum and negative 

maximum values. The two modes of flux linkages are depicted in Figure 2.7 assuming ideal 

permeance variation.  

The unipolar flux switching is entirely influenced by the variation of the permeance. 

However, for bipolar flux switching, the armature coils need to link flux from both the N and 

S poles from the field in addition to the effect of permeance variation. The amount of flux 

linkages by each pole is governed by the position of the salient rotor.  

As the field (either PM or DC) in the flux switching arrangement is of fixed polarity, the 

magnetic circuits associated with the armature coils are required to operate with unipolar or 

bipolar flux if the flux linkages are unipolar or bipolar, respectively. However, it is obvious 

that bipolar flux will provide better utilization of the armature magnetic circuit or less material 

usage, resulting in higher power densities and less copper loss [51]–[56].  
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In both the unipolar and bipolar mode if current ia is applied in the armature coil, the 

electromagnetic torque Te developed is  

𝑇𝑒 = 𝑖𝑎
𝑑𝜑𝑎

𝑑𝜃
. 

Flux 
Linkage

Back 
EMF

Permeance

Phase 
Current

(motoring)

0

0

0

0

Unipolar
Bipolar

 
Figure 2.7: Unipolar and bipolar flux linkage with variation of permeance. 

 

2.2.3 Evolution of Flux Switching Machines  

From the definition of flux switching, the family of flux switching machines can be 

classified based on:  

(a) Source of the field flux (DC field winding or PM); 

(b) Orientation of the source of field; 
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(c) Operating mode of the armature flux, (unipolar or bipolar); and 

(d) The form of the armature current.  

The early implementation of flux switching machines employed wound-field excitation. 

As both the phase coils and the field are placed in the stator, the magnet demagnetization at 

high temperature was a concern for the low energy magnets. As material development 

advanced, the high-energy magnets became available which can operate at a temperature as 

high as 100 °C. The possibility of replacing the wound field with PM became obvious for high 

power applications. Few advantages of using PM instead of wound field for flux switching are: 

(i) Loss free excitation, (ii) Occupy less space, therefore, (iii) electric loading of the machine 

can be increased as more space is available for the armature in the stator. 

Other than the source of field excitation, the orientation of the field is another factor which 

leads to few different types of Flux Switching topologies. The source of the field excitation 

can be (i) in the radial direction (i.e. across the width of stator tooth body), (ii) in the 

circumferential direction (along the back-iron body), or (iii) in the longitudinal (axial) 

direction. All of these have their pros and cons. Option (i) is subject to balance the stator slot 

space between the field and armature systems if the excitation is wound-field. Option (ii) is 

preferably deployed with a PM field, especially if the source is oriented across the width of 

stator tooth body. Option (iii) was used in the oldest types of flux switching machine, popularly 

known as homopolar inductor alternators. This configuration has the advantage of having the 

entire slot space on the stator for armature winding, and has also been exploited in the 

development of the Transverse Flux Machine (TFM). 

A basis for classifying flux switching machines into different categories is whether the 

flux linkage is unipolar or bipolar. The early types of flux switching machines in the literature, 
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including heteropolar configurations, typically produced unipolar flux linkages; however, 

nearly all types of flux switching machines developed in the last two decades produce bipolar 

flux linkage. Bipolar flux linkage has clear advantage over unipolar as the magnetic circuit can 

actually undergo twice the flux change. Hence, the produced power density and torque density 

is also higher. In the following sections, the major types of flux switching machines based on 

the differences listed above are described briefly.  

2.2.3.1 Inductor Alternator  

The inductor alternator appears to be oldest in the class of flux switching machines. The 

theory of inductor alternator was first proposed and established by Walker in 1942 [57]. It had 

quite a bit of history of use as a high frequency generator at that time. However, in its most 

conventional application it has been replaced by wound-field or PM synchronous machine. It 

was an attractive choice in applications where generation of high frequency currents was 

required and thus proved suitable in wireless telegraphy and high frequency electric furnaces. 

There are two types of Inductor Alternators based on the principal of operation: (i) 

Homopolar machine, and (ii) Heteropolar machine. In spite of such names, both of them 

operates under unipolar armature flux linkages. As well as operational differences, they also 

differ structurally. 

The radial and axial cross section of the Homopolar Inductor Alternator (HIA) is shown 

in Figure 2.8. The most common electric machines popular in research are either radial flux or 

axial flux machines. The HIA is a combination of both. It consists of a slotted and laminated 

armature core in two parts, a1 and a2, joined on a common frame. A field coil F is wound 

concentric with the longitudinal axis of the machine. A slotted rotor core r completes the path 

for the flux, shown in the longitudinal view of the Figure 2.8.  



31 
 

Stator core

Armature 
coil

Rotor 
core, r

Field coil, F
Flux
Path

Cross-section Longitudinal view

a1 a2

 

Figure 2.8: Basic structure of the Homopolar Inductor Alternator (HIA). 

 

Rotary motion and torque is generated by the variation of the permeance seen by the 

armature coils due to changes in the airgap length and produces unidirectional flux linkage 

variation in the armature coils. As the armature coil links with unidirectional flux only, the flux 

linkage is characteristically unipolar.  

Due to their complex 3D magnetic structure, analyzing HIA was not easy back in the 

1950’s and led to its demise until recent years where they have been proposed in very high 

power megawatt level naval [58] and generator [59] applications. It is not surprising that the 

prototypes report significantly lower flux linkages than expected when laminated steel is used, 

indicating substantial eddy currents due to cross flux in the laminations. A solution to this 

appears to employ powdered-iron cores, as in transverse flux machines, which minimizes eddy 

current effects in all directions.  

The cross section of heteropolar inductor alternator is shown in Figure 2.9. It is relatively 

simpler than the homopolar machine, and the principal of operation can be explained by the 

radial cross section alone. The slotted stator core contains both the armature and field coils. 
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They can either be in the same slots, as in Figure 2.9(a), or they may be in alternate slots, as in 

Figure 2.9(b). The number of rotor slots may be designed to be an integer multiple of the 

number of stator slots. 

 

2/2 Configuration, shared slot, unipolar flux linkage

Aligned, maximum flux linkage Unaligned, minimum flux linkage

 
(a) 

F

4/2 Configuration, alternate slot, bipolar flux linkage

Aligned, positive maximum flux linkage Aligned, negative minimum flux linkage

 
(b) 

Figure 2.9: Heteropolar machine topologies. 

 

There is no coil or winding in the toothed rotor. As the field is excited and the rotor rotates, 

the coil flux linkage varies with rotor position. As in the homopolar machine, the doubly salient 

stator and rotor causes change in permeance when the rotor moves that influences the flux 

linkages of the armature coil. The arrangement with alternate slots has been applied in modern 
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schemes to produce bipolar armature flux linkages by simply ensuring that the number of stator 

slots is less than the number of rotor teeth [60].  

The heteropolar structure has a few advantages over the homopolar structure such as 

smaller time constant which makes it superior in applications requiring close and rapid control 

of alternator terminal voltage.  

The application and dominance of inductor alternators reduced gradually because of lack 

of affordable power electronics and suitable tool to analyze such complex structures since it 

was first proposed in the 1940’s. The concept has been revived in recent years with allusions 

to SRM control concepts, and an accompanying modern-day drive has been proposed. 

2.2.3.2 The Flux Switching Alternator  

Rauch and Johnson [51] first proposed the flux switching alternator in 1955. It can be seen 

as a variation of the heteropolar alternator mentioned in the previous section, where the field 

winding is replaced by permanent magnets. It can also be seen as one of the earliest attempt in 

using PMs in a variable reluctance machine. Nonetheless, it appears to be the earliest point in 

history that the term ‘Flux Switching’ is noticeably used to describe an inductor alternator with 

bipolar armature flux linkages. The cross section of the machine is presented in Figure 2.10. A 

pair of magnets with the orientation indicated is mounted on a stack of stator iron laminations 

which in turn are wound with armature coils. The rotor is a simple stack of laminations with 

two salient poles. As the rotor rotates, the flux paths switch to the stator poles having the least 

reluctance in the air gap. The flux shown in Figure 2.10(a) completely changes direction when 

the rotor has moved through half the electrical cycle in the position shown in part Figure 

2.10(b). The rotor completes two electrical cycles in one revolution.  
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Figure 2.10: Structure of a simplified flux switching alternator. 

  

The flux switching principle positively resulted in the rate of flux linkage to double as 

compared to the homopolar inductor alternator. This configuration of flux-switching alternator 

was claimed to have a higher power density that the HIA which was less efficient. 

2.2.3.3 Field assisted and PM assisted SRM 

In 1989, Phillips [61] proposed a new configuration based on the concept of pre-

magnetization over the traditional SRM. A full pitched winding in the stator was added to the 

conventional SRM to act as a field winding to improve its torque capability. The machine was 

basically a single stack homopolar inductor machine fed from a unipolar converter, with the 

field excitation provided by the additional full-pitched winding. A cross section of the machine 

is shown in Figure 2.11. This machine configuration has also been explored by other 

researchers from a different perspective, where an auxiliary commutation winding was used to 

retain and utilize the field energy within the motor [62]. All these machines can be viewed as 

field-assisted SR machines with energy converted primarily through reluctance torque. 
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Pre-magnetization winding

Phase winding

 
Figure 2.11: Cross section of the basic field assisted SRM. 

 

In 1992, Liao, Liang and Lipo proposed a new topology called Doubly Salient Permanent 

Magnet (DSPM) machine, where the field excitation is supplied by permanent magnets in the 

stator [63]. It can either be seen as another improvement over field assisted SRM, or an 

improved FSM with PMs embedded in the stator back-iron providing the same benefits as the 

Flux Switching Alternator with even higher power density. Because of the unipolar nature of 

flux, it was a flux pulsation machine as compared to the bipolar, flux reversal machine. A 

three-phase, 6/4 DSPM with PMs in the stator yoke is shown in Figure 2.12. 

N

s

N

s

 
Figure 2.12: Cross section of the proposed PM assisted SRM. 
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A linear variation of PM flux-linkage with rotor position and consequently a trapezoidal 

back-EMF is induced in the stator windings on no-load. Because of the trapezoidal back EMF, 

DSPM machine is more suitable for brushless DC operation. Due to the existence of the PMs, 

a very high reluctance path for the armature reaction flux exists. Therefore, the inductance of 

phase winding is small at both aligned and unaligned positions. Consequently, unidirectional 

torque can be achieved by applying a positive current when the PM flux is increasing and a 

negative current when the PM flux is decreasing to the corresponding winding. The torque is 

dominated by the permanent magnet excited torque, and the resultant reluctance torque as well 

as cogging torque are negligible. 

Other than the robust SRM-like rotor, this structure showed few advantages over SRM 

such as torque density, efficiency and converter VA rating. It was an attractive alternative 

because of torque production and structural simplicity. A high reluctance path in the rotor back 

iron due to the PM forces the phase flux to take a leakage path through adjacent stator poles 

where reluctance is minimum. The leakage path reduces the phase flux and may cause 

cancellation of winding MMF if the phases are excited simultaneously depending on the 

polarity of windings around the stator poles. Leakage flux along with self-inductance and 

torque capability are among the few concerns of this structure where there was room for 

improvement. 

2.2.3.4 Flux Reversal Machine  

The flux reversal machine (FRM) is another form of flux switching machine that appeared 

in literature [53] in 1997 for the first time. It is the first machine among those having stationary 

magnet that utilizes bipolar armature flux linkage and MMF variation for energy conversion. 

The rotor is similar to SRM having a simple, salient structure. The stator is also similar to SRM 
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except with a pair of high energy permanent magnets with opposing polarity attached under 

the stator teeth near the airgap. FRM possesses a naturally low inductance, hence low electrical 

time constant and low mechanical inertia. As a result it appears suitable in applications that 

require fast response, such as electric vehicle generators.  

Figure 2.13 shows the basic configuration of the FRM, consisting two stator poles and 

three rotor poles. Magnets of opposite polarity are mounted on the stator pole faces at the 

airgap. Due to the rotor saliency, as it rotates, the armature coil ‘sees’ varying permeance with 

respect to rotor position.  

The variation in permeance and coil flux linkage with respect to rotor position follow 

similar trend as shown in Figure 2.7. Figure 2.14 illustrates the operating principle of FRM 

with the help of the cross section at different rotor positions. At (a), no flux links the stator 

back iron and the coil, and hence, the permeance seen by the stator is zero. At (b), which is at 

30 degree counter clock wise (CCW) position from (a), the phase flux linkage is maximum 

and so is the permeance. At (c), it is similar to (a), the flux linkage is zero and permeance is 

minimum again. At (d), phase flux is maximum again (in the direction opposite to (b)), and the 

permeance is maximum. As the rotor rotates one complete mechanical cycle, the armature flux 

linkages and the flux in the stator pole undergo complete ‘flux reversal’ by varying from zero 

to positive maximum, and back to zero before going to negative maximum. The linear bipolar 

variation of phase flux results in a square-wave EMF. Applying Faraday’s law, it can be shown 

that the back EMF is maximum at (a), negative maximum at (c) and zero at (b) and (d). 



38 
 

Stator

Magnets

Rotor

Winding

 
Figure 2.13: Basic configuration of a 2/3 FRM. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2.14: Operating principle of the FRM. 

 

The basic concept is explained using simple 2/3 topology. Variation in number of 

stator/rotor poles can be applied to produce different multiphase configuration [64], [65]. 
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2.2.3.5 Modern FSMs using salient rotor and sandwiched spoke magnet 

In 1997, Hoang et al. [52] presented a new stator structure that supposedly allows an 

efficient and balanced accommodation of PM, armature coil, and magnetic steel core on the 

stator. The stator core was modular or segmented, U-shaped pieces. It is easier for a reader to 

realize the principle of operation of such structure if the circular co-ordinate is laid in a linear 

fashion as in Figure 2.15. It shows one elementary cell which contains a permanent magnet 

sandwiched between two U-shaped magnetic stator cores, an armature winding and a toothed-

rotor. At (a), the rotor teeth are aligned with corresponding stator teeth and the flux path is 

clockwise. As the rotor rotates from (a), (b) is the next position where the rotor is again aligned 

with the stator. The polarity of flux linkage reverses from (a) to (b). Therefore, as the rotor 

rotates, bipolar variation of flux is occurs.  

(a) (b)  
Figure 2.15: Elementary cell of the modern flux switching structure. 

In practice, a concatenation of a series of the elementary cells in rotary arrangement is 

used to get an optimum circular design for a rotating machine based on this structure. Careful 

choice of the combination of the number of stator teeth and rotor poles can be used to create 

multiphase topologies. Based on this idea, an elementary single-phase structure has been 

discussed in [66], and a practical single phase concept containing four U-stator cores, four 

magnets and a 4-tooth rotor has been developed for an industrial application [67]. Further 

research and developments on these structures have been carried on for multiphase 

arrangements [52], [54], [68]–[75]. Some of the structures of these modern FSM topologies 
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are shown in Figure 2.16. 

 

 
Basic concept 

 
Practical single-phase concept 

 
Three-phase, 12/10 structure 

 
E-core, 6/13 FSPM 

Figure 2.16: Various structures of modern flux switching machines. 

 

The conventional FSPM topology containing U-shaped laminated segments and spoke 

type rare earth PM has shortcomings like low magnet utilization ratio and high cost. In an 

attempt to reduce the volume of magnet but retain other positive features of FSPM, multi-tooth 

and E-Core FSPM has been proposed [76]–[78]. Multi-tooth FSPM has a further split in the 

stator tooth near the airgap presenting two stator teeth on each side of the sandwiched 

permanent magnets. The configuration required increased number of rotor poles as well. Multi-

tooth FSPM featured reduced magnet usage than the conventional FSPM for a three-phase 

machine at the cost of higher electric loading to maintain same torque capability [73]. A multi-
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tooth structure is also reported to have lower torque ripple and higher torque density at low 

armature currents. However, at higher current, torque does not increase as compared to 

conventional single tooth structure. As the name suggests, E-core machine used E-shaped 

laminated segments instead of conventional U-shaped segments. This structure also reduced 

the magnet area by half and had increased slot area for armature coils. Unfortunately most 

optimal stator rotor pole combination requires an odd number of rotor poles (to have minimum 

back EMF harmonic and torque ripple) that results in unbalanced magnetic force and unwanted 

noise and vibration. 

Pollock and Wallace [60] proposed another structure applying a field winding excitation 

on this concept in an electric motor for the first time. It can be seen as a form of DC motor 

without brushes or magnets. The scheme evolves from the basic concept of the inductor 

alternator with bipolar flux linkages shown in Figure 2.9, where the number of stator teeth is 

purposefully chosen to be twice the number of rotor teeth. Figure 2.17 explains the basic 

principle of FSM with field coil excitation. A practical topology for such a structure is shown 

in Figure 2.18. Similar configuration can also be formed as 4/2 and 12/6 topology. It has the 

advantages of reducing end winding conductor material. Such configurations have been 

demonstrated for industrial applications where high power density and durability is required 

[79], [80]. 

Based on the conventional U-core and E-core FSPM, hybrid excited Flux Switching 

machines have also appeared in literature. As the name suggests, hybrid excited machine would 

have both PM and controllable DC field in stator. A topology with hybrid excitation naturally 

raises concern in practical implementation than in concept. Hoang et al [81], [82] proposed an 

elementary presentation of hybrid excited FSM and an accompanying three-phase topology as 
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shown in Figure 2.19. In this concept, the permanent magnets provide the primary field flux 

as in conventional FSPM while a variable DC field winding acts as a provider for secondary 

field flux, which can be either additive or differential. 

 
(a) Positive armature flux linkage 

 
(b) Negative armature flux linkage 

Figure 2.17: Basic principles with field coil excitation. 

8/4 Structure  
Figure 2.18: FSM topology using field winding excitation. 

 

X X

Wound field

 
Figure 2.19: Elementary cell structure for hybrid excitation. 
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Figure 2.20: Graphical representation of the evolution of Flux Switching PM Machines. 
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Although the addition of DC source pose added complexity and cost, it can be useful for 

flux weakening operation and for manipulating the core losses by changing field current. 

Subsequently, promising useful applications can be gearless drive with a large operating speed 

range. Recently, the effect of flux bridges have been investigated [83] among the research 

using hybrid excited FSM.  

Figure 2.20 shows a graphical representation of the evolution of modern Flux-Switching 

PM machines from SR and Flux switching machine technologies using a timeline. The timely 

advancement in power semiconductor technology aided in both technologies towards their 

acceptance and popularity in numerous commercial and industrial applications as well. 

 

2.3 Conclusion 

The background and operating principle of SRM and FSPM topologies are presented in 

this chapter. By embracing a clear yet broad definition of the term ‘flux switching,’ it has been 

shown how machines operating on the principle of flux switching have evolved through the 

last century, culminating in the modern configurations FSPM. Because of the flux focusing 

nature of the machine, FSPM promises high torque density within the same dimensions than 

brushless dc or other pm machines employing same magnetic material. Likewise, using non-

rare earth magnet in FSPM is another interesting and promising idea to obtain close to rare 

earth like electromagnetic performance. Unlike all other PM machines, cogging torque is an 

important concern while designing an FSPM. Also, as FSPM employs a segmented stator, the 

noise and vibration due to magnetic force also requires attention. Improving major 

performance parameters like torque ripple, noise and vibration is the directions followed by 
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the work in this dissertation. They are accomplished by applying unique design strategy and 

pole shaping. Specific study of minimizing cogging torque, noise and vibration by design 

innovations have culminated in this thesis on three phase FSPM. A prototype was built and 

tested based on the design performed. 
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SRG Control for Optimal Power Generation 

This chapter presents a novel method of controlling switched reluctance generators 

(SRGs) for maximum efficiency with active current regulation. The effect of varying the input 

control parameters on the efficiency of the SRG is first analyzed through exhaustive data 

collection through simulation and experiments. The analysis of the collected data showed that 

the input control parameters that minimize the dc-link current ripple also maximize the 

generating efficiency. A novel control strategy based on the analysis is then developed to 

maximize the efficiency indirectly through the control parameters that minimize the dc-link 

current ripple in real time while delivering the commanded generation power. The controller 

algorithm has been implemented with a 1kW experimental three-phase SRG drive system 

charging a NiMH battery pack. 

 

3.1 Generation with SRG from Control Perspective: 

Because of the feasibility of four quadrant operation with a variable speed range, SR 

machines are attractive for many applications where energy conversion is required in both 

ways. The magnetic excitation in SR generators (SRGs) is established by three control 

parameters: the turn-on angle θon, the turn-off angle θoff and the phase reference current Iref. In 

the existing literature, methods for control parameter optimization for SRG have only been 

addressed at higher speeds when the machine operates in the single-pulse mode [45], [47]–

[49], [84]–[88]. The controller development methodology has the following general procedure: 

(i) sweeping the control parameters through experiment or simulation, (ii) mapping of 
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experimental data, and (iii) developing a function or procedure based on the parameters for a 

desired performance optimization [84], [88]. This procedure optimizes one performance 

parameter at a time, and in all cases efficiency was chosen to be optimized. An automatic turn-

on angle advancing algorithm including simultaneous adjustment of turn-off angle based on 

look-up table is presented for optimal efficiency operation in [89]. In [85], the optimal 

efficiency turn-off angles was characterized as a function of power level and speed; the turn-

on angle was used to regulate the power produced by the SRG as necessary for closed loop 

control. When SRG is operated as a generator, the operating point is chosen in the constant 

power region which is why all the reported control methods in the generator mode are for high-

speed single pulse mode of operation [49], [85], [86], [90]. More recently, switched relucatnce 

machines (SRMs) are being considered for traction applications where generation is required 

at lower speeds with phase current regulation through an active current control algorithm. 

Generation at lower speeds is also required for wind turbines where SRM is a candidate. 

Numerous control methods for operation in the motoring mode are reported in the literature, 

but these are not directly applicable in the low-speed generating mode [45], [48], [88]. The 

motoring mode controller optimizations focused on efficiency maximization, torque per 

ampere maximization or torque ripple minimization [91]. Concepts of controller optimization 

at lower speeds in motoring mode can be adapted to develop optimal control methods in the 

generting mode for such objectives as efficiency maximization or dc-link current ripple 

minimization.   

Efficiency maximization through dc-link ripple minimization has been studied in the 

single pulse mode where the two control parameters of turn-on and turn-off angles were 

adjusted in a closed loop controller [90]. In the low speed region where current regulation is 
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essential, the reference phase current level also needs to be controlled along with excitation 

angles. The dc-link current ripple arises primarily from phase commutation, but also depends 

on the regulation level of the active phase currents. At lower speeds with active current 

regulation, the additional control command for reference phase current need to be generated. 

This chapter [92] presents a novel approach to control the SRG at lower speeds through current 

regulation while minimizing the dc-link current ripple and maximizing the generation 

efficiency. This will help maximize the system efficiency and minimize the impact of charging 

current ripple on the battery in traction applications. The chapter also presents a theoretical and 

experimental analysis for linking the dc-link ripple with efficiency. 

 

3.2  Switched Reluctance Generator System 

The SRG drive  system considered in this research to collect extensive generating mode 

data consist of an SRG, a power converter, a controller, a battery pack, and a prime mover. 

Figure 3.1 gives the block diagram representation of the system. The SRG considered is a 1kW, 

three-phase, 12/8 machine. In the simulation set-up, the SRG has been modeled using a 

geometry-based analytical solution for the flux linked and the static torque produced by single 

SRG phase [93], [94]. 

 



49 
 

Hysteresis 

Current 

Controller
Converter SRG

Prime 

Mover

Electronic 

Phase 

Commutator

Battery Pack

Vdc Idc

Iref

θon

θoff

ω 

Current 

Sensor

Position 

Informationθ

phi

Gate 

Signals phi

 

Figure 3.1: SRG drive system. 

 

  

Figure 3.2: Experimental setup for SRG operation. 

 

Figure 3.2 shows the experimental setup containing the controller card, the interface 

control board with the power MOSFET drivers, current sensing circuitry, quadrature encoder 

peripheral (QEP) unit, fault protection circuitry, and the power converter board with the dc-
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link capacitor. In addition, there are current sensors for phase current measurements and the 

quadrature incremental encoder mounted on the shaft of the rotor of the SRM. The 

experimental set-up was used for both data collection and controller development. The SRG 

parameters for the experiments are given in Table 3.1.  

 

Table 3.1: SRG parameters in the experimental setup 

Parameter Value 

Rated battery voltage 165V 

Rated SRG phase current 5.5A 

Operating speed 1000 rpm 

Rated Torque 1.5N-m 

Rated Power 1kW 

Phase Resistance 2.2Ohm 

 

The input parameters that give the most efficient SRG operation at low speeds are 

identified through exhaustive data analysis using results from the dynamic simulation model 

and the experimental set-up. The objective of the data analysis is to identify the relationships 

among phase current Iph(rms), average dc current Idc(avg), dc-link current ripple Idc-ripple(rms) and 

efficiency, and then to test the controller developed through the research. The ripple on the dc 

bus current at the higher frequency is mainly the function of the switching frequency and can 

be filtered effectively through the bus capacitor. The ripple on the bus current due to the phase 

commutation is relatively at lower frequency and can be the function of the operating speed, 

number of phases and rotor poles and the control strategy.  The ripple due to phase 

commutation can be used as a measure for the overall system efficiency and is the main 

consideration in this paper. The ripple in the phase or dc-link current due to the current 

regulation is negligible compared to the ripple due to commutation, and hence, the former is 

neglected in the analysis. 
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The data analysis showed that the excitation angles that produce the minimum ripple on 

the dc link current also deliver the maximum generating efficiency. Based on the observations, 

a multi-loop control algorithm has been developed to control the turn-on angle θon, turn-off 

angle θoff and the peak value of the phase current for the SRG operation. The first control loop 

provides the reference current required to generate the commanded generating current. The 

second control loop continuously tracks and minimizes the nominal dc-link current ripple 

through adjusting the turn-off angle.  The relationship between the conduction angle and the 

phase current command has been established and then tabulated for the closed loop operation. 

The conduction angle (θcond) is the difference between θon and θoff. In the paper, the dc-link 

current is represented as Idc, and the peak to peak ripple on Idc is defined as Idc(ripple). 

The developed controller was tested with the dynamic simulation model and then verified 

through the 1kW SRG experimental system. 

 

3.3 SRG System Electrical Losses 

The efficiency in an electric machine depends on the electrical, mechanical and iron losses. 

The drive efficiency depends on the conduction and switching losses of the power electronic 

converter and the parasitic resistances in the passive components such as the ESR in the DC-

link capacitor. The SRG system efficiency maximization approach is based on the management 

of the DC-link current ripple. The same Iph(avg) and Idc(avg) can be obtained in the SRG drive 

system with phase currents of different peak amplitudes and pulse widths. The objective is to 

find the optimal peak phase current and conduction period which maximizes the efficiency. 

Minimizing the Iph(rms) will increase both SRG and the inverter efficiencies by reducing the 
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copper losses in the SRG and conduction losses in the power semiconductors. The losses 

directly linked with the DC-link current in the SRG drive system are the machine electrical 

loss (i.e., the copper loss) and the loss in the ESR. Hence, these two types of electrical losses 

for the SRG drive system are addressed in this research. The core losses does not have 

significant contribution on the SRG efficiency at low speeds and the changes in the core losses 

with different phase current options at the intended operating speeds are minimal. The 

rotational losses depend on the machine speed and are not significantly different for the 

different phase current options for the same operating point. Similarly, the conduction and 

switching losses also not significantly different for the different phase current options.  

The electrical loss in the SRG is the copper loss which depends on the rms stator phase 

current. The loss is given by 

 𝑃𝐶𝑢 = 𝑚𝐼𝑝ℎ(𝑟𝑚𝑠)
2 𝑅𝑝ℎ … …( 3.1) 

 

where m is the number of phases. The minimum rms phase current points will give the 

minimum copper loss and enhance the efficiency [95]. The electrical loss due to the dc-link 

current ripple is given by  

 𝑃𝐶𝑎𝑝 = 𝐼𝑑𝑐−𝑟𝑖𝑝𝑝𝑙𝑒(𝑅𝑀𝑆)
2 𝑅𝐸𝑆𝑅 … …( 3.2) 

 

where Idc-ripple(RMS) is the rms value of the dc-link current ripple and RESR is the equivalent series 

resistance of the dc-link capacitor [96]. 

A simplified analysis with rectangular phase current pulses shows that the minimum loss 

condition with a commanded average dc-link current occurs when the dc-link ripple is 

minimum. The Iph(avg) is IPeakD and the Idc(avg) is 3IPeakD (here m=3) with the simple rectangular 

pulses. The same dc-link average current can be obtained if IPeak is decreased by the same 
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factor by which the conduction period D is increased and vice versa. This factor is referred to 

as the multiplication factor n, which is given by 𝑛 = −
𝐼𝑃𝑒𝑎𝑘

Δ𝐼𝑃𝑒𝑎𝑘

∆𝐷

𝐷
. The rms value of the phase 

current and the ripple on the dc bus current is affected with the change of n. Although the 

number n cannot be applied to practical phase currents as linearly as it is done with ideal 

rectangular currents, the analysis with the latter demonstrates that there is an optimum phase 

current peak and conduction width that give minimum dc-link ripple. As n changes (with 𝑛3 >

𝑛2 > 𝑛1), the phase current amplitude 
𝐼𝑃𝑒𝑎𝑘

𝑛
 and phase current conduction period D×n also 

changes keeping the average dc-link current the same (= 3
𝐼𝑃𝑒𝑎𝑘

𝑛
𝐷𝑛 = 3𝐼𝑃𝑒𝑎𝑘𝐷). Table 3.2 

shows the effect of n on various currents for a three-phase machine for the same Idc(avg), and 

hence, the same output power.  

 

Table 3.2: Iph(rms) and Idc-ripple(rms) for different magnitude, duty and overlap situation 

Parameter Expression 

Iph(avg) 𝐼𝑃𝑒𝑎𝑘𝐷 

Idc(avg) 3𝐼𝑃𝑒𝑎𝑘𝐷 

Iph(rms) 
𝐼𝑃𝑒𝑎𝑘

𝑛
√𝑛𝐷 

𝐼𝑑𝑐−𝑟𝑖𝑝𝑝𝑙𝑒(𝑟𝑚𝑠) (No overlap) 
𝐼𝑃𝑒𝑎𝑘

𝑛
√3𝐷𝑛 × (1 − 3𝐷𝑛) 

𝐼𝑑𝑐−𝑟𝑖𝑝𝑝𝑙𝑒(𝑟𝑚𝑠) (Overlap) 
𝐼𝑃𝑒𝑎𝑘

𝑛
√(3𝐷𝑛 − 1) × (2 − 3𝐷𝑛) 

For  𝑛3 > 𝑛2 > 𝑛1, 

𝐼𝑃𝑒𝑎𝑘1√𝐷1 > 𝐼𝑃𝑒𝑎𝑘2√𝐷2 > 𝐼𝑃𝑒𝑎𝑘3√𝐷3 

𝐼𝑃𝑒𝑎𝑘

𝑛1
√𝑛1𝐷 >

𝐼𝑃𝑒𝑎𝑘

𝑛2
√𝑛2𝐷 >

𝐼𝑃𝑒𝑎𝑘

𝑛3
√𝑛3𝐷  

Also Idc-ripple(rms)=0 when 3Dn=1, non-zero for other cases. 
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Figure 3.3: Iph(rms) and Idc-ripple(rms) variation with changing n. 

 

The changes in Iph(rms) and Idc-ripple(rms) with the change in multiplication factor (n) are 

illustrated in Figure 3.3 where initial values of IPeak and D are assumed to be 4 Amps and 
1

6
 , 

respectively. Iph(rms) keeps decreasing as D is increased and amplitude of phase current, IPeak is 

decreased irrespective of the overlap between phases. If the conduction period is reduced, the 

reference current level required has to be increased to attain the same Iph(avg) and Idc(avg); this 

will result in higher dc-link current ripple due to phase commutation, and also result in higher 

copper loss due to the higher rms current. Again, if the conduction period is increased beyond 

a certain level where phase overlap is large, the current ripple will get increasingly larger due 

to sub-optimal large overlapping conduction. The analysis with the simple rectangular pulses 

shows that an optimal rms phase current value exists at the location of minimum dc-link current 

ripple; the loss due to Idc-ripple(rms) is at a minimum when the dc-link ripple is minimum since 

the losses start to increase again as phase overlap increases because of current conduction in 

two phases. The increase in Idc-ripple(rms) dominates over the small decrease in  Iph(rms) in the phase 

current overlap region.  
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The above simplified analysis suggests that the total contribution to losses from Iph(rms) 

and Idc-ripple(rms) will be minimum if the phase excitation parameters of the SRG are 

continuously adjusted to minimize the dc-link current ripple. The phase current in the actual 

machine is far from simple rectangular pulses, but similar results are obtained from the 

nonlinear SRG system simulation model.  

Figure 3.4 and Table 3.3 show the relationship between dc-link current ripple and 

efficiency for three different phase current overlap situations obtained from the simulation by 

changing Iref and θcond while maintaining the same Idc(avg). The  Idc(avg)  per unit torque (Tavg) 

values are used to represent efficiency since speed is kept constant at the input and Vdc is kept 

constant at the output. The simulation results show that the efficiency increases as the dc-link 

current ripple decreases similar to the trend observed with ideal rectangular pulses. In the 

practical case, the SRG controller should target the optimum overlap angle where dc-link 

current ripple is minimum to maximize efficiency. 

 
 

 
(a) 

 
 

 
(b) 

 
 

 
(c) 

 

Figure 3.4: (a) Iph and Idc for Iref = 4.5 A and θcond = 18.5 mechanical degrees. (b) Iph and Idc 

for Iref = 3.5 A and θcond = 19.5 mechanical degrees. (c) Iph and Idc for Iref = 3 A and θcond = 

20.5 mechanical degrees. 
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Table 3.3: DC-link current ripple and 
𝐼𝑑𝑐(𝑎𝑣𝑔)

𝑇𝑎𝑣𝑔
 for different phase currents 

with the same Idc(avg) of 0.49 Amps. 

Iref 

Amp. 

θcond 

Mech degree 

Idc(ripple) 

Amp. 

𝐼𝑑𝑐(𝑎𝑣𝑔)

𝑇𝑎𝑣𝑔
 

Amp/N.m 

𝐼𝑟𝑖𝑝𝑝𝑙𝑒−𝑛𝑜𝑚 

4 18.5 1.2 0.212 5.66 

3.5 19.5 0.8 0.215 3.72 

3 20.5 1.2 0.212 5.66 

 

3.4 Data Collection and Analysis 

The experimental SRG was run at 1000 rpm charging a 165 V battery and a set of data 

was collected by changing different input parameters. The objective of this data collection and 

analysis is to find the input parameters for which the SRG runs most efficiently at low speeds. 

For the SRG, the output power (and thus the average dc-link current, Idc(avg)) depends on the 

reference phase current Iref and the duration for which it is applied, i.e. the conduction angle 

θcond. On the other hand, proper selection of θoff will ensure optimum overlap between phases 

so that the ripple due to phase-to-phase overlap is minimum. In the generator mode, Iref, θcond 

and θoff are the control parameters set by the controller. θon can be calculated from θcond and 

θoff. The generator speed is set by the prime mover. The battery terminal voltage (Vdc) is the 

dc-link voltage set by the battery. The dc-link current (Idc) is the generator output current which 

would dictate the charging rate of the battery in a traction application. All possible values of 

Iref, θon and θoff were swept at a particular speed to collect the output data for analysis.  

The parameters observed through simulations and experiments are: average dc-link 

current Idc(avg), dc-link current ripple Idc(ripple), and average torque Tavg. The ratio 
𝐼𝑑𝑐(𝑟𝑖𝑝𝑝𝑙𝑒)

𝐼𝑑𝑐(𝑎𝑣𝑔)
  is 

considered as a critical parameter that need to be minimized and is designated henceforth as 

the nominal ripple 𝐼𝑟𝑖𝑝𝑝𝑙𝑒−𝑛𝑜𝑚. θcond and θoff angles are swept over a range in the generating 
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region within one electrical period at constant speed and Iref. One electrical cycle (360˚ 

electrical) is equal to a mechanical rotation of 45˚ for the 12/8 SRM, which gives 22.5˚ 

(mechanical) of motoring region and 22.5˚ (mechanical) of generating region. The range of 

conduction angles and turn-off angles swept are as follows: 

 θcond angles are swept between 17˚ and 28˚ (mechanical) in 1˚ increments. 

 θoff angles are swept between 12˚ and 26˚ (mechanical) in 1˚ increments. 

For the next set of data, Iref is changed to a new set point, and θcond and θoff angles are 

swept again for the same speed. Iref currents are swept between 3.5 and 5 amperes in 0.5 Amp 

increments. The machine rated phase current is 5.5 Amps and the hysteresis band for current 

regulation is ±0.5 Amp. The data sets are collected for 1000 rpm operating speed for analysis. 

The simulation results are shown in  

Figure 3.4 through Figure 3.6. Efficiency of the SRG drive system can be obtained from 

the ratio of the electrical power output and the mechanical power input. The power output is 

Vdc×Idc(avg)  while the input power is Tavg× 𝜔, where Tavg is the torque and 𝜔 is the rotor angular 

speed. Efficiency is represented by Idc(avg)  per unit torque (Tavg) in this paper since the prime 

mover speed on the mechanical input side and the dc-link voltage Vdc on the power output side 

have been maintained as constants in the different sets of experiments. Figure 3.5 shows the 

effect of applied Iref and θcond on 
𝐼𝑑𝑐(𝑎𝑣𝑔)

𝑇𝑎𝑣𝑔
 and the 𝐼𝑟𝑖𝑝𝑝𝑙𝑒−𝑛𝑜𝑚. The same amount of average 

generating current can be obtained with a higher Iref (and corresponding lower θcond) or a lower 

Iref (and corresponding higher θcond). Figure 3.5(a) shows that the lower Iref gives higher 

efficiency and less 𝐼𝑟𝑖𝑝𝑝𝑙𝑒−𝑛𝑜𝑚 than the higher Iref. Similar trend was obtained for other values 

of dc-link currents. 
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(a) 

 

 

 
(b) 

Figure 3.5: Idc(avg)/Tavg and nominal ripple variation with Iref and θcond for (a) Idc(avg)=0.7-0.8 

Amp. (b) Idc(avg)=0.4-0.5 Amp. 
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(a) 

 

(b) 

Figure 3.6: (a)  Idc/Torque variation with θoff angles, for different reference currents. (b) 

Nominal ripple variation with θoff angles, for different reference currents. 
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Figure 3.6 shows the three-dimensional representations of 
𝐼𝑑𝑐(𝑎𝑣𝑔)

𝑇𝑎𝑣𝑔
 and 𝐼𝑟𝑖𝑝𝑝𝑙𝑒−𝑛𝑜𝑚 

variation with θoff for different Iref. As θoff is varied, 
𝐼𝑑𝑐(𝑎𝑣𝑔)

𝑇𝑎𝑣𝑔
 changes and is at its maximum for 

a particular θoff. The different lines in the figure indicate different θcond. From this figure, it is 

observed that for any Iref and θcond, the efficiency varies with change in θoff. However, the 

efficiency is the maximum for a particular θoff angle. 

 
Figure 3.7: Idc/Torque variation with nominal ripple. 

 

Figure 3.7 shows the effect of θoff on 𝐼𝑟𝑖𝑝𝑝𝑙𝑒−𝑛𝑜𝑚 and efficiency more explicitly for Iref=5 

Amps. The different lines indicate different θcond. It is obvious from the figure that efficiency 

is maximum when 𝐼𝑟𝑖𝑝𝑝𝑙𝑒−𝑛𝑜𝑚 is minimum. The same trend is observed for other values of Iref. 

This is the key observation that relates efficiency with the dc-link current ripple. It is difficult 

and costly to measure efficiency during operation as it requires torque information, but 

𝐼𝑟𝑖𝑝𝑝𝑙𝑒−𝑛𝑜𝑚 can be measured; minimizing the ripple naturally maximizes the efficiency. Table 

3.4 shows the values of Iref and θcond corresponding to the values of Idc(avg) that gives the most 

efficient generating mode of operation with minimum dc-link ripple at 1000 rpm.  
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Table 3.4: Iref and θcond corresponding to Idc(avg) for 

optimum generation (simulation) at 1000 rpm. 

Idc(avg), Amps Iref, Amps θcond, Mech. degree 

0.4-0.5 3.5 19 

0.7-0.8 4 19.5 

0.9-1.0 4.5 20 

1.0-1.1 5 20.5 

 

Similar data was also collected from the experimental setup to corroborate with the 

simulation data analysis. The three-phase 12/8, 1kW SRM was used for the experiment. The 

SRG turn-on and turn-off sweep angle generators and current controller were implemented 

using a TI TMS320F2812 digital signal processor. 

Figs. 3.8-3.10 shows the experimental data collected for a prime mover speed of 1000rpm. 

The efficiency numbers are fairly low in this experiment because of low speeds and low power 

levels. Low speed generation is expected to have lower efficiency due to the phase winding 

and switching loss. Figure 3.9 does show that the efficiency numbers improve as power levels 

are increased. However, the trend in output variation is the same as that obtained from 

simulation. The three important observations from the data analysis for a given operating 

condition are: 

 Lower Iref (and corresponding higher θcond) results in higher efficiency than higher Iref 

(and corresponding lower θcond)  (Figure 3.8, Table 3.4 and Table 3.5) 

 Maximum efficiency can be obtained by changing θoff (Figure 3.9), and 

 Efficiency is the maximum when 𝐼𝑟𝑖𝑝𝑝𝑙𝑒−𝑛𝑜𝑚 is the minimum (Figure 3.10). 
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(a) 

 

 

 
(b) 

Figure 3.8: (a) Efficiency and nominal ripple variation with Iref and θcond for Idc(avg)=0.4 Amp 

(Experimental); (b) Efficiency and nominal ripple variation with Iref and θcond for Idc(avg)=0.24 

Amp (Experimental). 
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(a) 

 

 
(b) 

Figure 3.9: (a) Efficiency variation with θoff angles for different reference currents 

(Experimental); (b) Nominal ripple variation with θoff angles for different reference currents 

(Experimental). 
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Figure 3.10: Efficiency variation with nominal ripple. 

 
 

Table 3.5 shows the optimum values of Iref and corresponding θcond obtained from 

experimental data for different required Idc(avg) at 1000 rpm. Experimental data shows less 

generation output than the simulation data since all the losses were not incorporated in the 

simulation model. However, both simulation and experimental data analysis show similar 

trends. The optimal controller for the SRG can now be designed and implemented based on 

the trends observed. 

 

Table 3.5: Optimum Iref and θcond for different  Idc(avg) at 1000 rpm. 

Idc(avg), Amps Iref, Amps θcond, Mech. degree 

0.24 3.5 19 

0.4 4 20 

0.58 4.5 21 

0.65 5 22 
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3.5  SRG Controller 

The SRG controller developed is based on a two-loop configuration. The average dc-link 

current output is controlled by adjusting Iref through a PI controller. The conduction angle θcond 

is calculated from the reference phase current Iref using a look-up table developed from the 

simulation and experimental data. The PI controller co-efficients were tuned to achieve zero 

steady state error with fast transient response. The PI controller output is limited using 

saturation block to prevent overflow of any parameter. The turn-off angle θoff is controlled 

through a real-time search algorithm based on minimizing the dc-link current ripple. The two-

loop controller block diagram is shown in Figure 3.11.  
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Figure 3.11: Block diagram of the two-loop controller. 
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Figure 3.12: Turn-off angle search controller algorithm. 
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The search controller algorithm implemented to generate the θoff is given in the flowchart 

of Figure 3.12. The principle of the controller is to perturb θoff to find the direction for minimum 

𝐼𝑟𝑖𝑝𝑝𝑙𝑒−𝑛𝑜𝑚 by comparing the latest 𝐼𝑟𝑖𝑝𝑝𝑙𝑒−𝑛𝑜𝑚 to that calculated in the previous step such that 

the ripple is less than that of the previous step.  

The bandwidths of the two loops are partitioned such that the operation of one loop does 

not affect the functionality of the other loop. One electrical time period of the dc-link ripple 

current is given by  𝑇𝑒𝑙𝑒𝑐 =
60

𝑁×𝑁𝑟×𝑚
 secs for an operating speed of N rpm, Nr number of rotor 

poles, and m number of phases. Therefore, the PI controller needs at least 𝑇𝑒𝑙𝑒𝑐 seconds to 

calculate Idc(avg) from the previous cycle.  The turn off angle controller needs the values of 

Idc(avg) and Idc(ripple) of at least two previous cycles to calculate the value of θoff for the next cycle; 

therefore, it should be at least two times slower than the PI controller for stable operation of 

the two-loop controller. In this research, the PI controller was updated every 𝑇𝑒𝑙𝑒𝑐 seconds, and 

the turn off angle controller was set to be 4 times slower updating every 4𝑇𝑒𝑙𝑒𝑐 seconds. 

The number of instantaneous current values read by the ADC in each control loop varies 

with the operating speed. Therefore, there is a loss in precision as the speed increases. This 

affects the values of DC-link ripple current, DC-link average current and the ratio of both the 

currents. 
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(a) 

 
(b) 

Figure 3.13: (a) Change in Idc(avg), Iref and θcond with time for Idc(command)=0.5 A (simulation); 

(b) Change in nominal ripple and θoff for Idc(command)=0.5 A (simulation). 
 

The simulation step response with the two-loop controller is shown in Figure 3.13. For an 

Idc(avg) command of 0.5 A, the PI controller output settles to 3.5 A for Iref. The θoff controller 

output remains between 15.5 and 16.5 mechanical degrees for the minimum 𝐼𝑟𝑖𝑝𝑝𝑙𝑒−𝑛𝑜𝑚 at 
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steady state. These results are the same as those obtained from the open loop simulation and 

experiments. 

 

3.6  Controller Experimental Results 

The controller algorithm is implemented in a TI TMS320F2812 DSP processor which 

controls the SRG drive system. The control loop time in the controller algorithm implemented 

in the DSP is 33µsecs.  

 
(a) 

 
(b) 

Figure 3.14: (a) The step response of Idc(avg) with change in Idc(command) from 0 to 0.4A at 

0.2A/div and 1.00 sec/div. (b) Phase current and dc-link current when Idc(command)=0.4A (at 

0.2A/div and 4.00 msec/div). 
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Table 3.6: Comparison of optimum values of Iref and θcond from offline optimization with PI 

controller set values at 1000 rpm (experiment) 

Idc(avg)
*, Amps Iref, Amps 

(Offline) 

Iref, Amps 

(Controller) 

θcond, Mech. 

Degree, 

(Offline) 

θcond, Mech. 

Degree, 

(Controller) 

0.24 3.5 3.49 19 18.89 

0.4 4 4.15 20 20.21 

0.58 4.5 4.85 21 21.4 

0.65 5 5.22 22 22.4 

 

 
(a) 

 
(b) 

Figure 3.15: (a) θoff settling when Idc(command)=0.4A. (b) Nominal ripple settling when 

Idc(command)=0.4A. 
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Figure 3.16: Comparison of turn-off angles obtained from offline optimization with the 

closed-loop turn-off angle controller algorithm tested at 1000 r/min. 

 

 

The experimental results of Iref and θcond settling and θoff dynamic real time variation upon 

reaching the commanded dc-link current level are shown in Figure 3.14 and Figure 3.15(a), 

respectively at 1000 rpm. Figure 3.15(b) shows the reduction in dc-link ripple as the controller 

adjusts the θoff, Iref and θcond appropriately to achieve minimum dc-link ripple, and hence, 

maximum efficiency. The comparison of Iref and θcond data from offline optimization and 

experiment is shown in Table 3.6. 

The comparison of θoff angles data from offline optimization and closed-loop experiments 

at 1000 rpm are shown in Figure 3.16. The speed is kept constant by the prime mover and the 

output dc-link current is regulated by the controller. The torque should be slightly varying as 

the efficiency of the system is being optimized through the control. For different Idc(command) set 

points, the closed loop controller settles down for a new θoff. The difference between offline 

optimization and controller set value is larger at lower speeds and lower power generating 

region where the optimal θoff angles are within 2 electrical degrees which is very close to the 
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resolution of the DSP program. The resolution for different angles (θcond, θoff, θon) is 0.2 

mechanical degree or 1.6 electrical degrees at 1000 rpm for the 12/8 SRM. 

 
Figure 3.17: Comparison of turn-off angles obtained from offline optimization with the 

closed-loop turn-off angle controller algorithm tested at 700 rpm. 

 
Figure 3.18: Comparison of turn-off angles obtained from offline optimization with the 

closed-loop turn-off angle controller algorithm tested at 1200 rpm. 
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To validate the operation of the θoff controller at various speeds, the optimum angles were 

also determined at 700 rpm and 1200 rpm. Figure 3.17 and Figure 3.18 show the comparison 

data for θoff angles data from offline optimization and closed-loop experiments. The 

experimental results obtained with the controllers correlate with the trends observed in Table 

3.3 and Table 3.4. Figure 3.15-Figure 3.18 validate the functionality of the closed-loop 

controller for settling at the optimal commutation angles and Iref for achieving maximum 

efficiency and minimum dc-link current ripple. 

 

3.7  Conclusion 

Offline analysis and optimization with open loop simulation and experimental data have 

shown that the maximum efficiency operating point in an SRG coincides with the minimum 

dc-link current ripple. A two-loop control algorithm can then be developed for dc-link current 

ripple minimization through real time control of the SRG excitation parameters. The developed 

controller adjusts the excitation parameters online using minimum offline data collection. The 

method developed is for low speed SRGs, which requires currents regulation on the phases. 

The controller developed facilitates the most efficient operation of SRG for a wide speed range. 

The two control loops need to be designed with sufficient bandwidth separation for stable 

operation. The system and the proposed control algorithm are applicable for traction 

application where the efficiency of the power conversion is the main concern. 
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Comprehensive Design Methodology of FSPM 

 

This chapter presents detailed design steps and procedure that can be applied to design an 

FSPM of any size. FSPM being a relatively new topology, a comprehensive design 

methodology is not available as of yet. Moreover, complete analytical model that can be used 

to estimate the sizing and electromagnetic design of FSPM is also not established as well. Such 

analytical models and software tools based on such models are traditionally used for an initial 

estimate about sizing and pole counts before starting to design an electrical machine like IM, 

PMSM or SR machines for which an established and tested model is available. However, 

because of the complex structure of the FSPM geometry, it is rather tedious and inefficient to 

perform a complete physics based modeling and analysis of such machines. In this chapter, 

existing models, design rules and techniques have been applied simultaneously along with FEA 

analysis to develop the final design of the machine so as to reflect the actual machine behavior. 

In doing so, a step by step design methodology have been developed that can be applied to 

design an FSPM of any size. 

In this chapter a general but comprehensive design methodology is discussed with 

example, in terms of the basic principles of electromagnetics theory and practice. It is possible 

to include mutual coupling and saturation effects in the model with the help of FEA results of 

the flux linkage of the machine at different load conditions. Later sections cover more detail 

specifics about the design and other practical aspects. 
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4.1 Performance Requirements 

Aside from the motor design, there are several other environmental and performance 

requirements that must be taken into account. A checklist of these are given in Table 4.1. 

Table 4.1: Checklist on Application Requirements 

1 Continuous power or torque requirement 

2 Peak power or torque requirement 

3 Maximum speed 

4 Supply  voltage 

5 Supply  frequency, AC or DC 

6 Type of control required 

7 Precision and bandwidth required in closed-loop 

control 

8 Cooling method to be used (Naturally cooled, oil, 

water) 

9 Cogging torque 

10 Maximum level of acoustic noise 

11 Vibration withstand levels 

12 Fault protection 

 

4.2 Design Steps 

Design of any electric machine is an iterative process. Before a Flux Switching PM 

machine design can begin, several important decisions must be made. They include, but are 

not limited to the choice of number of phases, the number of poles, the number of stator slots, 

stator-rotor pole combinations and the winding configuration. The steps involved in designing 

an FSPM are summarized in the flowchart of Figure 4.1. 
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Figure 4.1: Flowchart of the overall design methodology of FSPM. 
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4.3 Design Constraints 

One of the many advantages of FSPM machine is that it can be operated using standard 

six-switch inverter for a typical PM AC machine. The inverter is to be powered from 115 V 

AC single phase, full wave rectified to provide 160V DC bus. The machine outer diameter is 

constrained to 120 mm. The stack length of the machine is constrained to 40 mm. And for 

magnet materials, we use non-rare earth magnet, namely Hard Ferrite magnetic material. The 

current density in the coil areas must be below 6 Amps/mm2 so that the machine will be 

naturally cooled with air, without any special cooling involved. And the rated speed is 1800 

RPM. All these design constraints are summarized in Table 4.2. 

Table 4.2: Design constraints of the FSPM 

Lamination OD (outer 

diameter) 

Do 120mm = 4.7244 inch 

Stack Length Lstk 40mm = 1.575 inch 

Magnet Type Ferrite Bm=0.405 T, Permeability=1.2 

Voltage Standard (115 V 

AC single phase, 

160V DC Bus for 

the 6-switch 

inverter) 

The inverter will be powered from 

115V AC single phase, full wave 

rectified to provide 160V DC bus. 

 

4.4 Selection of Parameters and Configuration 

This section discusses the selection of the machine parameters and configuration of the 

FSPM to be designed. The relationship between the machine dimensions and these parameters 

are defined here with simplified equations. 

4.4.1 Number of Phases 

Typically permanent magnet AC machines are often assumed to have three phases but this 
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is not always the case. The flux reversal machine, which is a predecessor of the modern FSPM, 

was proposed as a single-phase machine in 1955. The single phase FRM suffered from 

disadvantages like (i) poor usage of rotor volume, (ii) stator vibration and (iii) difficulties in 

manufacturing the stator, and (iv) high cogging torque. To improve torque density, reduce 

stator vibration and simplify the manufacturing process, an improved single phase [53] was 

later proposed by increasing the number of rotor poles. It also increases the number of energy 

cycles per revolution. Phase inductance is drastically reduced and does not vary notably with 

rotor position. So the reluctance torque is small although the cogging torque was still rather 

high. To maintain the advantages of single phase FRM and reduce cogging torque, three-phase 

machine was proposed. 

Three-phase machines are by far the most common choice for all but the lowest power 

levels. In common with AC machines generally, they have extremely good utilization of 

copper, iron, magnet, insulating materials and Silicon, in terms of quantity of these materials 

required for a given output power. Although the utilization can theoretically be argued to be 

higher in machines with higher phase counts, the gains would be offset by the increased number 

of leads and transistors, which increases cost, adds complexity in the control and may severely 

compromise reliability. 

Three phase machines have the flexibility afforded by wye- or delta- connected windings, 

or even unipolar windings. They can operate with only three connecting leads with no loss of 

control flexibility. They have excellent starting characteristics, with smooth rotation in either 

direction, and low torque ripple. They can also work with a very wide range of magnet 

configurations and an enormous range of winding configurations. They can operate with either 

square-wave drive or sinewave drive, and are well adapted to the development of ‘sensorless’ 
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control that require no position feedback. 

4.4.2 Number of Stator and Rotor Poles 

We choose to design a three-phase, fractional slot, non-overlapping winding machine. 

Choosing the number of stator and rotor poles is very important to obtain high torque density 

and high efficiency. In this topology the spoke type magnets in adjacent poles are directed 

opposite to each other. And in stator, a phase coil is wound around each magnet piece. 

Therefore, for the sake of symmetry, the number of stator poles must satisfy the following two 

criterion (i) Ns must be even, and (ii) Ns must be an integer multiple of 3. Satisfying these two 

criterion, for a three-phase FSPM, Ns must be a multiple of 6. Once the number of stator poles 

are fixed, any number of rotors can possibly be chosen except Ns=Nr for which it will generate 

no back EMF and thus no torque. Thus for a three phase machine, following two criterion must 

be satisfied: 

𝑁𝑠 = 6𝑘1, 𝑘1 = 1,2,3 𝑎𝑛𝑦 𝑖𝑛𝑡𝑒𝑔𝑒𝑟 𝑛𝑢𝑚𝑏𝑒𝑟 

𝑁𝑟 = 𝑁𝑠 ± 𝑘2, 𝑘2 = 1,2,3 𝑎𝑛𝑦 𝑖𝑛𝑡𝑒𝑔𝑒𝑟 𝑛𝑢𝑚𝑏𝑒𝑟 

A simple analysis using permeance method [74], [97] was performed to predict the torque 

constant as a function of Ns and Nr. 

 

𝑘𝑇 ∝ 𝑘𝑎 = ∑(−1)𝑖
1 + 𝑠𝑖𝑛 {(−1)𝑖 𝑁𝑟𝜋

2𝑁𝑠
}

2 + 2 𝑐𝑜𝑠
𝑁𝑟𝜋
2𝑁𝑠

𝑠𝑖𝑛 {(−1)𝑖 𝑁𝑟𝜋
𝑁𝑠

}

1

𝑖=0

 …( 4.1) 

Where. 𝑁𝑟𝑘𝑎 is proportional to the back EMF, and consequently the torque constant kT, 

it can be used to predict and compare the relative torque capability of alternate machine designs 

having different combinations of stator and rotor pole numbers. The magnitude variation of 

back EMF in one phase coil with the number of rotor poles in the 12-stator pole FSPM machine 
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is predicted by this formula and is compared with that predicted by FE analyses. It shows that 

the variation trend of the torque capability with number of rotor poles. The maximum torque 

is obtained when the rotor pole number is close to the stator pole numbers, similar to the 

conventional fractional slot PM machines. 

Another concern is sinusoidal back EMF. In order to minimize torque ripple, a sinusoidal 

back EMF is desirable [98]. A three-phase, 12-stator pole FSPM contains 4 coils in each phase. 

In [99], authors showed that even if single coil back EMF is asymmetric, the resultant phase 

back EMF is symmetrical. The winding configuration of the studied topologies will be all poles 

wound. In order to obtain balanced symmetrical back EMF waveforms in three phase all poles 

wound FSPM machines, following equations has to be satisfied  [74] 

 𝑁𝑠

𝐺𝐶𝐷(𝑁𝑠, 𝑁𝑟)
= 6𝑘, 𝑘 ∈ 𝑁 …( 4.2) 

In this Eq. (4.2), GCD refers to the greatest common divisor. For Ns=12, the only rotor 

poles possibilities that satisfy this relation, and that are close to 12, are 𝑁𝑠 ∈ {10, 11, 13, 14}.  

The required winding connection depends on the coil EMF vectors. However, it should 

be noted that the electrical degrees 𝛼𝑒 between two vectors can be derived from the mechanical 

degrees 𝛼𝑚 as [97] 

 𝛼𝑒 = 𝑁𝑟𝛼𝑚 …( 4.3) 

It should be noted that the rotor pole numbers in an FSPM machine is equivalent to the 

number of pole pairs of rotor magnets in a conventional fractional slot PM machine. The 

electrical frequency, f in the FSPM machine is proportional to the number of rotor poles, 
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𝑓 =

𝑁𝑟𝑛𝑟

60
 …( 4.4) 

Table 4.3: Some possible stator/rotor pole combinations for 3-phase FSPM 

No of stator 

poles 

6 

No of rotor 

poles 

4 5 6 7 8 9 

Back EMF 

Magnitude 

Good Very Good 0 Very Good 

 

Good Okay 

Winding 

type 

Alternate 

poles wound, 

Concentrated 

All poles 

wound, 

Concentrated 

- All poles 

wound, 

Concentrated 

Alternate poles 

wound, 

Concentrated 

 

UMF ✓ ✘ ✘ ✘ ✓ ✘ 

No of stator 

poles 

12 

No of rotor 

poles 

9 10 11 12 13 14 

Back EMF 

Magnitude 

Good Very Good Very Good 0 

 

Very Good Very Good 

Winding 

type 

All poles 

wound, 

Concentrated 

All poles 

wound, 

Concentrated 

All poles 

wound, 

Concentrated 

 All poles 

wound, 

Concentrated 

All poles 

wound, 

Concentrated 

UMF ✘ ✓ ✘ ✘ ✘ ✓ 

 

Few possible combinations of stator/rotor poles and along with their back EMF, required 

winding type and UMF is summarized in Table 4.3. 

4.4.3 Pole Widths, Airgap and Split Ratio 

In [54] that described the basic operating principle of FSPM machines, the stator slot 

width, the stator tooth width and stator magnet thickness are assumed to be equal. Later in 

[100], It was shown that expanding stator tooth width above the original value (equal to the 

width of slot opening) would lead to a reduced electromagnetic torque for same copper losses. 

So the original design where the tooth width is equal to the slot opening offers the highest 

output torque. Reducing the stator tooth width also reduces phase flux linkage, and hence the 



82 
 

torque is reduced significantly. Similarly, increasing stator tooth width reduces the slot area, 

and hence the phase current has to be reduced for a fixed copper loss which also leads to a 

reduction in torque. 

Tooth Coil Tooth Magnet

Pole pitch

 

Figure 4.2: Accommodating teeth, coil and magnet within one stator pole pitch. 

 

It is always desirable to minimize the magnet volume without sacrificing machine’s 

electromagnetic performance. If the magnet thickness is reduced, the slot area increases. 

However, reducing magnet thickness have overall adverse effect on the machine output as it 

surpasses the little additional winding area that can be used have more electrical loading. 

Figure 4.2 shows the spread of stator tooth tips, coil and magnet within one stator pole pitch. 

The stator back iron thickness of the each U-shaped segment is another design parameter 

which should also be looked into. From the flux distribution, it can be seen that the flux density 

in the stator back iron is much lower than that in the stator teeth due to leakage flux. So the 

back iron thickness can be reduced without sacrificing the machine output much. However, 

reducing the back iron thickness would reduce the stiffness of the structure, which might have 

adverse effect on the machine’s structural performance, which is discussed in detail in a later 

chapter. For the initial design, the back-iron thickness is kept as the same as stator tooth width 



83 
 

so that the flux has uniform width through the path it travels.   

Torque is also influenced by the stator inner to outer ratio or the split ratio. For many 

electric machines, torque is usually proportional to the square of the rotor diameter, while the 

stator slot area reduces as the rotor diameter is increased. In [100], it has been reported that 

0.55~0.6 provides maximum output torque for a fixed copper loss. 

Basically, the design objective of such PM AC machine is to achieve a sinusoidal back 

EMF, with minimum harmonics, balanced usage of magnet and iron, yielding a balanced 

electric and magnetic loading, maximizing the torque and power density of the machine. 

Again, this is an iterative process and achieving one objective can push a designer to sacrifice 

another. By extensive parameter sweeping in the FEA, the above goals have been achieved 

and the design rules have been verified and applied accordingly. 

 

4.5 Design Data 

Designing an electric machine is an iterative process. One has to go back and forth and 

recheck all the important parameters many times as shown in the flowchart before a design is 

finalized for manufacturing. At the same time, the required components of the motor-drive 

system are also designed around the machine design. However, once the stator rotor pole 

combination, airgap, stator-rotor pole width, magnet width and split ratio are determined, it is 

possible to build the whole machine in FEA, create mesh, check its performance and go back 

in case some modification is required. 

The machine geometry was drawn in a parametrized way. Which means the design 

characteristics and analysis can be done with the variation of any geometric parameter. For 
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example, if the outer radius of the machine is changed, the other parameters affected by it will 

adjust themselves accordingly. However, it is always advisable to check with all the important 

parameters carefully if a design is modified or any of the small portions are resized. 

Figure 4.3 shows the cross section of an FSPM with 12 stator poles and 10 rotor poles. As 

a design constraint, the OD (outer diameter of the stator), stack length and operating speed are 

known. Our objective is to design an FSPM within the constraints and estimate its number of 

turns, suitable current, and voltage rating (input) as well as possible output (torque, power) at 

rated speed. Once the estimates are obtained, we can implement the geometry, excitation 

current and number of turns to verify the estimates about output (torque, power) as well as fine 

tune the design. The cross section of the machine with FE generated mesh is shown in Figure 

4.4. 

 

Figure 4.3: Cross section view of the FSPM geometry in FEA. 
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Figure 4.4: Geometry of the designed machine with FE Mesh. 

 

4.6 Design Specifications 

A 12/10, Ferrite magnet FSPM is designed within the frame size of OD=120mm, 

Lstk=40mm. A ferrite magnet FSPM machine can achieve very close power density of a PM-

BLDC machine of same size with NdFeB magnet. Details analysis and performance of the 

machine will be provided in the following sections. Table 4.4 below provides the FSPM 

machine specifications. 
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Table 4.4: Design specifications of the FSPM 

Parameter Value 

Stator Outer Radius 2.36 inch (60 mm) 

Stack Length 1.575 inch (40 mm) 

Rated Mechanical Power Output 520 W 

Rated Torque 2.76 Nm. 

Rated Speed 1800 RPM 

Power Density Utilized 1.15 MW/m3 

Coil Turns 47 

Winding Type Fractional Slot, Non-overlapping, 

Concentrated 

Maximum Ampere turns with 

natural air cooling 

180 Amp-Turns per slot, 720 per 

phase 

Rated Line Current 3.83 Amp 

Volts 230V AC single phase, full wave 

rectified to provide 300V DC bus. 

Power Input 558 W 

Copper Loss 20 W 

Core Loss 18 W 

Magnet Loss Negligible. 

Total Losses 38 W 

Power Output (Mechanical) 520 W 

Efficiency 90 % 

Power Factor 0.77 

 

Table 4.5 below gives an overview about the material usage in the designed machine. The 

prototype (motor only) would weigh roughly about 2700 grams, with only 270 grams of 

magnet. 

Table 4.5: Material Usage in the Designed Machine 

 Volume Weight or Mass 

Steel in Stator 1.45 × 10−4 𝑚3 1.1 kg 

Steel in Rotor 1.14 × 10−4 𝑚3 0.8 kg 

Total Steel 2.59 × 10−4 𝑚3 1.9 kg 

Magnet 5.44 × 10−5 𝑚3 0.27 kg 

Copper 8.4 × 10−5 𝑚3 0.75 kg 

Total  2.673 kg 
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4.7 Geometric Parameters 

Based on the U-core 12/10 FSPM topology, the geometric parameters of the FSPM with 

same outer dimensions as the aforementioned induction machine are listed in table. Figure 4.5 

graphically shows the geometric parameters in the machine cross-section. 

 
(a) 

 
(b) 

Figure 4.5: Geometric parameters of the FSPM designed (a) whole machine, (b) closer 

view of one stator and one rotor pole. 

TPR_R

TPR_S

Beta

_R

Beta_ST

Beta_M

GAP

Fil_R Fil_S
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Table 4.6 presents the detailed geometric parameters used for the design of the machine 

and their values. 

Table 4.6: Geometric parameters of the FSPM 

Parameter Value 
Formula/Relation with other 

Parameter 
Value 

Given Basic Specs for machine size: 

R5 Machine Outer Radius  60 mm 

LSTK Length of Stack  40 mm 

Optimum pole count  

Ns No. of Stator Poles  12 

Nr No. of Rotor Poles  10 

Calculation based lengths/radius  

R4 Stator Tooth Inner Radius 𝑅5 − 𝑊𝑆𝑇 55.3 mm 

R3 
Stator PM and Tooth Inner 

Radius 
0.6(𝑆𝑝𝑙𝑖𝑡 𝑅𝑎𝑡𝑖𝑜) × 𝑅5 36 mm 

R1 Rotor Outer Radius 𝑅3 − 𝐺𝐴𝑃 35.5 mm 

R0 Rotor Inner Radius 𝑅1 − 𝐻𝑅𝑃 26.075 mm 

RSH Shaft Radius  10.43 mm 

GAP Air Gap Depth  0.5 mm 

Pole, tooth, magnet and coil related parameters  

BETA_S Angular Stator Pitch 
360

𝑁𝑆
 30o 

BETA_ST Angular Stator Tooth Width 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑉𝑎𝑙𝑢𝑒 =
𝛽𝑆

4
 7.5o 

BETA_C Angular Coil Width 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑉𝑎𝑙𝑢𝑒 =
𝛽𝑆

8
−

𝑇𝑃𝑅𝑇

2
 3.25 

BETA_M Angular Magnet Width 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑉𝑎𝑙𝑢𝑒 =
𝛽𝑆

4
 7.5 

BETA_R Angular Rotor Pitch 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑉𝑎𝑙𝑢𝑒 =
360

𝑁𝑅
 36 

BETA_RT Angular Rotor Tooth Width 

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑉𝑎𝑙𝑢𝑒 = 𝛽𝑆𝑇 

1.4𝛽𝑆𝑇 (10.5)for sinusoidal 

BEMF, 1.6𝛽𝑆𝑇 (12) for max 

torque 

12o 

WST Stator Segment Tooth Width 
𝛽𝑆𝑇 × 𝜋 × 𝑅3

180
 4.7 mm 

TPM PM Thickness 
𝛽𝑀 × 𝜋 × 𝑅3

180
 4.7 mm 

WRP Rotor Pole Width 1.6 × 𝑊𝑆𝑇 7.5 mm 

HRP Rotor Pole Height 2 × 𝑊𝑆𝑇 9.4 mm 

Additional optimization and pole shaping  

TPRT Air Depth Angle Inside Coil  1 

TPR_S Stator Pole Taper Angle  0 

TPR_R Rotor Pole Taper Angle  10 

FIL_S Stator Pole Fillet Radius  2 

FIL_R Rotor Pole Fillet Radius  1 
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4.8 Winding Connections 

The stator is Y-connected, three phase, having a concentrated winding. For a 12/10, three 

phase machine, each phase contains four coils. These four coils can either be in series or in 

parallel. Arranging the coils in parallel have the risk of circulating current among the coils, 

giving rise to unbalanced flux linkage and large harmonic components. Therefore series 

connected coils are preferred and used in the design. 

 
(a) 

A1

A2

A3

A4

B1

B4

B3

B2

C1

C2

C3

C4

 
(b) 

Figure 4.6: Coil connection of the 12/10 FSPM (a) Face region marked with associated 

coil. (b) Three-phase, Y-connected armature coils circuit. 

 

Figure 4.6 shows the coil connection of the three-phase, Y-connected winding of the 

designed FSPM. For a 12 pole, three-phase machine, each phase contains four coil pairs to be 

wound. The following section illustrates the selection of wire gauge, number of strands per 

turn of that wire gauge and calculation of appropriate winding resistance based on that. 

The main goal in designing an FSPM is to provide the maximum number of flux lines per 

pole φ in such a configuration as to cost as little as possible (in terms of magnet cost), with the 

minimum amount of flux leakage. Before calculating the flux, however, it is recommended to 

understand the EMF and torque constants which link the electrical, magnetic and mechanical 

aspects of the design. 
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4.9 Analytical Verification of Design Parameters 

4.9.1 Calculation of Flux 

The airgap applies a static demagnetizing field to the magnet, causing it to operate below 

its remnant flux density. With no current in the phase windings, the operating point is typically 

at the point labeled open circuit in fig with magnet flux density Bm of the order of 0.7-0.95 

times Br. The characteristics of a permanent magnet are shown graphically in Figure 4.7. It 

shows the relations between magnet flux and MMF, along with relating flux density with 

magnetizing force. The amount of flux that can be produced in an infinitely permeable material 

expresses the maximum available flux from the magnet is known as remnant flux Φr. The 

external demagnetizing MMF that must be applied to suppress all of the magnet flux is known 

as coercive MMF, Fc. 

 

Figure 4.7: Typical Flux-MMF and B-H characteristics of a permanent magnet 

material. 

 

The line from the origin through the open-circuit operating point is called the load-line. 

The slope of the load-line is the permeance co-efficient (PC). The permeance co-efficient is 

typically in the range of (5-15) 
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𝑃𝐶 =

𝐵𝑀

𝜇0𝐻𝑀
 …( 4.5) 

Figure 4.8 shows the magnetic equivalent circuit of one pole. The main flux or airgap flux 

𝜑𝑔 crosses the airgap and lnks the coils of the phase windings. The magnet flux 𝜑𝑀 is the flux 

passing through the magnet and the leakage flux 𝜑𝐿 is the part of magnet flux that fails to link 

the phase windings. 𝜑𝑔 and 𝜑𝐿 are related to each other by a leakage co-efficient flkg 

 
𝑓𝑙𝑘𝑔 =

𝜑𝑔

𝜑𝑀
=

𝜑𝑔

𝜑𝑔 + 𝜑𝐿
 ( 4.6) 

 

The leakage co-efficient is less that unity and its value depends on the configuration of 

the motor. Assuming very low leakage, typical 0.9 is used as a safely assumed value. 

 

Figure 4.8: Simplified magnetic equivalent circuit for one pole of PM machine. 

 

The airgap flux density Bg is related to 𝐵𝑀 as 

 
𝐵𝑔 = 𝜇0𝐻𝑔 =

𝜑𝑔

𝐴𝑔
=

𝑓𝑙𝑘𝑔𝜑𝑀

𝐴𝑔
=

𝑓𝑙𝑘𝑔𝐴𝑀𝐵𝑀

𝐴𝑔
 …( 4.7) 
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Where 𝐻𝑔 the magnetic field in the airgap and Ag is the pole area at the airgap. Applying 

Ampere’s law in the magnetic equivalent circuit, 

2𝐻𝑀𝑙𝑚 + 2𝐻𝑔𝑔 = 0 => 𝐻𝑀𝑙𝑚 = −𝐻𝑔𝑔 

The following relation can be derived from above equations 

 
𝑃𝐶 =

𝐵𝑀

𝜇0𝐻𝑀
=

1

𝑓𝑙𝑘𝑔
×

𝐴𝑔

𝐴𝑀
×

𝑙𝑚

𝑔
  …( 4.8) 

 

Pmo in Figure 4.8 is the magnet internal permeance given by 

 
𝑃𝑀𝑂 = 𝜇𝑟𝑒𝑐𝜇0

𝐴𝑀

𝑙𝑚
 …( 4.9) 

An example B-H curve of Allen-Bradley/TDK material known as FB4B Ferrite magnet is 

shown in Figure 4.9. If magnet pieces of uniform thickness and uniform magnetization are 

used, the resulting flux lines across the airgap should be uniform except where the stator slot 

openings are located.  

Considering that only one magnet piece is contributing to the flux through each pole at 

the airgap, from the FEA drawing, Lm=4.717 mm, Am=288.372 mm2, Ag=221.48 mm2, g=0.5 

mm. Using these, PC becomes 7.24.  From the demagnetization curve, it is obvious that for PC 

above 10, the flux density (Bm) does not change much and around the value of 3300 Gauss. So 

Bm=3300 Gauss is used for further calculation of flux. 
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Figure 4.9: B/H Curve of Allen-Bradley/TDK magnet material FB4B [101]. 

 

4.9.2 Flux through Airgap (𝝋) 

The intersection of load line with the B-H curve of the magnet at assumed temperature 

(60°C is a good choice for small machines) provides the operating flux density (Bm) of the 

magnet and field intensity. Therefore its Y-axis co-ordinate can be used as Bm. From the 

demagnetization curve of Figure 4.9, Bm=3300 Gauss (Assuming PC=10) and magnet area, Am 

= 1.485 inch2 from the FEA geometry. Then 

𝜑 = 𝐵𝑚𝐴𝑚 × 2.542(𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑙𝑢𝑥 𝑙𝑖𝑛𝑒𝑠) 

 𝜑 = 𝐵𝑚𝐴𝑚 × 2.542 × 10−7𝑊𝑒𝑏𝑒𝑟 …( 4.10) 
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When Am is in square inches, the factor 2.54 squared is multiplied. For our FSPM, 𝜑 

=3.162 × 10−3 Webers. 

4.9.3 Number of Turns per Coil 

The next step is to estimate the number of turns per coil. The constraints that affect the 

number of turns, or the ‘Ampere-Turns’ of the machine are the applicable cooling method, no-

load speed, rated speed and back EMF. In the iterative process, it is important to check all these 

important parameters that are being affected by the number of turns. One way to estimate the 

number of turns is via the EMF constant, kE. 

Since the rated operating speed is to be 1800 RPM, a conservative rule of thumb for Ferrite 

magnet machine is to begin with the rated speed as 80% of the no-load speed, giving 

 𝜔𝑁𝐿 =
𝜔𝑟𝑎𝑡𝑒𝑑

0.8
 …( 4.11) 

The operating or rated speed 𝜔𝑟𝑎𝑡𝑒𝑑 is 1800 RPM (=188.5 rad/sec), using this, the no-load 

speed, 𝜔𝑁𝐿is obtained to be 235 rad/sec. 

The inverter will be powered from 115 V AC single phase, full-wave rectified to provide 

a 160V DC bus. A rough calculation of the EMF constant kE and torque constant kT can be 

determined by setting the back EMF at the no-load speed equal to the DC bus voltage, 

neglecting losses. Thus 

 
𝑘𝐸 =

𝑉𝑑𝑐

𝜔𝑁𝐿
 𝑉 −

𝑠

𝑟𝑎𝑑
 …( 4.12) 

 
𝑘𝑇 = 8.85 ∗ 𝑘𝐸  𝑙𝑏𝑓 −

𝑖𝑛

𝐴𝑚𝑝
 …( 4.13) 
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Using Vdc=160, 𝜔𝑁𝐿=235, we obtain 𝑘𝐸=0.68 and 𝑘𝑇=6.029. 

As the PM rotor rotates, the flux linkage of a phase winding varies from a positive 

maximum 𝜑 to a negative maximum– 𝜑. The transition takes place over 𝜋 electrical radians. 

An electrical radian is equal to mechanical radians divided by the number of rotor poles Nr in 

one revolution. If the rotor is rotating at 𝜔𝑚 actual radians per second, the transition time from 

𝜑  to – 𝜑  is 
𝜋

𝜔𝑚𝑁𝑟
 seconds. If the complete machine has Z conductors, then there are 

1

3
×

𝑍

2
 𝑡𝑢𝑟𝑛𝑠/𝑝ℎ𝑎𝑠𝑒, as one turn comprises of two conductors. Consequently by Faraday’s law, 

with two phases in series at any time for squarewave motor, the average back EMF over half 

an electrical cycle (𝜋 electrical radians or 180 degrees electrical) 

𝐸 = 2 ×
𝜑 − (−𝜑)
𝜋

𝜔𝑚𝑁𝑟
⁄

×
𝑍

2 × 3
×

1

𝑎
=

2

3

𝑍𝜑𝑁𝑟

𝑎𝜋
𝜔𝑚 = 𝑘𝐸𝜔𝑚 

Where 𝑎 is number of parallel paths (1 for all series connected winding) and C depends 

on pole arc and winding distribution and connection (maximum value is 1). 

However, the effective number of conductors Z must be determined for each situation. 

Because of the winding distribution, not all of the turns link the maximum flux 𝜑 at the same 

time, and their contributions to the total winding EMF are generally not in phase with each 

other and should be summed vectorially. The back EMF constant then can be modified to 

taking these practical factors into account by 

𝑘𝐸 =
2

3

𝑍𝜑𝑁𝑟

𝑎𝜋
𝐶 

Therefore,  
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𝑍 =

3

2

1

𝐶

𝜋𝑘𝐸

𝜑𝑁𝑟
 …( 4.14) 

The value of the co-efficient C depends on the pole arc and the winding distribution and 

connection. To account for these non-idealities, C=0.9 can be assumed for winding and flux 

distribution effects. Using the values of kE, C, 𝜑 and Nr, we obtain Z=1126. For 12/10 structure, 

we have 12 coils each with 2 sides. So, number of turns per coil=1126/24=47. This is the initial 

guess for number of turns. 

4.9.4 Wire Size 

The maximum wire diameter which will fit is determined by assuming the wire is square 

and solving for wire diameter Dw using the following equation: 

 

𝐷𝑤 = √
𝐴𝑠𝑙𝑜𝑡𝐹𝑠𝑙𝑜𝑡

𝑁
 …( 4.15) 

Once Dw is achieved, we have an idea of which wire (from the AWG table) should be 

used. 

From the FEA geometry, slot area is 87.5 mm2 = 0.1356 inch2. Applying the formulae 

above, bare wire diameter becomes 0.0416 inch. Nearest smaller wire is AWG 18 whose bare 

wire diameter is 0.0403 inch (without insulation). So we can chose AWG 18, 47 turns. 

4.9.5 Mean Length of Turn 

The winding resistance can be calculated after the mean length of turn (MLT) is 

determined as twice the slot pitch to the average center of the slot opening, plus twice the stack 

length plus two times the allowance for end turn on the automatic insertion machines. 
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 𝑀𝐿𝑇 = 2 × (𝑠𝑙𝑜𝑡 𝑝𝑖𝑡𝑐ℎ 𝑡𝑜 𝑡ℎ𝑒 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑒𝑛𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑙𝑜𝑡 𝑜𝑝𝑒𝑛𝑖𝑛𝑔 + 𝑆𝑡𝑎𝑐𝑘 𝐿𝑒𝑛𝑔𝑡ℎ) + 2
× 𝑎𝑙𝑙𝑜𝑤𝑎𝑛𝑐𝑒 𝑓𝑜𝑟 𝑒𝑛𝑑 𝑡𝑢𝑟𝑛 ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑛 𝑎𝑢𝑡𝑜𝑚𝑎𝑡𝑖𝑐 𝑖𝑛𝑠𝑒𝑟𝑡𝑖𝑜𝑛 𝑚𝑎𝑐ℎ𝑖𝑛𝑒 …( 4.16) 

 

After calculating MLT, coil resistance can be estimated using AWG table, number of 

turns per coil and MLT. 

 
𝑅𝑐𝑜𝑖𝑙 =

𝑁 × 𝑀𝐿𝑇

12000
×

𝑂ℎ𝑚

𝑘𝑖𝑙𝑜𝑓𝑒𝑒𝑡
𝑓𝑟𝑜𝑚 𝐴𝑊𝐺 𝑡𝑎𝑏𝑙𝑒 …( 4.17) 

Line to line resistance with 2-phases on and wye connection is 2×Rcoil. For AWG 18, 47 

turns, MLT becomes 4.56 inch. Rcoil=0.11 Ohm. 4 wires per phase gives 0.456 Ohm, Line to 

line on 2-phase Y connection gives 0.912 Ohm. 

4.9.6 Estimation of Back EMF, Current, Torque and Power 

It is possible to estimate back EMF from 𝑘𝐸𝜔𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔. We already know the bus 

voltage. 

 𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑝𝑒𝑎𝑘 𝑐𝑢𝑟𝑟𝑒𝑛𝑡

=
𝑉𝑑𝑐𝑏𝑢𝑠 − 𝑘𝐸𝜔𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 − 𝑇𝑟𝑎𝑛𝑠𝑖𝑠𝑡𝑜𝑟 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝐷𝑟𝑜𝑝

2𝑅𝑐𝑜𝑖𝑙 + 𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑜𝑢𝑟𝑐𝑒
 

…( 4.18) 

 

Torque and power can be estimated from 

 𝑇 = 𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑝𝑒𝑎𝑘 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 × 𝑘𝑇 …( 4.19) 

 𝑃 = 𝑇 × 𝜔𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 …( 4.20) 

For the designed FSPM, estimated back EMF at 1800 rpm is 𝑘𝐸𝜔𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔=127 V. So 

estimated current becomes (160-126-2)/(0.912+1)=16.7 Amps. Torque with 16.7 

Amps=16.7×kT=100.9 lb-f-in or 11 N.m. 
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4.9.7 Number of Turns and Armature Current 

The current density at maximum power should be checked to determine approximate 

continuous rating. For sinusoidal currents of peak value of 16.7 Amps, the RMS current in 

each phase is 11.8 Amps. Dividing this by the cross section area of the copper conductor 

 
𝐽 =

𝐼𝑅𝑀𝑆

𝐵𝑎𝑟𝑒 𝑊𝑖𝑟𝑒 𝐴𝑟𝑒𝑎
 …( 4.21) 

𝐽 =
11.8

𝜋
4 × 0.04032

= 9250 𝐴𝑚𝑝/𝑖𝑛𝑐ℎ2 

Because of the thermal constraint and the cooling method used, the current density cannot 

be more than 3000 Amp/inch2. In the above equation, setting J=3000, the actual RMS current 

for continuous operation can be determined. So, using J=3000, maximum allowable rms 

current becomes 3.827 Amps. Torque=3.827×6.029=2.6 N.m and power at 1800 rpm=488 W.  

It is important to note that there are other ways to estimate the number turns, wire size and 

RMS phase current. As it is an iterative process, a machine designer would have to go back 

and forth and check the slot current density after each estimate. As the slot area and allowable 

rated rms current density are fixed by the available cooling method, it will all come down to 

the same number of Ampere-turns (NI) at the end. The ampere-turns data that governs the 

electric loading and is actually constrained by the cooling is summarized in Table 4.7. 

Table 4.7: Number of turns and current rating of the FSPM 

Number of turns 47 

Wire size AWG 18 

RMS phase current 3.83 Amp 
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4.10 Magnetic Saturation and Flux Density Distribution 

Figure 4.10 show the no load flux density of the 12/10 FSPM when the d-axis is  (a) 

aligned and (b) unaligned with phase A. Figure 4.11 shows the flux density distribution with 

rated load. Because of using the spoke shaped magnet and flux focusing in the stator, some 

pointy edges may tend to saturation when rare earth magnets are used. This machine is 

designed with non-rare earth Ferrite magnet. Therefore, the risk of saturation is even lower in 

this machine. From Figure 4.10 and 4.11, it is observed that the flux density may tend to be 

close to 2 Tesla near the edges depending on the rotor position, but generally remains below 

1.6 Tesla in more than 90% of the iron region. 

 
(a) 

 
(b) 

Figure 4.10: Flux density distribution at no-load using color density plot (a) phase-A 

aligned, (b) phase-A unaligned. 

 

 
(a) 

 
(b) 

Figure 4.11: Flux density distribution at loaded condition using color density plot (a) 

phase-A aligned, (b) phase-A unaligned. 
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The FEA calculated normal component of the air gap flux density is shown in Figure 4.12. 

With ferrite magnet, the maximum flux density is about 0.9 Tesla in the airgap region. Because 

of the stator-rotor pole combination, the machine is symmetric around 180 mechanical degrees. 

Therefore, the air gap flux density has a period of 180 degree mechanical as well. It should be 

noted that although the air gap flux density distribution is not sinusoidal, the phase flux linkage 

is sinusoidal in this topology, and so is the back EMF. 

 

Figure 4.12: Air gap flux density distribution of the designed FSPM. 

 

4.11 Flux Linkages and Back EMF 

Phase-A individual coil flux linkage, total phase A flux linkage and the back EMF is 

shown in Figure 4.13. Geometrically symmetric coils A1-A3 and A2-A4 links the same amount 

of flux. As the coils are connected in series, there is no circulating current. Although individual 

coil flux linkages are not exactly sinusoidal and contains some harmonic components, when 

they are added up, the total phase flux linkage is closer to perfect sinusoid with very small 

harmonic components. Consequently phase-A back EMF is also sinusoidal with peak of 63.35 

V (45.34 V rms) at 1800 rpm with negligible harmonics.  
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Figure 4.13: Phase-A flux linkage and back-EMF of the designed machine. 

 

4.12 Estimation of Core Loss Co-efficients 

The equation which is used to determine the co-efficients (Kh, Ke) to match with the 

experimental iron loss data is: 

 
𝑃 = [𝐾ℎ𝐵𝑚

2𝑓 +
𝜋2𝜎𝑑2

6
(𝐵𝑚𝑓)2 + 8.67𝐾𝑒(𝐵𝑚𝑓)1.5] 𝑘𝑓

1

𝑀𝑎𝑠𝑠 𝐷𝑒𝑛𝑠𝑖𝑡𝑦
 …( 4.22) 

It is possible to obtain the core loss co-efficients for any particular lamination material 

at any frequency if the loss data are available at that frequency. We have loss data as in 

Table 4.8 for the lamination material at 200 Hz and at 400 Hz. The FSPM machine operating 

frequency is 
𝑆𝑝𝑒𝑒𝑑×𝑁𝑟

60
 Hz. In our case, the operating frequency becomes 300 Hz when the 

machine is running at 1800 RPM. The loss data (Watt/kg vs Flux Density curve) is 

interpolated to have 300 Hz curve as shown in Table 4.8. Figure 4.14 shows the Loss/kg 

variation with flux density at 200 Hz, 400 Hz and the interpolated Loss/kg at 300 Hz. 
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Table 4.8: Available loss/kg data of steel at 200 Hz, 400 Hz and interpolated at 300 Hz 

Flux Density 

Loss at 200 

Hz 
Loss at 300 Hz 

(interpolated) Loss at 400 Hz 

0.01  0  

0.02  0  

0.03  0.005 0.01 

0.04 0.01 0.02 0.03 

0.05 0.02 0.03 0.04 

0.06 0.02 0.04 0.06 

0.07 0.03 0.055 0.08 

0.08 0.04 0.075 0.11 

0.09 0.06 0.1 0.14 

0.10 0.07 0.125 0.18 

0.15 0.16 0.285 0.41 

0.20 0.28 0.505 0.73 

0.25 0.43 0.775 1.12 

0.30 0.61 1.09 1.57 

0.35 0.81 1.45 2.09 

0.40 1.03 1.845 2.66 

0.45 1.27 2.28 3.29 

0.50 1.53 2.745 3.96 

0.55 1.8 3.245 4.69 

0.60 2.09 3.79 5.49 

0.65 2.4 4.36 6.32 

0.70 2.72 4.97 7.22 

0.75 3.07 5.595 8.12 

0.80 3.42 6.27 9.12 

0.85 3.8 6.99 10.18 

0.90 4.2 7.75 11.3 

0.95 4.62 8.555 12.49 

1.00 5.06 9.405 13.75 

1.10 6.01 11.255 16.5 

1.20 7.12 13.4 19.68 

1.30 8.37 15.82 23.27 

1.40 9.92 18.765 27.61 

1.50 11.65 22.115 32.58 

1.60 13.38 25.465 37.55 

1.71 15.11 28.815 42.52 
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Figure 4.14: Loss data of the core material at 200 Hz and 400 Hz. 

 

Based on these experimental values, the exact values of the co-efficients for core loss 

calculation can be obtained by numerical iteration, so that the core loss from Bertotti’s formula 

matches exactly with the experimental loss data available. The value of the co-efficients 

obtained are summarized in Table 4.9. 

Table 4.9: Bertotti's coefficients determined based on the available loss data 

Electrical conductivity 1/(𝑂ℎ𝑚 ∙ 𝑚):  2.00E+06 

Density (kg/m3): 7650 

Thickness (m): 3.00E-04 

Frequency (Hz): 200.0 

Ke   0.000 

Kh   313.389 

Volume (kg) 1.31E-04 
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Figure 4.15: Different loss components using the co-efficients calculated. 

 

An excel program is used to find the best values of Kh and Ke that gives exact match of 

Bertotti’s loss with experimental core loss data. Kh=313.389, Ke=0. Lamination thickness=0.3 

mm used core loss calculation. Figure 4.15 shows the different components of the core loss, 

namely, hysteresis loss, classical loss and excess loss using the co-efficients calculated and 

formula in equation. 

 

4.13 Input, Output and Losses from FEA 

The important electromagnetic performance parameters. Figure 4.16 shows the current 

per phase and terminal voltage from FEA simulations of the machine at 1800 r/min. Input 

power, output torque, output power at 1800 r/min and copper loss is shown in Figure 4.17. All 

the results are obtained using FEA, which will be verified later with the experiments.  
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Figure 4.16: Phase current and terminal voltage of the FSPM from FEA simulation. 

 

Power factor can also be calculated from phase difference between the phase current and 

terminal voltage as in Figure 4.16. From the plot, the difference is 4 degree mechanical, which 

results in 40 degree electrical, hence a P.F. of cos(40)=0.77. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.17: Different power components of the designed FSPM from FEA: (a) Input, 

(b) Output torque (c) Output power, (d) Copper loss. 
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4.14 Electromagnetic Torque, Torque Ripple and Cogging Torque 

Figure 4.18 shows the output electromagnetic torque of the FSPM in one electric cycle, 

and a zoomed in version of it in one cycle of the cogging torque. The period of cogging torque 

is 6 degrees (mechanical) according to equation. On the other hand, one electric cycle of the 

designed 12/10 FSPM is 36 degree (mechanical). This figure shows that cogging torque is a 

major and probably most dominant source of ripple in this kind of machine. As the back EMF 

harmonics is made negligible and considerably very low by carefully choosing the design 

parameters, it is obvious that the ripple in output torque can be minimized by reducing the 

cogging torque. 

 

Figure 4.18: Output electromagnetic torque of the FSPM at rated (3.83 Amp) RMS 

current. 

 

Figure 4.19 shows one period of cogging torque, and the variation of electromagnetic 

torque within that period of the designed machine. Table 4.10 shows a summary of the data 

and comparison among the ripple and average of electromagnetic torque and the cogging 

torque. It appears that the ripple magnitude in the output torque is 76% of that consisted in the 

cogging torque. Also, if the output torque and the cogging torque is observed closely within 
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the same X-axis value of mechanical position, the effect of cogging torque in the output 

electromagnetic torque is clearly visible. 

 
(a) 

 
(b) 

Figure 4.19: (a) A closer view of the output torque in 6 degree mechanical, (b) Cogging 

torque in one period. 

 

Table 4.10: Comparison between cogging torque and ripple in average torque 

 Average Ripple Ripple/Average 

Te 2.6 0.27 10% 

Tcogging 0 0.354 - 

 

4.15 Account for Temperature Effect for Continuous Operation 

To account for the effect of temperature rise in the machine, a complete thermal-

electromagnetic coupled simulation can be performed. However, the adverse effect of 

temperature rise in the machine can be simplified. At higher temperature, (i) Copper loss 
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increases due the increase in coil resistance, and (ii) The remnant flux density of the magnet 

decreases. These two phenomenon can be easily implemented in electromagnetic FEA by (i) 

increasing the coil resistance according to the temperature, (ii) derating the magnet by 

decreasing the remnant flux density. 

The temperature co-efficient for copper is 
1

234
 Ohm per degree Celsius. Using this, the 

increase in coil resistance can be adjusted as the values in the Table 4.11. 

Table 4.11: Coil resistance elevation due to increase in temperature at steady state 

 Nturns=47, AWG 18 

Room Temperature 0.456 Ohm 

80 C 0.554 Ohm 

120 C 0.625 Ohm 

 

Figure 4.20 shows the demagnetization curves of Ferrite magnets at different 

temperatures. As temperature increases, the strength of the magnet decreases. But at the same 

time, the knee point at the JH curve for Ferrite magnet also goes down. This means that the 

ferrite magnet is not very vulnerable for demagnetization at higher temperature. This is an 

important and notable advantage of using Ferrite magnet instead of using rare earth, NdFeB 

magnets. At higher temperature, the knee point of the NdFeB magnets goes up in the second 

quadrant in the demagnetization curves. As a result, the corners and edges of the magnet 

possess the risk of being irreversibly demagnetized where the flux density may decrease 

beyond the value of the knee point. 
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Figure 4.20: Demagnetization curve of TDK FB9 series Ferrite magnet used [102]. 

 

Figure 4.21 shows the flux density distribution in phase-A magnets at aligned and 

unaligned position. Using Ferrite magnets, to obtain machine performance at running 

condition, the remnant flux density of the magnets in FE analysis can be adjusted to lower 

value (0.35 T at 80 C and 0.325 T at 120 C) to account for temperature effect on magnet.  
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(a) 

 
(b) 

Figure 4.21: Flux density distribution in phase-A magnets at aligned and unaligned 

position. 

 

Table 4.12 summarizes all the important electromagnetic performance data of the 

designed FSPM, at room temperature and at an elevated temperature assuming 80 C and 120 

C for normal operation. 
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Table 4.12: Summary of the performance parameters of the designed FSPM 

 N=47, 

Irms=3.83 

 

N=47, Irms=3.83 

Derated Magnet & 

increased Rcoil at 80C 

N=47, Irms=3.83 

Derated Magnet & 

increased Rcoil at 120C 

Remnant Flux Density 

of Magnet, Bm 

0.405 0.35 0.325 

Coil Resistance 0.456 Ohm 0.552 0.624 

Terminal Voltage 

(RMS) 

62.7 V 57.84 56.1 

Terminal Voltage 

(Peak) 

90.46 V 84.63 82.1 

Pin (W) 558 W 492.4 463.9 

Pmech (W) 520 kW 451 419.1 

PCopper (W) 20 W 24.3 27.5 

PCore (W) 18 W 15.4 14.2 

Total Loss (W) 38 W 39.7 41.7 

Efficiency 90% 88% 87% 

PF 0.77 0.71 0.71 

 

4.16 Power Factor Analysis 

The d- and q-axes inductances and the permanent magnet flux linkage plays very 

important role in the power factor of any PM machine. This section will present the influence 

of all these on the power factor of the designed machine, as well as scope of improving power 

factor from a design perspective. 

For the 3-phase FSPM operated by vector-control method, the average electromagnetic 

torque 𝑇𝑒𝑚 can be expressed in the dq reference frame as 

 𝑇𝑒𝑚 =
3

2
𝑁𝑟[𝜑𝑚𝐼𝑞 + (𝐿𝑑 − 𝐿𝑞)𝑖𝑑𝑖𝑞]… …( 4.23) 

where Nr is the number of rotor poles, 𝜑𝑚 is the PM flux linkage, id, iq are d and q-axes currents 

respectively, as well as Ld, Lq are d and q axis inductances, respectively. The vector diagram 

at this operating points shown in Figure 4.22 
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Figure 4.22: Vector Diagram of a FSPM when id≠0. 

The equation indicates that the FSPM torque is composed of two components, the PM 

torque 𝑇𝑃𝑀 and the reluctance torque 𝑇𝑟 caused by the difference of Ld and Lq. For FSPM motor 

𝑇𝑟 is negligible compared with the 𝑇𝑃𝑀 components since the d- and q-axes inductances are 

almost the same [15], [16]. The electromagnetic torque is dominated by the PM torque and can 

be simplified as  

 
𝑇𝑒𝑚 ≅ 𝑇𝑃𝑀 =

3

2
𝑁𝑟𝜑𝑚𝐼𝑞 …( 4.24) 

A negative d-axis current will increase the speed range, but the applicable torque is 

reduced because of stator current limit. The operating point where id=0 (gamma=0) is found 

to be the maximum torque-per-ampere point of the machine.  
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Figure 4.23: Vector diagram when id=0. 
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Figure 4.23 illustrates the motor operation with id=0 control. It is clear from the vector 

diagram that this method possess the risk of significantly lower power factor. The power factor 

angle depends on the relative magnitude of PM flux linkage and q-axis current. This figure 

also clearly indicates that the flux linkage produced by the permanent magnets of the motor 

should be higher in order to obtain an appropriate stator current at the rated torque.  
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Figure 4.24: Vector diagram illustrating the effect of magnitude of negative d-axis 

current on power factor angle. 
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Figure 4.25: Vector diagram illustrating the effect of magnet flux linkage on power 

factor angle. 
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Figure 4.24 and Figure 4.25 show the effect of applying a negative id and using stronger 

magnet (higher magnet flux density) on power factor. It is to be noted that one is completely a 

design choice (PM material), whereas the other one is from control perspective. Applying 

negative id adds voltage reserve and the motor drive responds well to the increases in load in 

dynamic status, but the current increases considerably higher than intended. On the other hand, 

using stronger permanent magnets like rare earth NdFeB, the power factor improves 

significantly, but as it will also increase the back-EMF, the required supply voltage at the rated 

operating point also needs to be chosen carefully. 

In practice, for any PM machine, magnets with higher coercive force would yield in better 

power factor. Applying negative id is particularly useful when stator flux-weakening is 

required to extend the speed range of the machine. Applications where field weakening will 

not be required, a design of this kind is used, such as high power high efficiency blower. 

 

4.17 Design and Comparison with SRM and Surface PM Machines 

This section aims to compare the FSPM designed with SRM and IPM. For a fare 

comparison, the motors are designed to have the same overall dimensions and operating 

conditions. The detailed design parameters are listed in. For comparison of the power density, 

electromagnetic performance, efficiency, and cost of the motors, some rules are listed as 

follows: 

 All three motors have the same outside diameter and stack length. 

 The RMS value of phase current of the motors are the same. 
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 The material properties of magnet, stator and rotor iron and the armature winding of 

the motors are all the same. 

 The current density of the motors are the same. 

4.17.1 Motor I – SRM within Same Volume 

Figure 4.26 shows the structure of an SRM with 12 stator poled and 8 rotor poles. Each 

phase winding has four concentrated coils connected in series. In this section, the SRM is 

optimally designed based on the same parameters with the FSPM designed i.e. outer stator 

diameter, stack length, phase current, slot current density and same type of material. The 

detailed dimensions and materials are listed in Table 4.13. 

 

Figure 4.26: FEA Model of the designed SRM. 
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Table 4.13: Geometric parameters of SRM designed within the same volume as the FSPM 

Parameter Description Description 

R3 Machine Outer Radius 60 mm 

LSTK Length of Stack 40 mm 

Ns No. of Stator Poles 12 

Nr No. of Rotor Poles 8 

R2 Stator Yolk Inner Radius 49.8 mm 

R1 Rotor Outer Radius 36.72 mm 

R0 Rotor Inner Radius 21.2 mm 

RSH Shaft Radius 6.8 mm 

GAP Air Gap Depth 0.4 mm 

BETA_ST 
Angular Stator Tooth 

Width 
15o 

BETA_RT 
Angular Rotor Tooth 

Width 
20.5o 

N Number of turns per coil 75 

 

 

 
(a) 

 
(b) 

Figure 4.27: Flux density map when the stator and rotor poles are (a) aligned and (b) 

unaligned at phase-A. 
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Figure 4.28: Phase currents and torque from the designed SRM. 

-2

0

2

4

6

0 5 10 15 20 25 30 35 40 45C
u

rr
en

t,
 A

m
p

s

Rotor Position, (Mech. Degree)

Phase-A current for rated operation at 1800 RPM

-2

0

2

4

6

0 5 10 15 20 25 30 35 40 45C
u

rr
en

t,
 A

m
p

s

Rotor Position, (Mech. Degree)

Phase-B current for rated operation at 1800 RPM

-2

0

2

4

6

0 5 10 15 20 25 30 35 40 45C
u

rr
en

t,
 A

m
p

s

Rotor Position, (Mech. Degree)

Phase-C current for rated operation at 1800 RPM

0

0.5

1

1.5

2

0 5 10 15 20 25 30 35 40 45

E
le

ct
ro

m
ag

n
et

ic
 T

o
rq

u
e,

 N
.m

Rotor Position, (Mech. Degree)

Electromagnetic Torque with rated current at 1800 RPM



119 
 

Figure 4.27 shows the flux density map of the 12/8 SRM at rated current, when phase A 

is (a) aligned, and (b) unaligned with the nearest rotor pole. The slot area of the designed SRM 

is 62.2 mm2. 75 turns of AWG 19 is chosen to be able to apply 3.73 Amps (RMS) during rated 

operation at 1800 RPM. Using this wire size and number of turns, the per-phase resistance 

becomes 0.3 Ohm. Figure 4.28 presents the phase current and output electromagnetic torque 

under rated load at 1800 rpm. Detailed comparison of the SRM performance with other 

designed machines within the same volume is presented at a later section. 

 

4.17.2 Motor II – Surface Mounted PM Brushless DC Machine 

Figure 4.29 and Table 4.14 contain the structure and parameters of a surface mounted 

PMSM with 9 stator poles and 6 rotor poles. Each phase winding has three concentrated coils 

connected in series. In this section, the PMSM is optimally designed based on the defining 

parameters of FSPM as in the previous section. 

 

Figure 4.29: FEA Model of the surface mounted PMSM. 
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(a) No load 

 
(b) Rated load 

Figure 4.30: Flux density map of the PMSM at (a) no-load, and (b) rated load. 
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Table 4.14: Design data of surface mounted PM Brushless DC machine 

within same volume of the FSPM 

Parameter Description Description 

R5 Machine Outer Radius 60 mm 

LSTK Length of Stack 40 mm 

Ns No. of Stator Poles 9 

Nr No. of Rotor Poles 6 

R4 Stator Tooth Inner Radius 55.3 mm 

R3 Stator PM and Tooth Inner Radius 36 mm 

R1 Rotor Outer Radius 35.5 mm 

R0 Rotor Inner Radius 26.075 mm 

RSH Shaft Radius 10.43 mm 

GAP Air Gap Depth 0.5 mm 

BETA_S Angular Stator Pitch 30o 

BETA_ST Angular Stator Tooth Width 7.5o 

BETA_C Angular Coil Width 3.25 

BETA_M Angular Magnet Width 7.5 

BETA_R Angular Rotor Pitch 36 

BETA_RT Angular Rotor Tooth Width 12o 

WST Stator Segment Tooth Width 4.7 mm 

TPM PM Thickness 4.7 mm 

WRP Rotor Pole Width 7.5 mm 

HRP Rotor Pole Height 9.4 mm 

N Number of Turns Per Coil 100 

 
 

Figure 4.30 shows the flux density map at no-load and rated load conditions. In general, 

flux density in surface mounted PMSM is lower than that in FSPM in all the regions as there 

is no flux focusing here. Even at rated load, the peak flux density is 1.8 Tesla which covers 

less than 5% of the entire region. Flux density generally remains less than 1 Tesla in more than 

90% of the region.  

The slot area of the designed PMSM is 171 mm2. 100 turns of AWG 18 is chosen to be 

able to apply 5.1 Amps (rms) during rated operation at 1800 rpm. Using the wire size and 

number of turns accordingly, per phase resistance becomes 0.75 Ohm. 
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Figure 4.31: Back EMF, rated phase currents and torque of the designed Surface Mount 

PMSM at 1800 RPM. 
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Phase back EMF, applied phase current at rated operation and output electromagnetic 

torque is shown in Figure 4.31. More detailed comparison of the motor performance with SRM 

and FSPM is presented in the next section. 

4.17.3 Comparison of Performances 

Table 4.15 shows side by side comparison of the non-rare earth FSPM, rare earth FSPM, 

SRM and Surface mounted PMSM performances at a glance. FSPM shows clear advantage in 

terms of torque density and power density within the same volume and cooling constraints. 

Also, because of higher magnetic loading than PMSM, power factor is also better in FSPM. 

To compensate for the smaller magnetic loading, PMSM has more winding area and thus more 

ampere turns can be applied. It also results in higher copper loss as compared to FSPM. 

However, one drawback of FSPM is the smaller PM utilization ratio. Among the designed 

machines, it uses 2.8 times more magnet material than in the designed PMSM. Therefore, the 

output torque per kg PM of the PMSM is 2 times that of FSPM.  

Table 4.15: Comparison of SRM, SM PM BLDC and FSPM performances 

 SRM 

 

SM-PMSM FSPM 

Slot Current Density (RMS) Below 6 Amps/mm2 

Machine Outer Radius (mm) 60 

Machine Stack Length (mm) 40 

Mass of Magnet (grams) - 95 270 

Pin (W) 291 W 440 558 

Torque (N.m) 1.4 1.95 2.76 

Pmech (W) 266 W 367.6 520 

PCopper (W) 13.66 W 58 20 

PCore (W) 6 W 4 18 

Total Loss (W) 19.66 62 38 

Efficiency 91% 84% 90% 

PF 0.3 0.6 0.77 
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4.18 Scalability and Design of a Larger FSPM 

 

The proposed design method is highly scalable and can easily be adopted to design a 

machine of larger size. All the geometric parameters are designed as a function of the outer 

radius and most of the design rules and ratios hold for any size. However, the machine 

performance depends highly on two things that actually defines the magnetic and electrical 

loading of the machine (i) Number of turns and current, and (ii) Strength of magnet. Last not 

but the least, the required voltage depends on the operating speed, and should be set based on 

the corner speed required by the application. Considering all these, a larger machine with the 

same Ferrite magnetic material is designed within same electrical loading for general purpose 

applications at 1800 RPM. The geometric parameters are scaled up accordingly. 

The design technique developed and applied here is highly parameterized and scalable. 

The design guidelines and rules can be applied to an FSPM of any size and power level with a 

very few number of adjustments based on the available supply. A 50 kW (75 HP) FSPM is 

designed in this section following the same technique and design guidelines. A commercial, 

general purpose 75 HP Induction Motor has been used as a benchmark or starting point.  

 
 

Figure 4.32: Dimensions of NEMA 365T frame. 



125 
 

Electric motors of this power range (75 HP) is usually equipped in a frame of NEMA 

365T. For a frame of this size, E=7 inch (177.8 mm) and 2F=12.25 inch (311.15 mm) as shown 

in Figure 4.32. The outer dimensions of FSPM has been chosen accordingly so that it fits in 

this frame if required. 

 
Figure 4.33: 3D view of the base (0.5kW) design and scaled up (50kW) design of FSPM. 

 

Table 4.16 contains the detailed design with the important geometric parameters of the 

designed motor. All the geometric parameters are scaled up accordingly. Figure 4.33 shows 

3D view of the base design and the scaled up design. However, it is very important to design 

the winding connection, number of turns, specify the current rating based on available supply 

voltage and cooling method. When all the phase coils are connected in series, the individual 

coil flux linkage and back EMF adds up. When the coils are connected in parallel, the phase 

current splits up in each coil. Considering the entire phase, it is up to the motor designer to 

design it as a high voltage, low current motor or a low voltage, high current motor. Also, the 
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available DC supply voltage plays an important role here. The specifications of the designed 

motor must be practical and realizable using commonly used and available resources. 

Table 4.16: Design data of the 50kW FSPM 

Parameter Value 

Stator outer radius 177 mm 

Active stack length 140 mm 

Number of stator poles, Ns 12 

Number of rotor poles, Nr 10 

Airgap length 0.7 mm 

Rotor outer diameter 107.3 mm 

Split ratio 0.6 

Stator tooth width, βst 𝟕. 𝟓° 

Slot opening, βso 𝟕. 𝟓° 

Magnet thickness, βm 𝟕. 𝟓° 

Stator yoke thickness 𝟕. 𝟓° 

Rotor pole width, βrt 𝟏𝟐° 

Stator Tooth Width 14.14 mm 

Stator Back Iron Thickness 24.04 mm 

RMS current density, J (A/mm2) 6 A/mm2 

Rated Speed 1800 RPM 

Rated Voltage 400 V 

Rated rms phase current 440 Amps 

Power 50 kW 

Number of turns 12 

Wire size AWG 00 

Winding connection All 4 coils are in parallel 

Per phase resistance 0.00021 Ohm 

Magnet type Ferrite 

 

To be able to realize and implement the 50kW FSPM drive, the winding connections have 

been chosen to be parallel as shown in Figure 4.34. The winding connection, along with the 

number of turns and current have been determined using an iterative procedure, so that they 

satisfy the thermal limit, cooling and available DC-supply at rated speed. 
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Figure 4.34: Winding connection of the 50kW FSPM. 

 

4.18.1 No-load Results 

Figure 4.35 shows the flux density color map in the 50kW FSPM when the d-axis is aligned 

and unaligned with phase-A, both for no-load and loaded condition. The flux density generally 

stays below 2 Tesla at no-load and 2.4 Tesla when under rated load. In a later part, it is shown 

that under rated load current, the machine has not undergone into saturation. 
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Figure 4.35: Flux density distribution of the 50 kW FSPM using color density plot (a) no-

load, phase-A aligned, (b) no-load, phase-A unaligned, (c) loaded, phase-A aligned, (d) 

loaded, phase-A unaligned. 

 

 

The FEA calculated normal component of airgap flux density, coil and phase-A flux 

linkage and back EMF of the 50kW FSPM are shown in Figure 4.36. The flux linkage and 

phase back EMF is sinusoidal for the scaled up machine and contains very negligible higher 

order harmonics, which is one of the most attractive feature of this machine. The FFT of the 

back EMF is also shown in Figure 4.36(d). 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.36: No-load performance parameters of the 50kW FSPM (a) Airgap flux density, (b) 

Coil and phase-A flux linkage, (c) Phase A Back EMF, (d) Spectrum of Back EMF. 
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4.18.1 Steady State Performance under Load Conditions 

The important electromagnetic performance parameters of the designed machine are 

summarized in this section. Figure 4.37 (a) shows output electromagnetic torque when the 

machine is running under rated load of 440 Amps at 1800 RPM. Figure 4.37(b) shows the 

variation of average torque for different load conditions at 1800 RPM. The rated load is 440 

Amps, and the machine starts going into saturation gradually for over 600 Amps. The most 

important performance and operation parameters of the machine are summarized in Table 4.17. 

 
(a) 

 
(b) 

Figure 4.37: Performance of the 50 kW FSPM under loaded condition, (a) Torque, (b) 

Torque vs. Current. 
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Table 4.17: Important performance parameters of the 50kW FSPM designed 

Ampere-turns N=12, Irms=110 Amps 

Remnant Flux Density of Magnet, Bm 0.405 

Coil Resistance 0.00084 Ohm 

Phase Resistance 0.00021 Ohm 

Terminal Voltage (RMS) 76.83 V 

Terminal Voltage(Peak) 107.4 V 

Rated phase current (rms) 440 Amps 

Rated coil current (rms) 110 Amps 

Pin (W) 56.3 kW 

Rated Torque 278.3 N.m 

Pmech (W) 52.5 kW 

PCopper (W) 2 kW 

PCore (W) 1.6 kW 

Efficiency 90.4% 

PF 0.6 

 

4.19 Design of an FSPM with Rare Earth Magnet 

Using rare earth, NdFeB magnet instead of Ferrite magnet subsequently increases the coil 

flux linkage, back EMF, air-gap flux density of motor for any operating condition, if all the 

rest of the design parameters are kept the same. It also improves the power factor for all 

operating condition and any electrical loading. 

4.19.1 No-load Results 

Figure 4.38 shows the flux density color map of the FSPM designed with rare earth, 

NdFeB magnet. Flux densities are higher in all parts of the iron core at all the situations as 

expected. At no-load, they are generally below 2.4 Tesla whereas when loaded, some pointy 

edges go as high as 2.55 Tesla. 
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No load – phase A aligned 

 
No load – phase A unaligned 

 
Loaded – phase A aligned 

 
Loaded – phase A unaligned 

Figure 4.38: Flux density distribution of the FSPM with NdFeB using color density plot (a) 

no-load, phase-A aligned, (b) no-load, phase-A unaligned, (c) loaded, phase-A aligned, (d) 

loaded, phase-A unaligned. 

 

The FEA calculated normal component of airgap flux density, coil and phase flux linkage 

and back-EMF of the designed FSPM with NdFeB are shown in Figure 4.39. The maximum 

airgap flux linkage is 30% higher than non-rare earth machine. The phase flux linkage and 

back EMF is twice that of ferrite magnet machine, yielding in a smoother sinusoid with even 

more negligible harmonic components. 
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Figure 4.39: No-load performance parameters of FSPM with NdFeB (a) Airgap flux density, 

(b) Coil and phase-A flux linkage, (c) Phase-A Back EMF, (d) Spectrum of Back EMF. 
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4.19.2 Steady State Performance under Load Conditions 

The key performance parameters of the designed FSPM with NdFeB magnet are shown 

in Figure 4.40. As no-load back EMF is twice that of non-rare earth machine, the input-output 

power and electromagnetic torque are also about twice that of non-rare earth machine for the 

same current as expected. For higher magnetic loading, power factor is also improved. As 

copper loss solely depends on the winding and armature current, for the same winding 

resistance and armature current, it remains the same as non-rare earth design. Therefore, 

efficiency is also higher as other losses are less influential than copper loss at this power and 

frequency level. The important performance measures of the machine is summarized in Table 

4.18. 

 

 
Figure 4.40: Performance of the FSPM with NdFeB under loaded condition, (a) Torque, (b) 

Torque vs. Current. 
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Table 4.18: Important performance parameters of the rare earth FSPM designed 

Ampere-turns N=47, Irms=3.83 Amps 

Remnant Flux Density of 

Magnet, Bm 

1.22 

Coil Resistance 0.456 Ohm 

Terminal Voltage (RMS) 95.2 V 

Terminal Voltage(Peak) 133 V 

Pin (W) 1108 W 

Rated Torque 5.48 N.m 

Pmech (W) 1032 W 

PCopper (W) 20.1 W 

PCore (W) 44.9 W 

Pmagnet (W) 12.84 

Efficiency 93% 

Power Factor Angle 15 degree 

PF 0.97 

 

4.20 Conclusion 

A comprehensive design methodology for Flux Switching PM machines that include FE 

computations has been presented in this chapter. The base machine, as well as a scaled up, 

higher power machine and an FSPM with rare earth PM is also designed and their 

performances was compared. Also, an SRM and a surface-mounted PMSM is also designed 

and compared with FSPM within the same volume. From the next chapter, improvement over 

the base design in terms of cogging torque and noise and vibration due to structural and 

mechanical issues will be presented. The next chapter will present novel FSPM design 

techniques to minimize cogging torque. One of the contributions of this research is the rotor 

pole shaping techniques to reduce cogging torque and hence torque ripple. Several design 

techniques will be applied to manage the cogging torque issue; which is discussed in detail in 

the next chapter. Also, the noise and vibration analysis will be presented in detail in Chapter 

7. A novel analytical model to predict the radial vibration and acoustic noise from the radial 

pressure will be presented. 
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Cogging Torque Reduction in FSPM 

Cogging torque in FSPM is relatively high compared to the conventional rotor PM 

machines because of its doubly salient nature and high flux density resulting from the flux 

concentration effects of the circumferentially housed magnets. Reducing the cogging torque in 

the FSPM machine is of particular importance to make it a viable alternative to conventional 

rotor-PM machines. A new pole shaping method has been proposed in this chapter to reduce 

the cogging torque. The validity of the proposed method has been confirmed by analytical 

methods and finite element analysis based simulation. The influence of the proposed pole 

shaping method on the back-EMF and average electromagnetic torque has also been 

investigated. 

 

5.1 Existing Techniques of Cogging Torque Reduction in FSPM 

Prior research have demonstrated that FSPM has significant torque ripple compared to the 

rotor PM machines which is mainly caused by the cogging torque [103], [104]. Therefore, 

cogging torque minimization is important in designing an FSPM for high performance 

applications. Several methods have been published in the literature for cogging torque 

reduction on both radial [105]–[107] and axial type PM machines [98]. All of these methods 

cannot be directly applied to FSPM. Recently, a rotor axis teeth pairing method is presented in 

[108] which can only be used for machines with odd number of rotor poles; however, these 

machine have the disadvantage of unbalanced magnetic force compared to the machines with 

even number of rotor poles. In [105], harmonic current is injected into the excited winding to 

compensate the torque ripple resulting from cogging torque, which adds complexity in the 
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control system and causes additional loss. In [109] and [110], teeth notching scheme has been 

used to reduce the cogging torque which has manufacturing difficulty. 

In this chapter [111], rotor pole shaping by introducing flange in the rotor teeth has been 

used as an effective cogging torque reduction method. Since the magnets are located in stator 

resulting in simple and robust rotor construction without any magnets or windings, it is 

convenient to reduce the cogging torque by modifying or manipulating the rotor dimensions 

with the stator unchanged. The flange geometry parameters that have influence on cogging 

torque are considered as design variables. Their impact on cogging torque has been examined 

and the required values of those parameters have been determined using finite element analysis 

(FEA). Based on the available FEA results on a few topologies of FSPM, a generalized design 

rule has been developed that can be applied to any FSPM regardless of the topology or machine 

size. Rotor flange can be applied with the available notching scheme to reduce cogging torque 

in FSPM. The effect of rotor flange on back-EMF, average electromagnetic torque and torque 

ripple have also been examined. 

 

5.2 Cogging Torque in FSPM 

Cogging torque is a periodic torque oscillation which occurs due to energy variation 

within a motor as the rotor rotates, even if there is no current in the windings with the tendency 

of the rotor field to align with the stator poles without currents in the windings [98], [106]–

[108]. Figure 5.1 shows the cross section of the three different FSPM topologies, namely 

conventional 12/10, E-core 6/11 and C-core 6/13 FSPMs. 
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(a) 

 
(b) 

 
(c) 

Figure 5.1: Cross section of three different FSPM topologies (a) Conventional 12/10, (b) E-

core 6/11, (c) C-core 6/13. 

 

Unlike PMSM, an FSPM can be modeled by a permanent magnet and an exciting coil. In 

a magnetic circuit composed of a permanent magnet and an exciting coil, the co-energy is 

given by 

 
𝑊𝑐 =

1

2
𝐿𝑖2 +

1

2
(ℛ + ℛ𝑚)𝜑𝑚

2 + 𝑁𝑖𝜑𝑚 … …( 5.1) 

where the first to third terms correspond to the co-energies of the self-inductance, the 

permanent magnet and that due to mutual flux, respectively. Here, ℛ  and ℛ𝑚  are the 

reluctances seen by the magneto-motive force source and the magnetic field, respectively, 

while 𝜑𝑚 is the magnetic flux of the magnet linking the exciting coil. The electromagnetic 

torque Te can then be derived by differentiating the magnetic field energy W or total co-energy 

Wc with respect to mechanical angle as shown below: 

 
𝑇𝑒 =

𝜕𝑊𝑐

𝜕𝜃
 𝑤𝑖𝑡ℎ 𝑖 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 … …( 5.2) 

where 𝜃 is the rotor movement angle. By substituting (5.1) into (5.2), the electromagnetic 

torque without any exciting current (i=0), can be calculated as 

 
𝑇𝑒 =

1

2
𝑖2

𝑑𝐿

𝑑𝜃
−

1

2
𝜑𝑚

2
𝑑ℛ

𝑑𝜃
+ 𝑁𝑖

𝑑𝜑𝑚

𝑑𝜃
 … …( 5.3) 
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Only the second term exists in (5.3) for cogging torque. Therefore, cogging torque can be 

evaluated by focusing on the magnetic interaction as well as the reluctance change between 

the coil and magnet which yields 

 
𝑇𝑐𝑜𝑔 = −

1

2
𝜑𝑔

2
𝑑ℛ

𝑑𝜃
 … …( 5.4) 

It is seen from Eq. (5.4) that the cogging torque is determined by the airgap flux, 𝜑𝑔 and 

the variation of reluctance in the magnetic circuit with the rotating displacement.  

The magnetic co-energy Wc can be replaced by that stored in the airgap, Wgap, since the 

permeability of iron core is much larger than that of the airgap and PMs, ignoring the energy 

variation in the iron core 

 

𝑊𝑐 ≈ 𝑊𝑔𝑎𝑝 =
1

2𝜇0
∫ 𝐵2(𝛼)𝑑𝑉 =

 

𝑉

1

2𝜇0
∫ 𝐵𝑟

2(𝛼)𝐺2(𝛼, 𝜃)𝑑𝑉

𝑉

 … …( 5.5) 

where 𝛼 is the angle along the circumference of airgap, 𝐵(𝛼) the flux density distribution 

generated by PMs in stator, 𝐺2(𝛼, 𝜃) the influence of salient rotor on stator flux density. The 

Fourier expansion of 𝐵𝑟
2(𝛼) and 𝐺2(𝛼, 𝜃) are: 

 
𝐵𝑟

2(𝛼) = 𝐵𝑟0 + ∑ 𝐵𝑟𝑚𝑐𝑜𝑠𝑚𝑁𝑠𝛼

∞

𝑚=1

 … …( 5.6) 

 
𝐺2(𝛼, 𝜃) = 𝐺0 + ∑ 𝐺𝑛𝑐𝑜𝑠𝑛𝑁𝑟(𝛼 + 𝜃)

∞

𝑛=1

 … …( 5.7) 

where Ns is the number of stator poles, Nr the number of rotor poles. The cogging torque 

expression in FSPM can be obtained by substituting Eqs. (5.5)-(5.7) into Eq. (5.2) 

 
𝑇𝑐𝑜𝑔(𝜃) =

𝜋𝐿𝑠𝑡𝑘

4𝜇0
(𝑅2

2 − 𝑅1
2) ∑ 𝑛𝑁𝐿𝐺𝑛𝑁𝐿

𝐵𝑛𝑁𝐿
𝑠𝑖𝑛𝑛𝑁𝐿𝛼

∞

𝑛=1

 … …( 5.8) 
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where Lstk is the axial stack length, R1 is the outer radius of the rotor, R2 is the inner radius of 

the stator, 𝐺𝑛𝑁𝐿
 and 𝐵𝑛𝑁𝐿

 are the corresponding Fourier co-efficients of relative airgap 

permeance function and flux density function, and 𝑁𝐿  is the least common multiple of the 

number of magnets and the number of rotor poles. The fundamental cycle of cogging torque 

is  
2𝜋

𝑁𝐿
. Eq. (5.8) reveals that the cogging torque can be reduced by controlling  𝑁𝐿 , 𝐺𝑛𝑁𝐿

 

and 𝐵𝑛𝑁𝐿
. The various design techniques can be applied to reduce cogging torque based on the 

expression for cogging torque. 

 

5.3 Selection of FSPM Topology 

In FSPM machines, flux focusing is utilized and high electromagnetic performance can 

be achieved. However, to obtain the most symmetrical back-EMF and maximum average 

electromagnetic torque with minimum torque ripple, certain combination of stator and rotor 

pole numbers are required [74]. Analytical optimization has shown that for three-phase FSPM 

the most feasible pole counts are 12/10 and 12/14 combinations. If the number of stator poles 

is 12, then 12/11 and 12/13 machines exhibit potential unbalanced magnetic force, although 

these have symmetric back-EMF and competitive torque density.  

In an attempt to reduce magnet usage in the FSPM machines, E-core (6 E-shaped stator 

segments instead of 12 U-shaped segments) and C-core (6 stator pole FSPM) machines were 

developed [77], [78]. These topologies were optimized in terms of back-EMF and average 

electromagnetic torque and it was found that the 6/11 E-core and 6/13 C-core FSPMs exhibit 

the most symmetric back-EMF with minimum harmonics, higher torque density and efficiency. 
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However, due to odd number of rotor poles, these will also exhibit potential unbalanced 

magnetic forces. 

 
Figure 5.2: Back-EMF of 1 kW FSPMs at 400 rpm. 

 

 
Figure 5.3: Back-EMF harmonics of the 1kW FSPM at 400 rpm. 

 

 
Figure 5.4: Electromagnetic torque of different FSPMs with rms current 

density=6 A/mm2. 
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Table 5.1: Comparison among FSPMs 

 Te(avg) (N.m) Te(ripple) (N.m) 
𝑇𝑒(𝑟𝑖𝑝𝑝𝑙𝑒)

𝑇𝑒(𝑎𝑣𝑔)
 

12/10 FSPM 2.51 0.09 0.036 

E-core 6/11 FSPM 2.575 0.225 0.087 

C-core 6/13 FSPM 2.96 0.26 0.089 
 

RMS current density = 6 A/mm2, Stator outer radius=45 mm, Stack length=25 mm in all cases. 

 

 

A 12/10 FSPM, a 6/11 E-core FSPM and a 6/13 C-core FSPM were designed with the 

constraints of 45mm stator outer radius and stack length of 25mm for finite element analysis. 

Regarding design of an FSPM, the general objective is to achieve symmetric, sinusoidal back 

EMF with minimum harmonic components to maximize the torque and power density. To 

achieve this, certain design rules are developed and applied accordingly. Figs. 5.2-5.4 and 

Table 5.1 illustrate the key performance attributes of these machines. Although E-core and C-

core FSPMs offer slightly higher average torque, they exhibit significantly higher torque ripple 

due to the asymmetry and harmonics in back-EMF. The 12/10 FSPM exhibits the minimum 

per unit torque ripple. 

Figure 5.6 shows the design variables using one stator pole and one rotor pole. Table 5.2 

gives the values of the geometric parameters of the 12/10 FSPM machine designed based on 

the optimization methods available to maximize average output electromagnetic torque and to 

minimize cogging torque [100], [112]. Table 5.3 contains the preliminary electromagnetic 

design specs of the machine. Figure 5.5 shows the dimensions obtained with additional 

optimizations such as fillets and tapering of stator and rotor poles. The stator tooth arc βst, the 

magnet width in magnetization direction βm, and the slot opening, βso are kept identical based 

on the optimization method; 
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𝛽𝑠𝑡 = 𝛽𝑚 = 𝛽𝑠𝑜 =
360

12⁄

4
= 7.5° . 

𝛽𝑟𝑡 = 1.6𝛽𝑠𝑡 = 12° . 

The period of cogging torque during a slot pitch rotation, Np is given by [105] 

 
𝑁𝑝 =

360

𝐿𝐶𝑀(𝑁𝑠, 𝑁𝑟)
  

 

where 𝐿𝐶𝑀(𝑁𝑠, 𝑁𝑟)is the least common multiple between Ns and Nr. For the 12/10 machine, 

Np is 6°.  

 
Figure 5.5: Dimensional design parameters for a stator and rotor pole. 
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Figure 5.6: Stator and rotor shapes with magnet. 

 

Table 5.2: 12/10 FSPM Design Parameters 

Parameter Value 

Stator outer radius 45 mm 

Active stack length 25 mm 

Number of stator poles, Ns 12 

Number of rotor poles, Nr 10 

Airgap length 0.5 mm 

Rotor outer diameter 24.75 mm 

Split ratio 0.55 

Stator tooth width, βst 7.5° 

Slot opening, βso 7.5° 

Magnet thickness, βm 7.5° 

Stator yoke thickness, Ws 3.24 mm 

Angular stator tooth pitch, βst 7.5° 

Rotor pole width, βrt 12° 

Stator pole tapering, TPRs 0° 

Rotor pole tapering, TPRr 10° 

Stator pole fillet radius, FILs 2 mm 

Rotor pole fillet radius, FILr 1 mm 

RMS current density, J (A/mm2) 6 A/mm2 

Speed 4000 RPM 

Power 1 kW 
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Table 5.3: Preliminary design specifications of the 12/10 1kW FSPM 

Parameter Value 

Rated speed 4000 RPM 

Back EMF (RMS) 30 V 

Phase Resistance 0.3 Ohm 

Phase Inductance 0.073 mH 

Power Factor 0.9 

Core loss at 300 Hz 44 W 

Copper Loss 107 W 

Efficiency 85% 

 

Figure 5.7 shows the flux density of the 12/10 machine at rated load when phase-A is 

completely unaligned with the rotor pole. The flux densities reach close to 2.5 Teslas in regions 

with sharp edges, but generally do not exceed 2 Teslas in most of the iron regions. [113], [114] 

 

Figure 5.7: FEM plot of flux density distribution for the 12/10 

FSPM at rated condition. 
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5.4 Cogging Torque Reduction Using Rotor Flange 

Eqs. (5.4) and (5.8) clearly show that the variation of airgap permeance is one key 

parameter that affects the cogging torque apart from the airgap flux. The cogging torque can 

be reduced if the variation of airgap reluctance can be minimized as the rotor rotates. The 

permeances of the ferromagnetic regions and the permanent magnets can be obtained in a 

straightforward manner. However, the permeances of the airgap region are much more 

complicated, which is also the key airgap flux density prediction. The flux paths in the airgap 

region around each U-shaped stator segments are simplified, and the stator and rotor surfaces 

are assumed to be equipotentials to estimate the permeance [54].  

The equivalent reluctance of the airgap is a function of the rotor position. The flux goes 

through air taking a circular path facing higher reluctance when there is no overlap between 

stator and rotor poles compared to the case when the poles overlap. Therefore, cogging torque 

can be minimized if this change can be made smoother, or less steep. This can be achieved by 

introducing more iron in the corner of the rotor poles towards the circumference structured like 

a flange or pole shoe. 

Ws

X1
g

 

(a) 

Ws X1

Fy

Fx

g

 

(b) 

Figure 5.8: Simplified flux paths between one stator tooth and rotor pole when they are not 

overlapping (a) without flange, (b) with flange. 
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Figure 5.8(a) shows the simplified flux paths between one stator tooth and one rotor pole 

before the rotor pole shaping. Flux lines are assumed to be straight lines in the airgap region 

and circular beyond the airgap region in between the rotor poles. The equation for permeance 

then becomes: 

 
𝑃 =

2𝜇0𝐿𝑠𝑡𝑘

𝜋
𝑙𝑛 (

𝜋𝑋1 + 2𝑔 + 𝜋𝑊𝑠

𝜋𝑋1 + 2𝑔
) … ( 5.9) 

 

 
ℛ =

1

𝑃
=

𝜋

2𝜇0𝐿𝑠𝑡𝑘

1

𝑙𝑛 (
𝜋𝑋1 + 2𝑔 + 𝜋𝑊𝑠

𝜋𝑋1 + 2𝑔 )
 

… ( 5.10) 

 

The cylindrical co-ordinate is laid out in a linear fashion in Figure 5.8 for simplicity. As 

the rotor rotates, the angle 𝜃 changes in the cylindrical co-ordinate, which can be represented 

as X1 in the linear co-ordinate. Therefore, in an attempt to minimize cogging torque, the 

reluctance can be differentiated with respect to rotor position X1 and set to zero to obtain the 

necessary condition. Setting 
𝑑ℛ

𝑑𝑋1
= 0, it can be shown that 𝑊𝑠 = 0. This shows that it is not 

possible to obtain zero cogging torque from this 2-D model without modifying the geometry. 

However, if pole shoe or flange is added to the periphery of the rotor teeth as shown in Figure 

5.8(b), more iron is introduced instead of air. The flange offers a flux path for any stator-rotor 

pole position in which the variation of reluctance with respect to rotor position is also 

minimized. For simplicity, the width of flange Fy is assumed to be the same as its depth Fx. 

The equation for airgap permeance with this structure becomes: 

 
𝑃 =

𝜇0𝐿𝑠𝑡𝑘

𝜋
𝑙𝑛 (

𝜋𝑋1 + 2𝑔 + 𝜋𝐹𝑦

𝜋𝑋1 + 2𝑔 − 𝜋𝐹𝑦
) +

2𝜇0𝐿𝑠𝑡𝑘

𝜋
𝑙𝑛 (

𝜋𝑋1 + 2𝑔 + 𝜋𝑊𝑠 + 𝜋𝐹𝑦

𝜋𝑋1 + 2𝑔 + 2𝜋𝐹𝑦
) … ( 5.9) 
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The corresponding reluctance is given by 

 
ℛ =

1

𝑃
=

𝜋

𝜇0𝐿𝑠𝑡𝑘

1

𝑙𝑛 [(
𝜋𝑋1 + 2𝑔 + 𝜋𝐹𝑦

𝜋𝑋1 + 2𝑔 − 𝜋𝐹𝑦
) × (

𝜋𝑋1 + 2𝑔 + 𝜋𝑊𝑠 + 𝜋𝐹𝑦

𝜋𝑋1 + 2𝑔 + 2𝜋𝐹𝑦
)

2

]

 
… ( 5.10) 

Setting 
𝑑ℛ

𝑑𝑋1
= 0, the following third order equation is obtained: 

 𝜋2𝐹𝑦
3 + 𝐹𝑦

2(3𝜋𝐴 + 3𝜋2𝑊𝑠) + 𝐹𝑦(2𝐴2 + 2𝜋𝑊𝑠𝐴) − 𝑊𝑠𝐴2 = 0 … ( 5.11) 

 

where 𝐴 = 𝜋𝑋1 + 2𝑔 is used for convenience. Solving this equation using the solution for 

cubic polynomial, it is possible to obtain a condition for Fy in terms of g and Ws for any position 

X1 that gives theoretically zero cogging torque. 

𝑥 = √(
−𝑏3

27𝑎3
+

𝑏𝑐

6𝑎2
−

𝑑

2𝑎
) + √(

−𝑏3

27𝑎3
+

𝑏𝑐

6𝑎2
−

𝑑

2𝑎
)

2

+ (
𝑐

3𝑎
−

𝑏2

9𝑎2
)

33

+ √(
−𝑏3

27𝑎3
+

𝑏𝑐

6𝑎2
−

𝑑

2𝑎
) − √(

−𝑏3

27𝑎3
+

𝑏𝑐

6𝑎2
−

𝑑

2𝑎
)

2

+ (
𝑐

3𝑎
−

𝑏2

9𝑎2
)

33

−
𝑏

3𝑎
 

For a certain value of airgap g and stator tooth width, Ws, a value of Fy can be obtained by 

solving Eq. (5.14) that yields zero reluctance variation, and therefore, zero cogging torque. The 

value obtained may not match with the actual flange width required to achieve zero cogging 

torque since the influence of magnetic saturation and flux leakage were not considered, but 

does provide a theoretical basis for pole shaping to minimize the cogging torque. In a practical 

machine, the cogging torque results from the mutual torque produced by all the 12 magnets. In 

the simplified analysis presented, one magnet, one stator tooth and one rotor pole is considered. 

Also, localized saturation effect and flux leakage are not considered and simplified pole shape 

is assumed for the sake of simplifying the analysis. This analysis shows that adding flange to 

conventional rotor pole is helpful in minimizing the cogging torque. The required flange width 
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to minimize cogging torque in the final design is obtained from finite element analysis, but the 

initial estimate can be obtained from the analytical model. 

The reason for cogging torque improvement with flange can further be explained with the 

help of Figure 5.9. It was observed that for a 12/10, 3-phase FSPM machine, the maximum 

phase flux linkage occurs when the center of a rotor tooth is 9° (mech.) apart from the axis of 

phase-A coil. In this situation, the stator tooth and rotor pole are completely unaligned with 

each other. Now, phase-A flux-linkage can be maximized if additional iron in the rotor pole 

periphery is aligned with the stator tooth surface while maintaining the 9° mechanical 

displacement from the phase-A coil axis. This means the flux linkage can be maximized if a 

wider rotor pole is used so that its left edge is aligned with the left edge of the corresponding 

stator tooth. The required rotor pole arc can then be calculated as 10.5° (mech.) which is 1.4 

times that of the original stator tooth arc. The actual required rotor pole arc was found to be 

1.6 times that of stator tooth arc using finite element analysis where the influence of magnetic 

saturation and leakage flux are considered [100]. 

9°

7.5°

0°

Phase A 
coil

 
(a) 

9°

7.5°

0°

Phase A 
coil

 
(b) 

 

9°

7.5°

0°

Phase A 
coil Flange

 
(c) 

Figure 5.9: Different rotor pole width scenario with respect to stator tooth width (a) Rotor 

pole width=Stator tooth width, (b) Rotor pole width = 1.4*Stator tooth width, (c) Rotor pole 

width=1.4*Stator tooth width with flange. 

 

Now, cogging torque occurs as the magnetic flux established by the magnets goes through 

a varying reluctance path as the rotor rotates. This variation can be minimized by introducing 
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small flange-like structure at the corners of the rotor pole periphery while maintaining the rotor 

pole arc at 1.6 times larger than the stator tooth so that the condition for maximum phase flux 

linkage is still satisfied. This structure of the rotor pole allows a more gradual change in 

reluctance for the flux path with rotor rotation, and consequently, reduces the cogging torque. 

The process above shows an analytical method for determining the rotor flange width that 

yields the minimum reluctance variation. The actual required rotor flange width for minimum 

cogging torque may not be the solution of the equation due to saturation and leakage fluxes, 

but should be close. The determination of the optimum flange width for different topologies of 

FSPM machines using FEA is described in the following section. 

 

5.5 Flange Parameter Optimization with FEA 

Cogging torque reduction can be achieved by shaping the rotor poles to provide a greater 

circumferential width in the region near the airgap to increase the amount of magnetic material 

where the flux density is the highest. This will also affect the reluctance torque produced by 

the machine. Figure 5.10 shows the rotor pole flange in the developed geometry in finite 

element analysis, and Figure 5.11 shows the topology. The optimum amount of spread of this 

rotor pole flange can be determined by finite element analysis. The procedure to determine the 

required flange width to minimize cogging torque, and hence, to come up with a design rule 

that can be applied to all flux switching machines is given in the flow chart shown in Figure 

5.12.  Rotor flange thickness t is kept constant and flange width (Fy) is the same as Flange 

height (Fx). Fy was swept from zero to 2 mm for the 1kW machine. Figure 5.13-Figure 5.16 

show the effect of varying Fy on cogging torque for three different sized machine. 
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Figure 5.10: FEA schematic of FSPM with rotor flange. 
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Figure 5.11: Topology of the FSPM with rotor flange. 
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Figure 5.12: Flow chart of cogging torque minimization method. 
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Figure 5.13: Variation in cogging torque with flange width for the 

machine of outer radius=45 mm. 

 

 
Figure 5.14: Cogging torque variation with rotor flange width for the 

machine with outer radius=67.5 mm and same Lstk. 

 

 
Figure 5.15: Cogging torque variation with rotor flange width for the 

machine with outer radius=90 mm and Lstk. 
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Figure 5.16: Cogging torque magnitude variation with rotor flange 

width for FSPM of three different sizes. 

 

The simulation results with flange are summarized in Figure 5.13-5.16 and Table 5.4. The 

cogging torque waveform undergoes a phase reversal when passing through the optimal flange 

width, as shown in Figs. 5.13-5.15. Without the flange, smaller (low power) machine exhibits 

smaller cogging torque whereas larger (higher power) machine exhibits higher cogging torque. 

The magnitude of cogging torque varies similarly with flange width variation for any sized 

machine for the same topology. However, there exists a value of the flange width for which 

the cogging torque magnitude is the minimum and negligible. Figure 5.13 shows that cogging 

torque is minimum when Fy is 1.2 mm for the 1kW FSPM machine. As the flange width is 

increased, the magnitude of cogging torque decreases up to a certain width. After that, 

increasing the width further results in an increase in cogging torque. The scenario is the same 

for FSPMs of other sizes. Figs. 5.14-5.15 shows the cogging torque variation with flange width 

for a machine whose radius is 1.5 and 2 times that of the original 1kW machine, respectively. 

Other geometric parameters of the machine were scaled up accordingly. 
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Figure 5.17: Variation of optimum flange width with stator tooth width. 

 

Table 5.4: Optimum flange width for machines of different sizes and stator tooth width. 

Machine outer 

radius, (mm) 

Power, 

(kW) 

Stator tooth 

width, Ws 

(mm) 

Optimum 

flange width 

for minimum 

cogging 

torque 

Fy for 

minimum 

reluctance 

variation 

(Eq. 5.13) 

45 mm 1 kW 3.237 mm 1.2 mm 0.4 mm 

67.5 mm 2.25 kW 4.86 mm 1.8 mm 0.6 mm 

90 mm 4 kW 6.474 mm 2.5 mm 0.8 mm 

 

The cogging torque peaks occur when the rotor poles are aligned with the stator teeth. 

Referring to Figure 5.9(c) and from Table 5.4, the following condition for flange to minimize 

cogging torque amplitude can be defined: 

1.4𝑊𝑠 + 2𝐹𝑦 > 2𝑊𝑠, 𝑜𝑟 𝐹𝑦 > 0.3𝑊𝑠 

This allows flux linked with adjacent stator tooth to compensate for the cogging torque due to 

its alignment with one tooth at the peak condition. This holds for any FSPM with slot 

opening/pole pitch ratio of 0.5. 

 



156 
 

Figure 5.17 shows the change of optimum flange width for FSPMs of different sizes. The 

flange width is related to the stator tooth width and both of them increase as the machine size 

is increased. The trend is similar to that obtained from the analytical approach as given in 

column 5 of Table 5.4, but the values are different; this is due to the effect of magnetic 

saturation and leakage flux that was neglected in the theoretical analysis. Also, a single magnet 

piece with single stator tooth and rotor pole was considered for the analysis. The net cogging 

torque is the combined mutual effect of all 12 magnets in the machine.  

 

 

5.6 Rotor Pole Flange Effect on Back EMF and Torque 

Cogging torque reduction is often achieved at the cost of electromagnetic performance. It 

is important to observe the effect of rotor flange on back-EMF and electromagnetic torque. 

 

 

Figure 5.18: Variation in back-EMF at 400 rpm with the width of rotor. 
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Back-EMF does not reduce significantly with flange height and width variations as shown 

in Figure 5.18. Figure 5.19 shows that the improvement of cogging torque is achieved by a 

very small reduction in the average electromagnetic torque. Table 5.5 shows the percentage 

reduction in cogging torque and average electromagnetic torque. Up to 97% reduction of 

torque ripple from the original design can be achieved with only 5.34% sacrifice of the average 

electromagnetic torque. 

 

Figure 5.19: Variation in average electromagnetic torque at 400 rpm and 

J=5A/mm2 with the width of rotor flange. 

 
 
 
Table 5.5: Reduction in cogging torque and average electromagnetic torque 

for various flange widths. 

Flange 

Width (mm) 

Peak to peak 

Torque Ripple 

(N.m) 

Average 

Electromagnetic 

Torque (N.m) 

Reduction in 

Torque 

Ripple (%) 

Reduction in 

Average 

Electromagnetic 

Torque (%) 

0 0.272 2.34 0 0 

0.4 0.28 2.32 -3% 0.85% 

0.8 0.24 2.28 11.76% 2.56% 

1.2 0.07 2.215 97% 5.34% 

1.6 0.26 2.03 4.4% 13.24% 
 



158 
 

5.6.1 Torque Separation and Effect on Reluctance Torque 

For the 3-phase FSPM operated by vector-control method, the average electromagnetic 

torque, Tem can be expressed in the dq-axis reference frame as 

 
Tem =

3

2
𝑁𝑟[𝜑𝑚𝐼𝑞 + (𝐿𝑑 − 𝐿𝑞)𝑖𝑑𝑖𝑞] … ( 5.12) 

where, Nr is the number of rotor poles, 𝜑𝑚 is the PM flux linkage, id, iq are d- and q-axes 

currents, respectively, and Ld, Lq are d- and q- axes inductances, respectively. This equation 

indicates that the torque of FSPM is composed of two components, the PM torque Tpm, and the 

reluctance torque Tr caused by the difference of Ld and Lq. For FSPM motor Tr is negligible 

compared with the PM torque components since the d- and q-axes inductances are almost the 

same [54, [70]. The electromagnetic torque can simply be calculated from 

 
𝑇𝑒𝑚 ≅ 𝑇𝑃𝑀 =

3

2
𝑁𝑟𝜑𝑚𝐼𝑞 … ( 5.13) 

A frozen permeability analysis have been performed to separate the torque components and 

verify the effect of the proposed rotor geometry on different torque components. 

In order to separate the torque components in Eq. (5.14) using the concept of frozen 

permeability, a sequence of dedicated processes in one electrical period is performed. First, the 

magnetic fields in the machine at a given operating condition are solved by time-stepped FE 

over one electrical period. At each time step or each rotor position, relative permeability of 

each element in the stator and rotor cores are stored as spatial quantities. Thereafter, the 

magnetic properties for the stator and rotor cores are updated from the original B-H curves to 

the spatial quantities at the current time step. Subsequently, the excitation sources are changed 

according to the descriptions in the second column in Table 5.6. By way of example, to 
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calculate reluctance torque, FEA is performed by setting the remanence of the magnets to zero 

while the current excitation is kept as required. After all the components in Table 5.6 are 

computed, the permeability of stator and rotor cores is updated using the spatial quantities at 

the next time step. This process continues for one electrical period. 

 

Table 5.6: Separation of Torque components by frozen permeability method 

Reluctance torque, Trel Remove Magnet, Rated Load 𝑇𝑟𝑒𝑙 

Cogging Torque, Tcog No Load, with Magnet 𝑇𝑐𝑜𝑔 

Total Electromagnetic 

Torque 

Rated Load, with Magnet Tem = 𝑇𝑚𝑢𝑡𝑢𝑎𝑙 + 𝑇𝑐𝑜𝑔 + 𝑇𝑟𝑒𝑙 

 

 
(a) 

 
(b) 

Figure 5.20: Torque separation in 1kW, 12/10 FSPM, (a) without flange, (b) with flange. 
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Table 5.7: Comparison of magnitudes of torque components 

 

Cogging 

torque (Tcog ) 

amplitude  (p-

p), (Nm) 

Reluctance 

torque (Trel) 

amplitude  (p-

p), (Nm) 

Average 

electromagnetic 

torque, Tavg 

Peak-peak ripple 

in 

electromagnetic 

torque, Tripple 

Without Flange 0.283 0.047 2.34 0.273 

With Flange 0.037 0.006 2.22 0.071 

 

Figure 5.20 shows a comparison of the separated torque components of the machine, with 

and without flange. Table 5.7 contains the values of amplitudes of separated torque 

components. The peak-peak reluctance torque is about 15% of the peak-peak variation of the 

cogging torque, which remains of the same percentage after applying rotor flange.  

 

5.6.2 Effect of Rotor Eccentricity 

An analysis of the effect of rotor eccentricity on FSPM cogging torque and its overall 

noise and vibration characteristics has been carried out. A range of static eccentricity has been 

considered from 0 to 0.2 mm, which is 40% eccentricity for a 0.5 mm airgap. The cogging 

torque simulation with and without eccentricity as well as with and without flange are plotted 

against mechanical movement as shown in Figure 5.21. 

The shape of cogging torque waveform becomes irregular, and both the positive peak and 

the negative peak increases as the rotor becomes more eccentric. This variation beocmes more 

significant as the eccentricity becomes more severe. 
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(a) 

 
(b) 

Figure 5.21: Eccentricity effect on cogging torque (a) without flange, (b) with flange. 

 



162 
 

 

Figure 5.22: Rotor flange in minimizing cogging torque in 

healthy and eccentric FSPM. 

The application of rotor flange in reducing cogging torque magnitude holds true for 

eccentric machine as well. Figure 5.22 shows the plot and comparison between cogging torque 

magnitude as flange width is increased among a healthy, a 20% eccentric and a 40% eccentric 

machine. Table 5.8 gives the amplitude of cogging torque before and after applying flange in 

healthy and eccentric rotor FSPMs, which shows that the peak to peak cogging torque increases 

in an eccentric rotor FSPM. 

 

Table 5.8: Comparison of cogging torque amplitude (with and without flange) 

among healthy and eccentric rotor FSPMs 

 
Peak-peak Tcog 

(No eccentricity) 

Peak-peak Tcog, 

20% eccentricity 

Peak-peak Tcog, 

40% eccentricity 

Without flange 0.28 0.31 0.36 

With flange 

(1.2 mm) 
0.037 0.048 0.11 

 

5.7 Rotor Pole Flange in E-Core and C-Core FSPM 
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The same technique of rotor pole shaping can be applied to other varieties of FSPMs such 

as the E-core and C-core machines. The advantages of E-core FSPM over conventional FSPMs 

are reduced magnet usage. An E-Core FSPM was designed in FEA with the same outer 

diameter and stack length. Similar improvement was observed for cogging torque with varying 

flange widths as shown in Figure 5.23. Also, similar behavior was observed in C-Core FSPM 

as shown in Figure 5.24. 

 
(a) 

 
(b) 

Figure 5.23: Cogging torque in E-core, 6/11 FSPM (a) Cogging torque as flange width is 

varied, (b) Variation in cogging torque magnitude with flange width. 
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(a) 

 
(b) 

Figure 5.24: Cogging torque in C-core, 6/13 FSPM (a) Cogging torque as flange width is 

varied, (b) Variation in cogging torque magnitude with flange width. 

 
Table 5.9: Cogging torque reduction in E-Core and C-Core machine using rotor flange 

 E-Core C-Core 

Tcog (Fy=0) 0.58 N.m 0.2051 N.m 

Tcog at optimum 0.037 N.m 0.01165 N.m 

Optimum Fy 1.7 mm 0.7 mm 

%Reduction 93.6% 94% 
 

 

Table 5.10: Comparison among important geometrical parameters of the machine and 

optimum flange width among different topologies of FSPM 

FSPM type 

Stator 

tooth 

width, Ws 

(mm) 

Slot 

opening, 

wso, mm 

Stator 

pole 

pitch, θs 

Slot 

opening/pole 

pitch ratio, 
𝑊𝑠𝑜

𝜃𝑠
 

Optimum 

Fy 

Ratio, 
𝐹𝑦

𝑊𝑠
⁄  

Regular 12/10 3.237 3.237 𝜋
6⁄  19.422

𝜋⁄  1.2 0.37 

E-Core, 6/11 4.5 6.573 𝜋
3⁄  19.719

𝜋⁄  1.7 0.37 

C-Core, 6/13 4.5 15.766 𝜋
3⁄  47.3

𝜋⁄  0.7 0.16 
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Cogging torque magnitude depends largely on slot opening/pole pitch ratio. Since slot 

opening, pole pitch and stator tooth width are different in different topologies of FSPM, the 

optimum flange width required to obtain the minimum cogging torque is different in each of 

them. Figs. 5.23 and 5.24 and Table 5.9 and Table 5.10 illustrates the effect of rotor flange on 

cogging torque and its magnitude for E-Core and C-Core FSPM machines. From Table 5.10, 

it can be inferred that, as 
𝑤𝑠𝑜

𝜃𝑠
 increases, the optimum 

𝐹𝑦

𝑊𝑠
 ratio decreases for which the minimum 

cogging torque is obtained.  The 
𝑤𝑠𝑜

𝜃𝑠
 ratio for E-Core FSPM is close to that for 12/10 FSPM 

but significantly different for C-Core FSPM as can be found in Table 5.10. The optimum 
𝐹𝑦

𝑊𝑠
 

ratio decreases as 
𝑤𝑠𝑜

𝜃𝑠
 ratio increases. For all the topologies, the value of 

𝑤𝑠𝑜

𝜃𝑠
×

𝐹𝑦

𝑊𝑠
  is within a 

close range to obtain the minimum cogging torque. From inspection, the following design rule 

is obtained for all the topologies of FSPM: 

 
𝐹𝑦 =

𝐶

𝜋
× 𝑊𝑠 ×

𝜃𝑠

𝑤𝑠𝑜
 …( 5.14) 

 

where C is a constant and range in the values of 7.2 ≤ 𝐶 ≤ 7.6. 

 

5.8 Conclusion 

In this chapter, a new rotor pole shaping method using rotor pole flanges has been 

introduced and applied to FSPM machines. The optimum dimension of the flange width was 

determined both by analytical method and through numerical optimization using FEA. The 

cogging torque with various flange widths are compared along with instantaneous torque, 

average electromagnetic torque and torque ripple. The results demonstrate that the presented 
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pole shaping can simultaneously reduce the cogging torque and torque ripple with a small 

sacrifice of the average electromagnetic torque. For FSPM machines with slot opening/pole 

pitch ratio of 0.5, a sizing rule for flange was developed. Current fabrication techniques allow 

a tolerance of up to 0.05 mm precision, whereas some manufacturers can provide up to 0.01 

mm precision. A conservative precision of 0.1mm has been used in determining the flange 

width. The method simplifies machine construction compared to skewing and can be applied 

to FSPM machines for high performance applications where torque ripple due to cogging 

torque can be an issue. 
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Design of a Low-Noise FSPM 
 

 

Noise and vibration in FSPM machines is one of the issues where improvement is needed, 

especially in topologies that are of segmented stator type. The stator mode frequencies and 

intensity of acoustic noise generated by magnetic radial force is related to the geometry, 

configuration and material properties. A method for estimating mode frequencies for 

segmented stator is proposed in this chapter. A new pole shaping method is proposed to reduce 

the effect of undesirable mode frequencies on noise and vibration. The mode frequencies have 

been calculated using analytical models and verified using structural FEA. A low-noise FSPM 

design technique is proposed based   on pole shaping and structural analysis. The effect of the 

proposed method on electromagnetic performance of the machine has also been investigated. 

A prototype FSPM is fabricated and tested based on the proposed design. 

 

6.1 Noise and Vibration in FSPM 

FSPM provides significant advantages such as high efficiency, high torque density, and 

high flux weakening capability, and is favorable for simpler thermal management and high 

speed operation. However, noise and vibration of such a topology has not been addressed 

extensively in the existing literature and requires more research. 

Recent studies have investigated the optimal combination of stator and rotor pole numbers 

in terms of back electromotive force (EMF) and electromagnetic torque. A general method for 

winding design and stator-rotor pole selection based on the electromagnetic performance is 
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available in [74]. Another research showed the effect of the pole counts on noise and vibration 

[115]. Stress analysis at the air-teeth and at the PM-iron interfaces has been conducted in [116]. 

This chapter [117] focuses on the normal stress at the airgap, and the resulting noise and 

vibration due to that since it has the higher contribution compared to the PM-iron interface. 

Most of the studies on noise and vibration apply to stator made of single lamination pieces 

such as in conventional PMSM or SRM motors, and very few related to a segmented structure 

like FSPM. In this chapter, an analytical method for noise and vibration analysis is proposed 

to account for segmented stator structure. 

Stator vibration due to magnetic radial force is the dominant source of acoustic noise in a 

structure like FSPM. The stator deformation and vibration are related to the circumferential 

mode shapes and frequencies. Acoustic noise depends on both the mode frequencies and the 

excitation frequency of the motor operation. Noise is amplified when there is a resonance 

between any order of harmonics of the excitation frequency and the mode frequency. The 

magnetic radial force, mode frequencies and generated noise power level are all function of 

machine geometry, configuration and material properties. Therefore, it is possible to minimize 

the acoustic noise power level by tuning the appropriate design parameters. 

For low-acoustic noise FSPM design, it is desirable to make the dominant circumferential 

mode frequencies as high as possible. These design guidelines are to be met by compromising 

reasonably with the machine torque, power, electrical loading and power density. The noise 

and vibration minimization approach has been combined with previously proposed cogging 

torque minimization technique [111] and other common techniques found in [98], [100] as a 

complete design method. The optimization for cogging torque minimization is done entirely 

on the rotor, whereas improvement for noise and vibration is achieved by stator pole shaping. 
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A 500 Watt, 3-phase, 12/10, low cogging torque, low noise FSPM prototype is designed and 

built following the proposed design guidelines. The acoustic performance of the designed low-

noise FSPM is examined by structural FEA and compared with that of the regular design that 

does not consider the noise and vibration issue. The trade-off and sacrifice in electromagnetic 

behavior to account for low-noise is also discussed. 

6.2 Circumferential Mode Shape Due to Stator Vibration 

 

The magnetic radial force acting on the air gap ovalizes the stator yoke of any electrical 

machine in different circumferential mode shapes having their own natural mode frequencies. 

Figure 6.1 shows the circumferential mode shapes of the stator vibration for modes m=0–5. 

The most important circumferential modes of vibration for small machines are 0, 2 and 4. In 

most cases, the second-order cylindrical mode or fundamental mode with m=2 is the 

predominant one [118]. 

 

m=0 m=1 m=2

m=3 m=4 m=5

Figure 6.1: Different circumferential mode shapes. 
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Researchers have developed several different formulae to estimate the circumferential 

mode frequencies of the stator following the basic methods [118]–[121]. A formula developed 

by Jordan, Frohne, and Uner to estimate the circumferential mode frequencies taking into 

account the effects of shear, rotary inertia, teeth, and windings is used in this research [119]. 

Accordingly, the mode frequency for the pulsating vibration modes (m=0, 1, 2 and higher) are 

 

𝑓𝑚(=0) =
1

2𝜋𝑅𝑚
√

𝐸𝑠

𝜌𝑠∆
𝐻𝑧 … …( 6.1) 

 
𝑓𝑚(=1) = 𝑓𝑚(=0)√

2

1 + 𝑖2 ∆𝑚
∆

𝐻𝑧 … …( 6.2) 

 
𝑓𝑚(≥2) =

𝑓𝑚(=0)𝑖𝑚(𝑚2 − 1)

√(𝑚2 + 1) + 𝑖2(𝑚2 − 1) (4𝑚2 + 𝑚2 ∆𝑚
∆⁄ + 3)

𝐻𝑧 
… …( 6.3) 

where 

𝑖 =
1

2√3

𝑡𝑠

𝑅𝑚
 𝑅𝑚 =

𝑅5 + 𝑅4

2
 

∆= 1 +
𝑊𝑡

𝑊𝑦
 

𝑊𝑡 = 𝑊𝑝 + 𝑊𝑤 + 𝑊 + 𝑊𝑖 

∆𝑚= 1 +
1.91𝑁𝑠𝑝𝐴𝑠𝑝ℎ𝑠

3𝑊𝑡

𝑅𝑚𝐿𝑠𝑡𝑘𝑡𝑠
3𝑊𝑝

[
1

3
+

𝑡𝑠

2ℎ𝑠
+ (

𝑡𝑠

2ℎ𝑠
)

2

] 

and 

𝑚 circumferential mode number  𝑓𝑚 mode frequency 

𝐸𝑠 modulus of elasticity of stator material  𝜌𝑠 density of stator material 

∆ mass addition factor of displacement  ∆𝑚 mass addition factor of rotation 

𝑊𝑝 total weight of stator poles  𝑊𝑦 total weight of stator yoke 

𝑊𝑤 total weight of winding  𝑊𝑖 total weight of insulation 

𝑅𝑚 mean radius of stator yoke  𝑡𝑠 back iron thickness of stator yoke 

𝑁𝑠 no of stator poles  ℎ𝑠 stator pole height 

𝐿𝑠𝑡𝑘 stator stack length  𝐴𝑠𝑝 cross sectional area of each stator pole 
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Figure 6.2: Cross-section of a 3-phase, 12/10 FSPM showing parameters 

that affect the mode frequencies. 

 

The relevant geometric parameters that affect the eigenvalues of circumferential modes 

frequencies are given with the dimensions shown in Figure 6.2. The dominant stator vibration 

occur when excitation frequency of radial force harmonics are equal or close to one of the 

above frequencies. Therefore, it is desirable to push the major mode frequencies as far away 

as possible to reduce noise and vibration. 

6.3 Mode Frequency for Segmented Stator 

Eqs. (6.1) to (6.3) can be used for a quick eigenvalue analysis of the stator mode 

frequencies during the design process. However, these equations are developed assuming a 

single piece of steel. FSPM has a segmented stator structure containing both PM and U-shaped 
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steel laminations stacked together. The spoke shaped PM pieces are sandwiched in between 

the adjacent U-shaped iron laminations. Therefore, directly applying these equations to 

calculate mode frequencies is not correct. To address this, the following equations are 

developed to account for multiple materials present in the stator. 

𝐸𝑎𝑣𝑔 = %𝑆𝑡𝑒𝑒𝑙 × 𝐸𝑠𝑡𝑒𝑒𝑙 + %𝑀𝑎𝑔𝑛𝑒𝑡 × 𝐸𝑚𝑎𝑔𝑛𝑒𝑡 … …( 6.4) 

𝜌𝑎𝑣𝑔 = %𝑆𝑡𝑒𝑒𝑙 × 𝜌𝑠𝑡𝑒𝑒𝑙 + %𝑀𝑎𝑔𝑛𝑒𝑡 × 𝜌𝑚𝑎𝑔𝑛𝑒𝑡 … …( 6.5) 

After obtaining the average value of Young’s modulus of elasticity and mass density, 

natural mode frequency for the pulsating vibration mode (𝑚 = 0) and circumferential modes 

(𝑚 > 0) can be determined using Eqs. (6.1)-(6.3). 

6.4 Sources of Noise and Vibration in Electric Machine 

The magnitude of the acoustic noise at any operating condition depends on the extent of 

circumferential deflection due to magnetic radial force wave 𝐹𝑟𝑝𝑒𝑟  (in N/m2), which is the 

magnetic radial force per unit area. The expressions of dynamic circumferential deflection 𝐷𝑐𝑖𝑟 

and noise power level 𝑃𝑠 for modes m≥2, are [118] 

𝐷𝑐𝑖𝑟(𝑓𝑒𝑥𝑐) =

12𝐹𝑟𝑝𝑒𝑟(𝑓𝑒𝑥𝑐)𝑅𝑚

𝑚4𝐸𝑎𝑣𝑔
(

𝑅𝑚

𝑡𝑠
)

3

√{1 − (
𝑓𝑒𝑥𝑐

𝑓𝑚
)

2

}

2

+ (
𝛿
𝜋

𝑓𝑒𝑥𝑐

𝑓𝑚
)

2

…  
… …( 6.6) 

where, excitation frequency, fexc for FSPM is 

𝑓𝑒𝑥𝑐 =
𝜔𝑟𝑝𝑚 × 𝑁𝑟

60
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The analysis of sound wave emitted by AC electric machines is facilitated by spherical or 

cylindrical radiation modes where the modes depend on the geometry of the machine [119], 

[120]. In order to select an adequate model for sound power analysis, relationship between 

frequency, wavelength, and radiator dimensions must be considered together with the 

geometry and dimension of the radiator. Sound radiation factor or relative sound intensity 

coefficient is a function of the mode number and, thus, of the spatial distribution of the exciting 

radial force as well. The radiation factor curves of a spherical or cylindrical radiator is a 

nonlinear function of the wave number. Sound power radiated by an electric machine can be 

expressed as [118], [119] 

𝑃𝑠 = 4𝜎𝑟𝑒𝑙𝜌𝑐𝜋3𝑓𝑒𝑥𝑐
2 𝐷𝑐𝑖𝑟

2 𝑅𝑜𝑢𝑡𝐿𝑠𝑡𝑘 … …( 6.7) 

where 

𝑃𝑠  sound power radiated 

𝜎𝑟𝑒𝑙 relative sound intensity=𝑘2

(1 + 𝑘2)⁄  

𝑘  wave number=
2𝜋𝑅𝑜𝑢𝑡𝑓𝑒𝑥𝑐

𝑐⁄  

𝑐  travelling speed of sound (m/s) in the medium 

𝜌  density of air 

𝑅𝑜𝑢𝑡 outer radius of stator 

𝐿𝑠𝑡𝑘 stack length of stator 

Depending on the threshold of human ear sensation, the reference of sound power level, 

(PsRef) is 10-12 Watt. With this consideration, the acoustic noise power level in dB becomes 

𝐿𝑤(𝑓𝑒𝑥𝑐) = 10 log [
2𝑃𝑠(𝑓𝑒𝑥𝑐)

𝑃𝑠𝑅𝑒𝑓
]  𝑑𝐵 

… …( 6.8) 

It is quite often the case that one or more of the natural mode frequencies of the machine 

is not far away from the frequencies of the periodic exciting force. Inspection of Eq. (6.6) 
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indicates that each excitation frequency has a contribution to the dynamic circumferential 

deflection of the state toward a particular mode shape. The farthest excitation frequency has 

the lowest contribution, whereas the nearest one has the highest. The contribution reaches the 

maximum when any one of the excitation frequencies matches with a natural mode frequency.  

Mode Shapes and 
Frequencies (No Load)

Magnetic Radial Force 
during Motor Loading 

and Control

Acoustic Noise, 
Vibration and 

Circumferential 
Deflection

Design/Control?

Depends on:

Design Control and Design

 Geometry
 Topology/Configuration
 Material Property
 Pole Shapes

 Motor Loading
 Current Shapes
 Harmonic Current Injection
 Geometry

 

Figure 6.3: Graphical representation of source of noise and vibration in electric motor with 

preferred mitigation approach. 

 

The sources of predictable and controllable acoustic noise and vibration and their 

mitigation techniques are summarized in Figure 6.3. The inherent mode shapes and the 

eigenvalues of the natural mode frequencies depend on the structural properties of the stator 

and therefore can be improved by manipulating the design, geometry, material properties, 

machine topology and pole shaping. On the other hand, when the machine is being operated 

with certain armature current and the rotor is rotating, the generated magnetic radial force on 

the poles and teeth depends primarily on the current control and current shapes. Therefore 

magnetic radial force can be manipulated through controls by shaping the armature current. In 

this chapter, the objective of reducing noise and vibration in FSPM is approached from a design 

perspective by changing the geometry and pole shapes to reduce the effect of undesired mode 
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frequencies so that when they resonate with the magnetic radial force on the stator teeth, their 

combined effect causing the noise and vibration is minimized. Other than these, there are 

sources of noise and vibration in electric machine that are not predictable or controllable, and 

more random in nature. These include rotor eccentricity, bearing defect, error during motor 

assembly, and alignment error. These can only be verified and controlled by an in-process 

quality control, and therefore, not considered in this research. 

 

6.5 Design Parameters for a Low-noise FSPM 

According to Eqs. (6.6) and (6.7), lower mode frequencies 𝑓𝑚 and higher radial forces 

𝐹𝑟𝑝𝑒𝑟 result in higher radial deflection, which increases the noise power level. Increasing the 

stiffness of any structure will increase the natural mode frequencies. Increasing yoke thickness 

𝑡𝑠 increases the stiffness of the stator and reduces 𝐷𝑐𝑖𝑟. However, thicker 𝑡𝑠 reduces the power 

density due to lower utilization of materials. It also decreases the net window area available 

for windings and increases the thermal diffusion distance for heat transfer. The design 

objective for lower acoustic noise is to maximize the dominant mode frequencies and minimize 

the harmonic components of 𝐹𝑟𝑝𝑒𝑟 while compromising reasonably with the machine torque, 

efficiency and power density. A good design objective is to make the dominant circumferential 

mode frequencies higher than the maximum audible frequency for human (i.e., beyond 20 

kHz). 

Among various geometric parameters, the ratio of 𝛼𝑠 (= 𝑡𝑠 𝑤𝑠⁄ ) is identified as the most 

important parameter contributing directly to the stiffness. The parameters associated with 𝛼𝑠 
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are given in Figure 6.4 showing how it will affect the structure of the stator. From an 

electromagnetic point of view, the optimum geometric parameters providing the best 

electromagnetic outputs have already been identified as design ratios [74], [98], [100] and 

altering those will have unwanted degradation of electromagnetic performance. 

ws

ts

 

Figure 6.4: Schematic of part of the FSPM showing design parameters affecting mode 

frequency, noise and vibration. 

6.5.1 Selection of 𝜶𝒔 

The low-noise FSPM design objective is to maximize the dominant mode frequencies. 

The design iteration for the 500W FSPM starts with taking the tooth width (𝑤𝑠) the same as 

the back iron thickness (𝑡𝑠) giving 𝛼𝑠 = 1, which was arrived at considering electromagnetic 

performance only. As a single objective and single variable function, the ratio 𝛼𝑠 is varied from 

1 to a higher value within an acceptable range keeping the rest of the parameters constant to 

obtain a lower noise design of the FSPM. 
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Figure 6.5: Effect of varying αs on second order mode frequency and available slot area. 

Figure 6.5 plots fm(=2) and the corresponding slot area for various  𝛼𝑠 while keeping all 

other geometric parameters of the machine fixed. Only the fundamental mode (m=2) is taken 

into consideration since this is primarily responsible for acoustic noise. The objective of 

maximizing the second order mode frequency to determine an acceptable range of αs with a 

reasonable sacrifice in slot area is applied in this analysis for a low-noise FSPM. 

6.6 Final Design and Performance 

The dimensions, parameters and ratings of the Low-Noise FSPM machine are given in 

Table 6.1. The effect of the proposed stator pole shaping on structural, electromagnetic and 

acoustic performance of the FSPM is compared with the base design for noise performance 

using structural FEA and presented in this section. The FSPM design that include the rotor 

pole flange for cogging torque minimization but not the low-noise design modifications is 

termed as the base design [117]. The prototype low-noise FSPM machine fabricated and its 

torque ripple performance which is indirectly linked with acoustic noise is also presented in 

this section. 
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Table 6.1: Design parameters of the 0.5 kW FSPM 

Parameter Value 

Stator outer radius, R5 60 mm 

Active stack length 40 mm 

Number of stator poles, Ns 12 

Number of rotor poles, Nr 10 

Airgap length 0.5 mm 

Rotor outer diameter 35.5 mm 

Split ratio 0.6 

Stator tooth width, βst 7.5° 

Slot opening, βso 7.5° 

Magnet thickness, βm 7.5° 

Stator yoke thickness 7.5° 

Rotor pole width, βrt 12° 

Stator Tooth Width, 𝑡𝑠 4.7 mm 

𝛼𝑠 1.7 

Stator inner radius, R4 52 mm 

Stator Back Iron Thickness, 𝑤𝑠 𝛼𝑠 × 𝑡𝑠 = 8 𝑚𝑚 

Rotor Flange Width, Fy(=Fx) 1.7 mm 

RMS current density, J (A/mm2) 6 A/mm2 

Rated Speed 1800 RPM 

Power 500 W 

Number of turns 47 

Per phase resistance 0.586 Ohm 

Magnet type Ferrite 

 

6.6.1 Improvement in Noise and Vibration with Structural FEA results 

The acoustic noise has been analyzed using the analytical model and verified using 

structural FEA for both the base design and the low-noise design. Figure 6.6 presents the mode 

shape for fm(=2) and corresponding mode frequency for both the designs. The radial forces 

acting on the stator teeth are obtained from magneto-dynamic FE model. The harmonic 
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components of the radial force wave 𝐹𝑟𝑝𝑒𝑟 are evaluated by Fast-Fourier transform of the time 

domain representation. The circumferential deflection as well as noise power level are then 

calculated using 𝐹𝑟𝑝𝑒𝑟 using Eqs. (6.6) and (6.7). The mode frequencies for the 3-phase, 12/10 

FSPM obtained with the base and low-noise design are shown in Table 6.2. In the base design, 

fm=2 is close to 600 Hz, which excites mode 2 through its 2nd harmonic at 1800 rpm (fexc=300 

Hz). For the low-noise design, all the frequencies are pushed higher in the frequency spectrum. 

 
(a) 

 
(b) 

Figure 6.6: Circumferential Mode Shapes of the stator for (a) m=2, base design, (b) m=2, 

Low-Noise FSPM. 

 

Table 6.2: Improvement in mode frequencies with αs=1.7 

 

 

 

 

 

 Base design Low-noise design 

Mode Analytical 

(Hz) 

Structural 

FEA (Hz) 

Analytical 

(Hz) 

Structural 

FEA (Hz) 

m=2 546 647 1098 1303 

m=3 1460 1675 2978 3413 

m=4 2625 2880 5411 5922 
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6.6.2 Circumferential Deflection and Acoustic Noise: 

The circumferential deflection and acoustic noise levels for the base design and Low-

Noise design FSPMs are plotted against fexc in Figure 6.7. The amount of peak circumferential 

deflection found from the analytical model developed is also verified with static structural FEA 

simulation as shown in Figure 6.8. The circumferential deflection in the Low-Noise design 

(0.3 µm) is less than half of that in the base design (0.8 µm). The values of peak deflection 

from analytical model and the static structural FEA are in good agreement with each other. A 

peak acoustic noise at fm(=2) is observed for all the design cases.  

Table 6.3 compares the noise levels among the base design and low-noise design at 

different frequencies for 1800 rpm. 

 

 

 
(a) 

 

 

 
(b) 

Figure 6.7: Circumferential deflection and noise levels vs. fexc for (a) base design, and (b) 

low-noise design at 1800 RPM. 
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Figure 6.8: Peak circumferential deformation from static structural FEA simulation, (a) base 

design, (b) Low-Noise design. 

 

Table 6.3: Comparison of noise levels at 1800 RPM 

Frequency Noise Power (dB) 

(Regular) 

Noise Power (dB) 

(Low Noise) 

300 54.6 46.5 

600 58.73 51.4 

900 57.75 50.7 

1200 54.1 47.3 

1500 49.7 43.1 

1800 46.5 40.2 

2100 42.8 36.7 

 

As a result of lower circumferential deflection, a reduction of about 7-8 dB is achieved at 

all frequencies at the rated speed of at 1800 rpm with the proposed low-noise design. However, 

the rated operating speed is not the noisiest speed for the machine. It depends on the second 
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order mode frequency and it is important to analyze the noise power at those speeds as well.  

For example, fm(=2)=1098 Hz for the low-noise design. Therefore, the noisiest speeds will be 

6588 rpm (fexc=fm(=2)), 3294 rpm (2×fexc=fm(=2)), 2196 rpm (3×fexc=fm(=2)), 1647 rpm 

(4×fexc=fm(=2)) and so on. Similarly, for the base design, the noisiest speeds are 3276 rpm 

(fexc=fm(=2)), 1638 rpm(2×fexc=fm(=2)), 1092 rpm (3×fexc=fm(=2)), 819 rpm (4×fexc=fm(=2)) and so 

on. Noise and vibration performance at these speeds of the corresponding designs are presented 

in Figure 6.9-Figure 6.11. 

 

 
 (a) Base design at 3276 rpm (fexc=fm(=2)) 

 

 

 
 (b) Low-noise design at 6588 rpm (fexc=fm(=2)) 

Figure 6.9: Circumferential deflection and noise levels vs. fexc for (a) base design at 3276 

rpm, and (b) low-noise design at 6588 RPM. 
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Figure 6.10: Circumferential deflection and noise levels vs. fexc for (a) base design at 1638 

rpm, and (b) low-noise design at 3294 RPM. 

 

 

 

 

 

 

Figure 6.11: Circumferential deflection and noise levels vs. fexc for (a) base design at 1092 

rpm, and (b) low-noise design at 2196 RPM. 
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6.6.3 Effect on electromagnetic performance 

A subsequent verification of the key electromagnetic performance parameters were 

performed by FEA to compare the base design with the low-noise design. Figure 6.12 shows 

the cogging torque of the regular design with rotor flange as suggested in Chapter 5, and that 

with increased stiffness with 𝛼𝑠>1. The flux linkage lines through the air gap from rotor to 

stator does not link the back iron, therefore increasing the back iron thickness does not have 

any effect on the cogging torque. 

 

Figure 6.12: Effect of changing back iron thickness on cogging torque. 

 

Phase flux linkage and back-EMF depend on the number of turns only, and are not affected 

by the increased stator back iron thickness in any way. Due to the decreased coil area, the 

number of turns, allowable rated RMS current and phase resistance is designed again in an 

iterative way following the design methods presented as in Chapter 4. The number of turns 

were kept the same and a smaller wire size was selected to accommodate it. Figure 6.13 shows 

the rated torque for the base design and low-noise design. Table 6.4 summarizes the differences 

in key electromagnetic performance parameters. 
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Figure 6.13: Effect of increasing back iron thickness on output torque for the same slot 

current density. 

Table 6.4: Comparison of affected design and performance parameters between the base and 

Low-Noise design 

Parameter Base Design Low-noise Design 

Number of turns 47 47 

Wire size AWG 18 AWG 19 

Phase resistance 0.456 Ohm 0.575 Ohm 

Rated RMS phase current 3.8 Amp 3.5 Amp 

Rated torque 2.6 N.m 2.4 N.m 

Rated mechanical output 475 W 438 W 

Copper loss 19.75 W 21 W 

A prototype of the 500W, 12/10 low-noise FSPM with ferrite magnets was built and tested 

to validate the design and performance. The experimentally obtained no-load back-EMF, 

average electromagnetic torque and torque ripple at different speed and load conditions are in 

excellent agreement with the FEA simulation results. Detailed experimental test results of the 

FSPM drive and their comparison with FEA is presented in Chapter 7. 

6.7 Stator Deformation from Static Structural FEA Model  

The analytical method for predicting circumferential deflection considers only one stator 

tooth and the force acting on it as a result of applied current and rotor movement. The model 

calculates the deflection, noise and sound power as the rotor pole passes the stator tooth, based 
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on the mode frequencies, excitation frequency and the forces. However, it does not consider 

the boundary condition and the fixed support provided by the casing keeping the stator 

segments together inside it. A static structural FEA model provides more accurate results for 

deformation as it considers all the poles and teeth simultaneously, and the forces acting on 

them. The boundary condition and the mechanical fixed support on the stator also comes into 

play in such simulation analysis. 

 
(a) 

 
(b) 

Figure 6.14: (a) The static structural simulation setup showing forces applied on the 24 stator 

tooth tips, (b) Force on one stator tooth obtained from electromagnetic FEA. 
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To get a relative measure of deformation, the force on the stator teeth are measured using 

electromagnetic FEA model. The force data is taken for a rated torque command of 2.4 N.m. 

Then these data are imported to Ansys Workbench to perform the deformation analysis. 

Boundary condition of stator is fixed at the entire outer periphery as applied during the 

construction of the prototype FSPM. The U-shaped lamination and the PM’s of the prototype 

motor are heat shrink in an internal frame which represents this static structural model. This 

ensures no displacement of stator on the outer periphery. Figure 6.14 shows the setup for the 

static structural simulation to perform this analysis. 

 

Figure 6.15: Exaggerated stator deformation at one instance within one electric cycle. 

 

Figure 6.16: Magnitude of stator deformation, showing minimum and maximum. 
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Figure 6.15 shows one instance of the exaggerated view of the displacement of the stator 

due to the forces applied on the teeth. It presents the displacement in various parts of the 

structure as the rotor rotates and forces being applied on stator teeth. At the boundary region, 

deformation is zero. The stator tooth tips are free to move, and maximum deformation is 0.07 

micron on this region. This analysis shows that the deformation of the designed machine is 

within the limits. Figure 6.16 shows the magnitude of deflection in the static and movable parts 

of the stator with respect to time for one electric cycle. 

6.8 Conclusion 

The analytical model presented in this chapter provides a method for predicting radial 

vibrational mode and acoustic noise of FSPM or any segmented stator at any operating 

condition. The proposed design methodology enables a low-noise design where the dominant 

mode frequencies are significantly higher to eliminate the possibility of their resonance with 

harmonics of excitation frequency. This methodology also maintains a reasonable compromise 

with the electrical loading and electromagnetic performance of the machine in terms of power, 

torque and efficiency. A reduction of about 7-8 dB noise level has been achieved at 1800 RPM 

using modal analysis in structural FEA. Among the other and noisier speeds, the improved 

design also displays better noise and vibration obtained from the analytical model. The 

analytical model is able to predict the peak circumferential deflection and acoustic noise due 

to it considering a simple system of one stator pole and no fixed support. A static structural 

FEA model considering all the poles and outer fixed support similar to the actual construction 

of the prototype FSPM machine confirms that the maximum stator tooth deformation is also 

within acceptable limit.   
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Modeling, Control and Performance Testing of FSPM Drive 

 

This chapter [122] presents the control and performance of the Flux Switching Permanent 

Magnet (FSPM) machine designed and built with non-rare-earth magnets. The design objective 

has been minimization of volume and cost, and reduction of cogging torque, noise and 

vibrations. A comprehensive methodology has been adopted for the design of a 12/10 

segmented stator structure FSPM. Machine parameters have been identified with a nonlinear 

model taking mutual coupling and saturation into account. Stator flux oriented vector controller 

has been implemented using the machine parameters. Experimental results for the designed 

motor are included for performance validation. 

 

7.1 Challenges and possibilities of FSPM  

Flux switching permanent magnet machine (FSPM) is characterized by a doubly salient 

structure and permanent magnets in the stator. The magnet flux combined with the bipolar 

change of winding flux result in high flux density and high torque density. FSPM provides 

significant advantages such as high efficiency, high torque density, and high flux weakening 

capability and has favorable features for cooling and high speed operation. 

Cogging torque and acoustic noise are the few challenges and concerns for FSPM. The 

cogging torque in FSPM can be high because of its doubly salient structure and high flux 

density resulting from the flux concentration effects of the circumferentially housed magnets. 

Prior research have also reported that the torque ripple in FSPM is mainly caused by the 



190 
 

cogging torque [103], [104]. Therefore, cogging torque minimization is important in designing 

FSPM for high performance requiring applications. The cogging torque minimization 

technique proposed in [111] by geometric pole shaping of the rotor has been applied for 

designing the prototype.  

There are many sources of noise and vibration in an electric machine. Among those, lower 

order stator mode frequencies and the normal stress at the airgap originating from 

electromagnetic excitation are dominant. Pole shaping technique of the stator to reduce the 

effect of lower order mode frequencies is proposed and applied to the design of the FSPM 

motor in this chapter. Applying the proposed comprehensive design methodology, the torque 

ripple is minimized to as low as 5% and the noise reduction at rated speed is about 7-8 dB 

without significant reduction in electromagnetic torque. This makes the FSPM an attractive 

alternative for low-torque ripple, high power density applications. 

The FSPM behaves the same way similar as any conventional PM AC machine from the 

control and operation perspective. Therefore, it can be controlled using a stator flux oriented 

vector control technique. For control of the machine, the motor parameters including the d- 

and q-axes inductances have been identified using an advanced model that includes mutual 

coupling and saturation into account [123], [124]. Finally, the prototype fabricated motor is 

tested and the experimental are compared with FEA simulation results. A heat run test is also 

performed to observe the steady state thermal behavior of the machine. 
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7.2 Final Design of the Prototype FSPM 

A comprehensive design methodology has been developed using existing modeling 

techniques, analytical design rules and finite element analysis (FEA) [74], [98], [100], [111], 

[125], [126]. The step-by-step procedure is summarized in Chapters 4, 5 and 6. Cogging torque 

reduction has been achieved by a novel rotor pole shaping technique. Improvement on acoustic 

noise due to the resonance of excitation frequency with natural mode frequencies have been 

achieved by stator pole shaping and was verified using structural FEA. Figure 7.1 and Table 

7.1 give the geometric design parameters of the machine. 
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Figure 7.1: FEA Model of the final design of the prototype 

 

Table 7.1: Geometric parameters of the final design 

Parameter Value 

Stator outer radius 60 mm 

Active stack length 40 mm 

Number of stator poles, Ns 12 

Number of rotor poles, Nr 10 

Airgap length 0.5 mm 

Rotor outer diameter 35.5 mm 

Split ratio 0.6 

Stator tooth width, βst 𝟕. 𝟓° 

Slot opening, βso 𝟕. 𝟓° 

Magnet thickness, βm 𝟕. 𝟓° 

Stator yoke thickness 𝟕. 𝟓° 

Rotor pole width, βrt 𝟏𝟐° 

Stator Tooth Width 4.7 mm 

Stator Back Iron Thickness 8 mm 

Rotor Flange Width, Fy(=Fx) 1.7 mm 

RMS current density, J (A/mm2) 6 A/mm2 

Rated Speed 1800 RPM 

Power 500 W 

Number of turns 47 

Per phase resistance 0.586 Ohm 

Magnet type Ferrite 

 

7.3 Modeling of FSPM Including Saturation and Mutual Coupling 

Identifying the machine inductances is essential to develop a high performance controller 

for the FSPM. The d and q-axes inductance determination starts with the dynamic modeling 
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and analyzing the cross coupling and saturation effects. The d and q-axes voltage equation of 

FSPM can be expressed as: 

𝑣𝑑 = 𝑅𝑠𝑖𝑑 +
𝑑𝜑𝑑

𝑑𝑡
− 𝜔𝑒𝜑𝑞 … …( 7.1) 

𝑣𝑞 = 𝑅𝑠𝑖𝑞 +
𝑑𝜑𝑞

𝑑𝑡
+ 𝜔𝑒𝜑𝑑 … …( 7.2) 

where 

𝜑𝑑 = 𝜑𝑚 + 𝐿𝑑𝑖𝑑 

𝜑𝑞 = 𝐿𝑞𝑖𝑞 

 
𝑣𝑑 , 𝑖𝑑, 𝜑𝑑 , 𝐿𝑑: d-axis voltage, current, flux linkage 

and inductance. 

𝜔𝑒 : Electrical speed (= No. of rotor poles × 

mechanical speed) 

 𝑣𝑞 , 𝑖𝑞 , 𝜑𝑞 , 𝐿𝑞 : q-axis voltage, current, flux linkage 

and inductance. 

𝜑𝑚: Flux linkage of Permanent Magnet 

𝑅𝑠: Stator winding resistance. 

 

Eqs. (7.1) and (7.2) do not consider saturation and mutual coupling among the phases. To 

account for this, an empirical model has been developed using the flux linkages for different 

d- and q-axes currents and curve fitting technique [123], [124]. The following equations have 

been used for the flux-linkages to represent their characteristics in an analytical model:  

𝜑𝑑(𝑖𝑑, 𝑖𝑞) = 𝜑𝑚 +
𝐾𝐿𝑑(𝑖𝑑 + 𝐼0)

1 + 𝐾𝑆𝑑(𝑖𝑑 + 𝐼0) + 𝐾𝑆𝑑𝑞𝑖𝑞
 … …( 7.3) 

𝜑𝑞(𝑖𝑑, 𝑖𝑞) =
𝐾𝐿𝑞𝑖𝑞

1 + 𝐾𝑆𝑞𝑑(𝑖𝑑 + 𝐼0) + 𝐾𝑆𝑞𝑖𝑞
 … …( 7.4) 
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Figure 7.2: d- and q-axes flux linkage with corresponding axis currents, with ϕm and I0 

 

Figure 7.2 shows the graphical representation of Eqns. (7.3) and (7.4). In this model, the 

following assumptions are used: 

(i) At id=-I0, the magnetic flux linkage caused by id and the permanent magnet are 

balanced in the common flux path of d-q axes, and 

(ii) The cross coupling between iq and 𝜑𝑑  due to the magnetic saturation of the 

common flux path did not occur as a result of assumption (i). 

Co-efficients KLd and KSd governs the shape of the plot containing saturation 

characteristics, and KSdq expresses the saturation occurred due the q-axis current, iq. Figure 7.3 

shows the vector diagram of FSPM when operated by a non-zero d- and q-axis current. When 

id=0, the resultant d-axis flux linkage (𝜑𝑑) is simply the magnet flux linkage, 𝜑𝑚. Co-efficients 

KLq and KSq primarily governs the shape of the flux linkage curve with respect to current, and 

KSqd expresses the saturation by d-axis current, id. 
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Figure 7.3: Vector diagram of FSPM with non-zero iq and id 

 

The constants and co-efficients can be determined using curve-fitting technique to the 

actual current-vs flux linkage characteristics of the motor obtained by finite element analysis. 

Extensive set of data was collected from FEA to obtain d- and q-axes flux linkages for different 

d- and q-axes currents. This was accomplished by sweeping the current angle (γ) and current 

magnitude. Based on the FEA results and proposed equations, the required co-efficients to 

account for saturation and mutual coupling was determined using curve-fitting technique. 

Figure 7.4 shows the flux linkages with respect to current for both the FEA results and the 

model after applying the co-efficients determined by the model. 
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(b) ϕq vs. iq 

 
(c) ϕq vs. id 

 
(d) ϕd vs. iq 

Figure 7.4: Correlation between and current and magnetic flux linkage, from FEA model and 

using the co-efficients for curve-fitting 

Table 7.2: FSPM motor co-efficients obtained using the advanced model 

Co-efficient Value 

Kld (Ld) 0.005528 

Ksd 6.61 × 10−5 

Ksdq 0.000208 

Klq (Lq) 0.006194 

Ksqd 0.003196 

Ksq 0.010312 

I0 6.213062 

φm 0.036 

 
The parameters in the flux-linkage equations for the designed FSPM are given in Table 

7.2. It is important to note that 𝜑0 represents the flux linkage by PM (𝜑𝑚), and can be used to 

model and predict the torque, torque constant and power for a specific q-axis current when 

id=0 control is used. The motor will slowly move towards saturation as the q-axis current is 

increased above 12 Amps. This is also verified from experimental results in a later section. The 

degree of mutual coupling is very low, and therefore d- and q-axis flux linkages mostly depends 
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on the corresponding axis currents only. Because of negligible mutual coupling between d- 

and q-axes currents and the inductances, 𝐾𝐿𝑑 and 𝐾𝐿𝑞 can simply be used as a representation 

of 𝐿𝑑 and 𝐿𝑞 during normal operation when the machine is not in saturation region, 

 

7.4 Field Oriented Control and Dynamic Co-simulation of FSPM Drive 

The mathematical model of FSPM presented in the previous section indicates that the 

transformation of FSPM into an equivalent separately excited dc motor is possible, and 

therefore stator field oriented vector control technique can be adopted to control such machines 

[127]–[129]. According to the vector diagram of Figure 7.3, phase-A is assumed to be the 

reference. The instantaneous angular position of the rotor with respect to the stator-PM flux 

linkage is at the angle 𝜃𝑒 from phase-A. The q-axis current, iq is vertical to the stator-PM flux 

linkage. Consequently, id is along the stator-PM flux linkage since in the reference, iq leads id 

by 90°. A positive id results in an increase in the net airgap flux linkage, whereas a negative id 

results in a decrease in net airgap flux linkage, thus facilitating field weakening beyond corner 

speed which is the speed where the machine enters the constant power region of the torque-

speed characteristics. However, applying id has other undesired consequence of deteriorating 

the overall performance of the machine during normal operation. This is discussed in details 

in Chapter 4. Therefore, id is normally kept zero during rated operation at constant speed. 
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Figure 7.5: Block diagram representation of FSPM drive with stator field oriented control. 

 
To examine the motor performance as well as the controller response, computer 

simulations are carried out prior to experimental evaluation. In this research, a dynamic co-

simulation method is employed to analyze the electromagnetic characteristics of the FSPM 

machine using FEA model of the machine coupled with mathematical model of the PI-based 

current controller implemented using Matlab/Simulink. Both solvers exchange the calculated 

data at each co-simulation time step, and the results achieved by one solver is exported to the 

other in the next time step. Complex systems that comprise nonlinear dynamic subsystems 

such as power electronic converter and electrical machines are better modeled using the FEA 

tools to accurately represent the performance of the system. Such co-simulation model has the 

ability to directly coupling of multiple simultaneous physical phenomena (popularly known as 

multyphysics) to provide results that are very close to the actual experimental setup.  Figure 

7.5 shows the block diagram representation of the transient co-simulation model of the 12/10 

FSPM motor drive system. The current controller and the driver circuit is modeled using 

Matlab/Simulink. The controller generates the required gate signals which is essentially the 

PWM signals for the commanded current based on the machine output torque and rotor 

position feedback information. 
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7.5 FSPM Drive Simulation Results 

The electromagnetic performance is investigated using the developed co-simulation model 

when the machine is operated in constant speed, current control mode. Stator field oriented 

vector control with id=0 has been applied to test the controller response. PI controller 

parameters for d- and q-axes current have been identified and tuned based on the motor 

inductances determined in the previous section. Figure 7.6 shows the controller response (iq, 

phase currents and electromagnetic torque) from the co-simulation model for a step change in 

command current to rated, 50% rated and 75% rated current. 

The simulation results presented here were obtained at 1800 rpm. A 50 μs time step 

equivalent to 20kHz has been used in the simulation similar to the real time DSP controller. 

Space vector modulation scheme has been implemented for generation of PWM. From the 

simulated waveforms of phase currents and electromagnetic torque, it can be seen that the 

phase currents have good sinusoid, whereas the electromagnetic torque exhibits some added 

ripple due to PWM switching as compared to FEA results with ideal sinusoidal phase currents. 

The controller is designed based on the motor time constant so that it reaches the desired 

current command within 1 ms. The calculated torque constant of the designed FSPM machine 

shows good agreement between the predicted torque (from q-axes current) and the output 

electromagnetic torque form the FEA model. 
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(a) 

 

 
(b) 

 

 
(c) 

 

Figure 7.6: Controller response when the command current changes from 4.7 Amp (rated) to 

2.35 Amp (50% rated) to 3.53 Amp (75% rated) 

 

7.5.1 Generation Using FSPM 

It is important to note that the early topologies of flux switching or flux reversal family of 

electric machines emerged as a generator first where both the armature and field excitation are 
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located in the stator. These machines were popularly referred to as inductor alternator, which 

is discussed briefly in Chapter 2. Therefore, it is of particular interest to examine the operation 

of FSPM as a generator. From a control perspective, FSPM works in a similar way as 

Permanent Magnet Synchronous Machine. Therefore, similar to motoring, the generation 

operation can also be implemented with proper control and power electronics converter 

topology. 

FSPM generator operation has been implemented in the FEA model and in the dynamic 

co-simulation model. Generation using FSPM can be implemented by properly timing the 

excitation and generation of PWM signals as shown in Figure 7.7. 

 
 

Figure 7.7: Timing of phase current excitation for motor and generator operation using FSPM 

machine based on rotor angular position. 

Figure 7.8 shows the controller response when the FSPM is excited to operate as a 

generator for a step change in rated, 50% or rated and 75% of rated phase current command. 

This translates to respective dc-link currents also shown in Figure 7.8 (a). The corresponding 
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phase currents and torque is shown in Figure 7.8(b) and Figure 7.8(c). Here, the q-axis current 

is of negative magnitude, along with the torque produced.  

 
(a) 

 
(b) 

 
(c) 

Figure 7.8: Controller response when the command current changes from -4.7 Amp (rated) to 

-2.35 Amp (50% rated) to -3.53 Amp (75% rated) in generator mode (a) Iq, (b) Torque, (c) 

Phase Currents 

At rated condition (speed=1800 rpm, iq=4.7 Amps, irms=3.3 Amps), the torque is 2.25 N.m 

to generate dc-link current of 2.61 Amps to a 160V dc-bus. The key performance plots from 
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the generator operation is shown in Figure 7.9. The generator performance at rated condition 

(1800 RPM, 3.33 Amps rms phase current) is summarized in Table 7.3. 

 
(a) 

 
(b) 

 
(c) 

Figure 7.9: FSPM Generator Performance at 1800 RPM (a) Mechanical Input Power, (b) 

Electrical Output Power, (c) DC-Link Current Generated 

 
Table 7.3: FSPM Generator Performance at 1800 RPM and Rated Current 
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RMS Phase Current 3.3 Amps 

Rated Torque 2.4 N.m 

Mechanical Input Power (W) 452 W 

Output Electrical Power (W) 418.1 W 

DC Bus 160 V 

Generated DC Link current 2.6 Amp 

PCopper (W) 20 W 

PCore (W) 18 W 

Efficiency 89 % 

Power Factor 0.76 
 

 
(a) 

 
(b) 

Figure 7.10: FSPM Generator Performance at 1800 RPM (a) DC-link current variation with 

input torque and power, (b) Efficiency variation with input power 

The FSPM generator performance at rated speed (1800 rpm) for different phase currents, 

torque or input power are shown in Figure 7.10. At rated current, efficiency is 89% at 1800 

rpm. For currents higher than rated, efficiency is decreased mainly because of increased copper 

80

85

90

95

100

0 200 400 600 800 1000

E
ff

ic
ie

n
cy

, (
%

)

Mechanical Input Power, (W)

Variation of Efficiency with input power at 1800 RPM



205 
 

loss which is the dominant loss component. Similar results for other operating speeds are 

shown in Figure 7.11 (1000 rpm) and Figure 7.12 (500 rpm). 

 
(a) 

 
(b) 

Figure 7.11: FSPM Generator Performance at 1000 RPM (a) DC-link current variation with 

input torque and power, (b) Efficiency variation with input power 
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(a) 

 
(b) 

Figure 7.12: FSPM Generator Performance at 500 RPM (a) DC-link current variation with 

input torque and power, (b) Efficiency variation with input power 

 

 

7.6 FSPM Prototype and Test Results 

In order to validate the design and performance of the machine, a prototype of the 500W, 

12/10 FSPM using ferrite magnets was built and tested. Figure 7.13 shows various parts of the 

machine as well as the driver circuit board. The U-cores and spoke shaped magnets are glued 

to each other using epoxy. The entire stator containing the U-core and spoke shaped Ferrite 

magnets are shrink-fitted onto the inner part of the internal frame to obtain a stator with slots 
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for coils while eliminating bridges where the PM-flux can be shunted and hence losing 

performance. The stator is then wound with strands of AWG 19, 47 turns per coil as designed. 

The salient rotor is similar to any standard SRM rotor as shown in the figure. Texas 

Instrument’s high voltage motor control kit equipped with TMS320F28035 fixed point DSP is 

used to design and implement drive and controller for the FSPM operation. 

 
(a) 

 
(b) 

 
(c) 

+    DC Bus (Vdc)    -  
(d) 

Figure 7.13: Photographs of the prototype built (a) stator with winding, (b) different parts, (c) 

rotor, (c) complete motor after assembling the stator and rotor into the frame, (e) TI High 

Voltage Motor Control Kit. 

 
Figure 7.14 shows the prototype mounted on the test stand. A 1kW DC dynamometer is 

used as a variable load for the test bench. Himmelstein’s MCRT 48201V N-Z non-contact type 

transient torque transducer is mounted between the FSPM and the dynamometer to evaluate 

torque, speed and mechanical power output from the motor. 
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(b) 

Figure 7.14: Experimental dyno setup of the FSPM drive system (a) photograph, (b) block 

diagram. 

 

7.6.1 No-load Test 

Figure 7.15 shows the FEA predicted and measured no-load, line to neutral RMS phase 

voltage against speed. The open circuit back-EMF is in good agreement with the 2D FEA 

prediction. Figure 7.16 shows the FFT of the back-EMF at different speeds. The measured 

back-emf values are also in good agreement with the simulation showing close agreement in 

the magnitude of the fundamental and higher order harmonics. The experimental results 

support the fact that the designed machine have sinusoidal back EMF, with negligible higher 

order harmonics according to the design which is one of the many attractive features of FSPM. 
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(a) Fundamental=16.42V (a) Fundamental=16.04V 

 
(b) Fundamental=32.83V 

 
(b) Fundamental=31.33V 

(c) Fundamental = 59 V 
 

(c) Fundamental = 56.1 V 

 

Figure 7.16: Spectrum analysis of the measured and FEA calculated back-EMF by FFT for 

different speeds, (a) 500 RPM, (b) 1000 RPM, (c) 1800 RPM. 

 

Figure 7.15: Measured and FEA calculated back-EMF 

magnitude against speed. 
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7.6.2 Steady State Phase Currents, Torque and Torque Ripple 

The stator field oriented vector control with id=0 has been implemented on the 0.5kW 

prototype FSPM on the TI DSP based controller. Steady state motor performance was tested 

for different current commands at rated speed and other higher and lower speeds. This section 

presents the controller response and machine behavior for different commands for the q-axis 

current.  

The torque ripple is of particular interest because the machine displays sinusoidal back-

EMF, with very negligible harmonics. Also, a novel cogging torque minimization technique 

has been applied during the design of the machine that helps in minimizing the torque ripple 

significantly. The results in the figures show excellent regulation in q-axis current command, 

followed by a flat torque with negligible ripple of less than 10%. 

Figure 7.17 shows the phase currents and mechanical torque outputs from the machine with 

three different command current. Table 7.4 presents the torque ripple values and their 

comparison from simulation and experimental results. The speed is chosen to be 100 RPM 

because at higher speed, some portion of the ripple is filtered by the system inertia and sensor 

bandwidth limitation. Therefore, it is critical to observe the ripple performance at lower 

operating speeds. At 100 RPM, the percentage ripple was found to be less than 10% for all the 

commanded current. 

Table 7.4: Comparison of Torque ripple between simulation and experiment 

  Iq = 2 Amps Iq= 2.5 Amps Iq= 3.8 Amps 

  Simulation Experiment Simulation Experiment Simulation Experiment 

Tavg (N.m) 0.94 0.82 1.17 1.03 1.79 1.62 

Tripple (N.m) 0.08 0.08 0.09 0.098 0.11 0.15 

%Ripple 8.5% 9.8% 7.7% 9.6% 6.1% 9.3% 
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Speed=100RPM
Iq=2 Amp

Tavg=0.82 N.m
Tripple=0.08

%Ripple=9.8%

 

 

 

Speed=100RPM
Iq=2.5 Amp

Tavg=1.03 N.m
Tripple=0.098 N.m

%Ripple=9.6%

 

 

 

Speed=100RPM
Iq=3.8 Amp

Tavg=1.62 N.m
Tripple=0.15 N.m

%Ripple=9.3%

 
(a) 

 

 
(b) 

Figure 7.17: Phase current and torque from (a) experiment, and (b) simulation at 100 RPM 

for different current commands. 
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Torque ripple found from experiment was slightly higher than FEA based simulation due 

to (i) PWM switching, (ii) material characteristics, (iii) eccentricity and (iv) error in mechanical 

alignment of the machine in the dyno setup. As current command increases, ripple does not 

amplify as much as the average torque does, thereby showing a reduction in percentage ripple 

for higher phase current. Ripple due to cogging torque has been addressed in this work during 

the design of the machine by applying a novel pole shaping method. Torque ripple can be 

further reduced if required for ripple sensitive applications by applying advanced control 

techniques and algorithms, such as (i) harmonic current injection and (ii) current profiling. 

This makes it (FSPM) a very attractive candidate for such applications, one of which can be 

electric power steering for vehicles. 

 

7.7 FSPM Performance at Different Load Conditions 

Stator field oriented control with id=0 has been used for torque production at constant 

speed. The rated q-axis current of the machine is 4.7 Amps, and up to 200% of rated load has 

been applied during the tests. An extensive set of data was collected at three different speeds, 

and from a current command of zero to up to 200% rated for each speed. Figure 7.18 shows 

the key machine performances at 1800 RPM with varying current command. Figure 7.19 shows 

a sample set of steady state data from the power analyzer when the machine is running at 1800 

RPM and a q-axis current command of 2 Amps (Irms=1.4 Amp). 

Figure 7.18 (a) shows the experimental and FEA predicted torque as a function of current. 

The experimentally measured torque is in good agreement but slightly smaller than simulation 

at low current. The torque discrepancy increases with the current. The discrepancies in back 

EMF and torque can be explained by leakage flux. As current increases, the stator lamination 
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become more saturated and less permeable, leading to more end leakage fluxes and more 

discrepancy from FEA predicted results. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 7.18: Experimental results from the prototype and their comparison with FEA at 1800 

RPM (a) Torque vs. iq, (b) Input power vs. iq, (c) Output power vs. iq, (d)Efficiency vs. iq, 

and (e) Power factor vs. iq, (f) Esimated torque and Iq*Torque Constant vs. iq. 
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Figure 7.19: Sample data from power analyzer for a command of 1.4 Amps at 1800 RPM. 

 

The measured efficiencies are also reasonably close to the predicted ones. Copper loss is 

the dominant among losses at a rated speed of 1800 rpm and thereby the main reason behind 

the reduction in efficiency when higher than rated current is applied. At higher operating speed, 

core loss will become dominant and end winding and copper loss will have less impact on 

efficiency. 

A subsequent test was performed using FEA to check the saturation level of the motor 

with increasing q-axis current. Figure 7.18(f) shows the unsaturated torque (iq multiplied by 

torque constant of the machine in a linear fashion as current increases) and actual output torque 

obtained from FEA. It is found that the motor slowly move towards saturation as the current 

increases above 12 Amps. This is also in agreement with the flux linkage vs. q-axis current 

characteristics as seen in Figure 7.4(b). 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 7.20: Experimental results from the prototype and their comparison with FEA at 1000 

RPM (a) Torque vs. iq, (b) Input power vs. iq, (c) Efficiency vs. iq, and (d) Power factor vs. iq. 

0

0.5

1

1.5

2

2.5

3

0 1 2 3 4 5 6 7

E
le

ct
ro

m
ag

n
et

ic
 T

o
rq

u
e,

 T
e 

(N
.m

)

q-axis current, Iq (Amps)

Torque at 1000 RPM

Torque (Exp)

Torque (FEA)

0

50

100

150

200

250

300

350

400

0 1 2 3 4 5 6 7

In
p

u
t 

P
o

w
er

, (
W

at
t)

q-axis current, Iq (Amps)

Input electrical power at 1000 RPM

Pe (Exp)

Pe (FEA)

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7

E
ff

ic
ie

n
cy

q-axis current, Iq (Amps)

Efficiency at 1000 RPM

Efficiency (Exp)

Efficiency (FEA)

0

0.2

0.4

0.6

0.8

1

1.2

0 1 2 3 4 5 6 7

P
o

w
er

 F
ac

to
r

q-axis current, Iq (Amps)

Power Factor  at 1000 RPM

PF (Exp)

PF (FEA)



216 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 7.21: Experimental results from the prototype and their comparison with FEA at 500 

RPM (a) Torque vs. iq, (b) Input power vs. iq, (c) Efficiency vs. iq, and (d) Power factor vs. iq. 

 

Figure 7.20 and Figure 7.21 summarize the machine performance measured for up to 

200% rated torque operation at other speeds. The machine is able to produce the expected 

power required by the specification from 500 to 1800 RPM according to the q-axis current 

command. The measured efficiencies are reasonably close to the predicted ones for all the 

currents at different operating speeds. The lower efficiency measured at lower speed for 200% 

rated load is due to the domination of copper loss over iron losses. As speed increases, the iron 

loss will become dominant, and the copper loss will have less impact on efficiency. The 
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average torque for different current commands, output power, and efficiency from the 

experimental setup at different operating speeds are in good agreement with FEA results.  

 

7.8 Heat Run Test Results 

Figure 7.22 presents the heat run test result at rated operating condition. The prototype 

FSPM was running under rated iq command to produce rated torque at the base speed for more 

than 90 minutes till the temperature reached to steady state in the regions of interest. Then the 

motor was operated for 30 more minutes to verify that the temperature rise was less than 0.5 

degree in every 15 minutes which indicates that it has reached the thermal steady state. 

Thermocouples were installed to measure temperature at the end winding, permanent magnet 

and U-core lamination. At 1800 RPM, the copper losses are significant, therefore the hot spot 

is on the end winding with a temperature rise of 16.1 ºC. Among the remaining stator regions, 

the next hot spot is on the PM (14 ºC), followed by the iron core lamination (13.5 ºC).  

It is expected that at a higher speed, iron losses in the U-cores will become more dominant, 

and hence, the lamination, and PM temperatures will be higher than that at base speed. If speed 

is increased even further, the hot spot will gradually shift to the PM because of increased eddy 

current loss in the magnet, followed by iron core and end winding. The measured temperature 

rises in the FSPM prototype confirms that the machine can operate safely with the proposed 

electrical loading and natural cooling scheme as designed. 
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(a) 

 
(b) 

 
(c) 

Figure 7.22: Steady state heat run results from the prototype (a) Measured temperatures at 

three key locations during a heat run under 0.5kW, 1800 RPM continuous operation, (b) 

Steady state temperature, (c) Comparison of temperature rise in the three regions measured. 

 

It should be noted that for PM and lamination, thermocouples were installed on the 

surface. Acknowledging the fact that temperature gradients do exist for these materials based 

on their shape, size and flow of air, the relative average temperature rise (End Winding > PM 

> Lamination) at rated speed and rated load in different regions of the machine still holds true. 

Also, an FSPM with ferrite magnet will have negligible magnet eddy loss and thus relatively 

lower temperature rise in the magnet as compared to FSPM with rare earth magnet because of 

its low resistivity. A detailed FEA based thermal analysis on the machine would provide more 

accurate estimation of temperature rise at different regions of the machine at different operating 

speed and load conditions. 
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7.9 Conclusions 

This chapter investigated the potential for non-rare earth FSPM with improvement in 

torque ripple, noise and vibration with experimental results. An advanced machine model was 

developed considering saturation and mutual coupling into account. The machine model is 

used to implement stator field oriented vector control to run the motor at constant speed and 

desired current command. A prototype was built based on innovative design techniques 

addressing electromagnetics and structural features of the machine. The performance 

parameters from the prototype under continuous operation was in agreement with the 

simulation results obtained during design. In addition, steady state heat run test was also 

performed and the prototype was capable of providing the required power with a safe 

temperature rise of 16 degree for rated operation at 1800 rpm. The design met the specification 

requirements such as mass, voltage required, current, current density, temperature, and 

efficiency. Key conclusion from this research is that the topology has a lot of potential to be 

useful for many applications, like variable speed, servo type or electric power steering. 

Depending on the requirement, FSPM with rare earth can also be applicable in traction type 

applications. There are challenges introduced such as torque ripple, noise and vibration due to 

the structure of the machine that have to be addressed carefully during the design phase. 
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Summary and Future Work 
 

 

This chapter summarizes the advances on Switched Reluctance and Flux Switching 

machine technologies accomplished through this research along with some suggested future 

works. The summary section 8.1 gives a brief description of the research presented elaborately 

in the previous seven chapters. Section 8.2 discusses some of the relevant issues that are 

proposed as future works. 

8.1 Summary 

SRM is a very lucrative candidate for applications where both motoring and generating is 

required at various speed range. Torque ripple and current ripple are the key issues during SRM 

operations for motoring and generating, respectively. They can be addressed by both 

manipulating the design or innovative control algorithm and techniques. 

This thesis presents a new control technique of SRM as a generator based on geometry 

based analytical model. The system operation has been verified experimentally using a 1kW 

SRM drive setup. A detailed analysis has been performed on the DC-link current ripples 

affecting the overall system performance, efficiency and battery life during generation using 

SRM. It has also been shown that minimizing current ripple while generating indirectly 

maximizes the efficiency of the whole SRM drive system. 

Efficient and optimum SRG control requires carefully fine-tuned commutation angles. 

The complexity increases at low speed as compared to high speed operation. At high speed, 

phase currents go into single pulse mode, therefore, no hysteresis control is required. At low 
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speed, phase current enters hysteresis region, so that the maximum allowed level also needs to 

be controlled. Therefore, to achieve ripple minimization or efficiency maximization for 

operation where various speed range is prerequisite, a two loop controller which controls all 

the commutation angles along with the reference current is crucial. 

A control algorithm has been developed that dynamically varies the commutation angles 

for the machine operation based on the required and commanded DC-link current level along 

with continuously monitoring the ripple in DC-link current. The algorithm is implemented and 

tested at different operating speeds where hysteresis is present for all speeds. This control 

concept can generally be applied to any SRM for all speed ranges. 

Flux-Switching machine topologies can achieve torque and power density very close to 

that of today’s rare earth PM machine topologies with non-rare earth magnets because of their 

flux focusing structure. Unlike any electric machine technology, there are areas that can be 

improved in terms of performance and efficiency. FSPMs have naturally low torque ripple and 

the main source of that is the cogging due to the presence of flux focusing magnets. FSPM can 

be driven controlled easily using standard dq control. Therefore it would be really helpful if 

the cogging torque can be minimized during the design stage. And among the existing 

techniques to achieve that, skewing the rotor poses difficulty in manufacturing. In this research, 

the issue of minimizing torque ripple by reducing cogging torque is addressed from a design 

perspective. A generalized design rule has been developed and proposed via theoretical 

analysis using permeance based model. The design rule has been verified using FEA and 

applied in the design of the target prototype motor. A comparison on the output torque with 

design of similarly arranged and sized conventional machine have also been performed. A 

larger, higher power FSPM is also designed to verify the scalability of the design rules. 
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Because of the structure, the most feasible three-phase topology is 12/10, which poses 

another challenge of low second order mode frequency which will cause high noise and 

vibration. The segmented stator structure also needs to be looked into for analytically 

predicting the mode frequencies, and hence, noise and vibration. Unlike cogging torque, it is 

possible to minimize the noise and vibration by tweaking the geometrical design of the 

machine, and verifying it using FE analysis. The issue of noise, vibration and stator 

deformation is also addressed from a design perspective. Based on the analytical model of 

natural mode frequencies and stator deformation, another design rule has been proposed to 

improve the noise and vibration characteristics of the machine. This rule has also been applied 

in the manufactured prototype. From the result, it has been found that the maximum 

displacement is 0.075 micrometer which is way less than the acceptable value for most of the 

noise sensitive applications. Also, the proposed design modification reduces noise by around 

7-8 dB at all the operating speeds. 

Because of the nature of operation, FSPM can be controlled in a similar technique as 

done for IPM and Brushless DC machines. However, precise control requires fine modeling of 

the machine. Existing models do not consider the mutual effects of cross coupling. This 

research introduces a model including saturation and cross-coupling effect. The model has 

been used to develop and implement control of the FSPM prototype. 

Finally, an experimental prototype of the designed 12/10 FSPM machine was 

constructed. The predicted and measured machine parameters show good correlation validating 

the design and analysis of the machine. No-load tests show that the open circuit back EMF is 

in good agreement with that obtained from FEA simulation. Static measurements of torque and 

other important performance parameter from the machine when operating as a motor under 
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load conditions were also performed. The characteristics displayed by FE analysis have been 

directly tested and verified by measurements. In addition, heat run test was also performed to 

verify steady state temperature rise and hot spots of the machine. The motoring operation have 

been implemented using a standard three-phase AC drive with stator field oriented vector 

control strategy. A steady state heat run test was also performed to confirm that the temperature 

rise in different parts of the machine are in acceptable range. 

8.2 Future Work 

The following future research works are suggested further in this topic: 

 One of the major contributions of this research is the novel strategy developed for 

adapting the commutation angles based on the desired DC-link current and ripple 

in the DC-link current for charging the battery using SRG system. A two loop 

controller has been developed that produces the required turn on, turn off angle 

and reference current for efficiency maximization of SRG for a wide speed range. 

However, the conduction period can be divided into two regions: the excitation 

period (both switches on, +Vdc applied across the motor terminal), and the 

switching period in which zero and –Vdc is applied respectively to achieve 

hysteresis current control. The controller can be even tuned more by appropriately 

timing this excitation period and switching period. Another loop can be 

introduced, or a relation can be established to achieve optimum excitation period 

as well as switching period. 

 The bandwidth of the conduction angle controller is higher than that of the turn-

off angle controller. Further analysis can be continued on improving the 
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interaction of the two controllers and a way to find the proper bandwidth of each 

controller. 

 A comprehensive design methodology has been proposed and applied in 

designing a prototype FSPM. However, motor design is an iterative process and 

required parameters depend upon a lot of other limiting factors as the design 

constraints change. A detailed scalability study and analysis can be performed on 

the design rules for FSPM’s of different sizes, power ratings and available cooling 

methods. 

 The design performed in this research is mostly single objective, solving one 

challenge at a time. The identified issues have been decoupled with one another 

and a particular method has been proposed for one issue that does not affect 

another. In applications when the required objectives are more than one (i.e. 

maximize power, minimize volume, losses), it might be a better idea to perform 

multi-objective optimization study to achieve the design goals. Multi-objective 

optimization can be performed on either FEA models, or other magnetic circuit 

equivalent or mathematical models. The accuracy of the output of such multi-

objective optimization study depends on the accuracy of the models. An accurate, 

magnetic equivalent circuit model of FSPM can be developed, and using that, a 

multi-objective optimization study and method can be performed to achieve any 

FSPM design for any desired output. 

 Cogging torque, and thus torque ripple has been reduced by geometric pole 

shaping technique. Experimentally the motor has shown less than 10% torque 

ripple at 100 RPM and several torque commands. However, for ripple sensitive 
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applications where a ripple of less than 5% is desired, torque ripple can be 

reduced more using control techniques such as harmonic current injection. 

Appropriate design combined with complex control can achieve negligible torque 

ripple. 

 2D FEA along with analytical model have been used to predict stator 

deformation, noise and vibration of the designed motor. These can also be verified 

experimentally, in an anechoic chamber and using an appropriate dyno setup with 

facilities for noise and vibration measurement. Using 3D FEA will result in more 

accurate prediction of stator deformation, noise and vibration. 

 A detailed thermal analysis can be performed on the motor using analytical model 

and thermal FEA. In this research, temperature at different parts of the machine 

is measured experimentally. This results can be verified with thermal FEA if done 

so. Heat run test is performed for rated speed only. This can also be performed 

for higher speeds to verify the fact that iron loss and magnet losses dominate at 

higher speed, and are usually higher than copper loss. 

 An accurate machine model has been developed taking saturation and mutual 

coupling into account. However, the motor was run in unsaturated conditions and 

therefore, simple PI-based d- and q-axes controller was developed and 

implemented. Better controller can be developed using the complex motor 

parameters determined so that the controller also performs under saturation. 

 The machine operation is tested for motoring in experiment. However, FSPM 

topology can also be used as a generator. FSPM generator operation can be 

implemented and tested with appropriate bi-directional power converter and 
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energy storage device. FSPM generator can be used in applications such as wind 

turbine generator and automotive/traction. 
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