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Abstract 
This thesis is concerned about the development and evaluation of reluctance machines used for variable 

speed Raymond Pulveriser and centrifugal pump applications. The research is carried out through 

analytical and numerical analysis of two types of reluctance machines Synchronous Reluctance and 

Switched Reluctance machines, followed by experimental validation on prototype motors. 

In the synchronous reluctance machine, the rotor is a crucial part in terms of magnetic flux configuration 

and is a specific focus of this research is on the design, evaluation, and manufacturing of the rotor to 

improve the motor drive performance. An analytical procedure is firstly proposed for the rotor design. 

The rotor elements including the ribs and the bridges that maintain the mechanical strength of the rotor 

as well as the Q-axis insulation ratio (air-to-steel ratio) are studied. A FEM simulation with surrogate 

optimisation method is adopted, the main parameters of rotor geometry such as flux barrier and flux 

carrier are designed thoroughly investigated on the square and round shapes. Then, final designs are 

optimised, prototyped and tested on a test bench. 

The first machine is 75kW, 105rpm switched reluctance machine designed and prototyped for the direct- 

drive the application of Raymond Pulveriser. FEM modelling is carried out for 72/48 Switched 

reluctance motor in Motor Solver Software.  

The second machine is a 10kW synchronous reluctance motor for the application of Raymond Pulveriser 

used for mining applications. In order to improve the overall machine performance, a Surrogate assisted 

optimisation technique is applied with a particle swarm optimisation (PSO) method. FEM models are 

established by electromagnetic design software (Magnet) for both the stator and rotor. The Surrogate-

based optimisation is tested on 24 and 36 stator slots while considering both the square and round shapes. 

5 stator variables to generate Latin Hypercube samples are airgap, slot depth, tooth width, number of 

turns and slot openings. The rotor optimisation variables are flux barrier width, flux carrier width, and 

edge angle. Three and four flux barriers are tested with square and round shapes. Additionally, design 

of 10kW Switched reluctance motor for the same application of Raymond Pulveriser is carried out. FEM 

models are established on Motor Solver machine design software. The SBO is tested on 12/8 SRM on 

both stator and rotor. The following variables are considered: stator pole arc, stator yoke thickness, air 

gap, rotor pole arc, number of turns, shaft diameter, and rotor yoke thickness and then the comparison 

is made between SynRM and SRM. These designs are initially for the machines operating in both 

directions. However, the applications only require uni-directional rotation of the machine. It is necessary 

to consider an optimised design for the uni-directional operation. Additionally, the study on the 

asymmetrical rotor design is also conducted to analyse the machine performance and its merits and 

drawbacks.    

Thirdly, a 24-kW synchronous reluctance motor is designed for the centrifugal pump applications. The 

stator structure is similar to the induction motor but has 36 slots and 4 poles. The research mainly is 
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focused on reducing the power losses and torque ripple, and a new rotor design of motor with different 

optimisation arrangements of flux barrier shapes have been studied and tested through the FEM. The 

rotor optimisation is carried out by varying the flux carrier width, flux barrier width, shaft diameter, and 

barrier edge angle. The simulation carried on different designs and shapes. Finally, a rotor design with 

3 V-shaped flux barriers is chosen and is prototyped for testing. Experimental results show the 

effectiveness of the optimal rotor designs which can provide a required torque profile with low torque 

ripples and low power losses. The main advantage of the proposed designs is the good thermal 

performance of the machine which increases motor efficiency. The study shows the benefits of utilizing 

a reluctance machine.  

Keywords: 

Direct-drive applications, Field lines shape, Harmonics. Particle Swarm Optimisation, Speed Range, 

Saliency Ratio. Switched Reluctance Motor, Synchronous Reluctance Machine (SynRM), Torque, 

Torque Ripple, Surrogate-based Optimisation, Variable Speed Drive (VSD).  
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Chapter 1 Introduction 
 

This doctoral thesis focuses on the novel design and optimisation of reluctance machines for the application 

of Raymond Pulveriser and Closed Couple centrifugal pumps. The aim of the optimisation is to reduce 

losses and torque ripples and to improve the output power and efficiency. This chapter gives a brief overview 

of the research background and goals while discussing the approaches used to achieve these objectives for 

this project. The thesis structure is also described in detail.  

1.1 Background 
Climate change is a matter of serious concern that belongs to the whole world in every country [1]. Presently, 

the world faces enormous challenges due to continuous urban and rural industrialisation. Due to population 

growth in the 21st century, have speed up the demand in the power generation, transportation and 

corresponding CO2 emissions [2, 3]. The Intergovernmental panel on climate change (IPCC) 2014 projects 

that overall global temperature could increase 3.7⁰C to 4.8⁰C [4]. Therefore, it has been essential to debate 

at different international forums with legitimately binding agreements signed on different occasions. As an 

outcome, global CO2 emission progression has declined from the last three years. In developed countries 

such as the United Kingdom, the lowest level of CO2 emission has been recorded since the 19th century [5-

7]. 

It has been estimated between 2014-2017, there had been three consecutive years of slight or no progression 

in carbon emissions from energy consumption. This actually became possible due to speeding up advantages 

in the energy efficiency development, energy demand and fast progress in renewable energy joined with a 

continuous decline in global coal consumption leading to enhancement in the fuel mix [8, 9]. The progress 

to some extent upturned during last year and the growth in energy demand again increased. Similarly, in the 

recent policies situation, the global energy requirements rise more than in the past but then again it expands 

by 30% between today and 2040 [10, 11]. The global electricity demand by different countries is shown in 

Error! Reference source not found.. 
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 Fig.  1.1 The global electricity demand by different countries [9] 

As per European Union eco-design, generally, the electric motors are subject to different design 

requirements. Almost 50% of the electricity is consumed by motors which are found for different 

applications like for industries as well as the service sector. If the motor is more efficient then a lot of money 

can be saved over the lifetime of the product and in terms of electricity saving and as per eco-design 

statistical data analysis 135TWh of the electricity can be saved by 2020 [12] and this would be equivalent 

to the annual electricity utilisation of Sweden. This reflects that more than 60 million tons of CO2 will be 

stopped to liberate in the environment. In the EU, different products e.g. fans, compressors, washing 

machines and conveyors with cooking appliances carry energy consumption labels and are planned to design 

to run at minimum energy efficiency standards. The electricity consumption by EU motors for industrial as 

well as the service sector is shown in Fig. 1.2 (a) industrial sector and (b) service sector. The whole results 

of these labels and standards will be an annual energy saving of nearby 175 Mtoe (million tons of oil 

equivalent) up to 2020 emission target. It is approximately comparable to the yearly major energy 

consumption of Italy. For users, this means a regular savings of up to €500 in a year on the domestic energy 

bills, so that’s why different regulations and directives have been driven to reduce the energy bills. In this 

thesis the major aim has been set to achieve the low losses, low torque ripples, energy efficient SynRM 

according to IEC standards [13, 14], Nowadays there is a trend towards green technology so that’s why the 

demand for increasing machines which are highly efficient is increasing. The government systems like US 

energy Department [15], EU [16] declared guidelines for electrical machines.  
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(a) 

 
(b) 

Fig.  1.2 Electricity consumption by European Union motors are responsible for total electricity consumption [15] 

The IPM is well-known in EV technology for its high efficiency and great power density, but because of 

the increasing demand of  NdFeb has increased the price of permanent magnet machines and there are lots 

of environmental concerns due to waste products generated during the process of exploration and refinement 

of these materials [17, 18]. 

Mainly the common materials used in machines are NdFeB and SmCo Magnet, copper, aluminum, steel, 

and polyethylene as per available properties, these materials are used for purposes like for producing a 

magnetic field, as good conductor of electricity and for electric and heat insulation. Among this material, 

the NdFeB has serious environmental effects. Fig.  1.3 shows the chart of Life cycle assessment of the 

material which is commonly used in electrical machines, this actually shows the environment impact of 

NdFeB compared with copper, aluminum, steel, and polyethylene. Fig. 1.3(a) shows alost 30kg of CO2 

equivalanet by NDFeB whereas other matrial such as copper, aluminum, steel and polyethelen has low CO2 
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emmision. Similarly there is higher photochemical ozone creation by NDFeB almost 0.018kg  equinalent 

as depicted in Fig. 1.3(b). The acidification and eutrophication potential is also higher in the usage of 

NDFeB material as shown in figure 1.3 (c-d).  Because of this reason, the reluctance machines have become 

the strong candidate for applications of EV and HEV and various other usages because of non-existence of 

magnetic material, cheap in cost, simple in construction, very robust, absence of demagnetisation issues and 

can be operated smoothly at excessively high temperature [19-22].  

    
(a)      (b)  

  
(c)             (d)  

Fig.  1.3 Life cycle assessment and material which are commonly used in electrical machines [23].  

Thus, the worldwide investigation for reducing the practice of conventional fossil fuel and magnet-free 

machines has been greater than before. Therefore, despite induction motors (IMs) have been the most 

prominent choice for marketable industrialised applications, new technologies, and applications, such as 

industrial equipment, closed coupled centrifugal pumps, Raymond pulveriser, hybrid and electric vehicles 

are attracting more attention. 
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The synchronous reluctance motors (SynRM) has been great attention owing to numerous benefits (i) fault 

tolerant capability (ii) great torque density (iii) wide flux weakening capability (iv) good efficiency (v) 

robust structure [24, 25]. The other properties of Synchronous Reluctance motor are as under: 

• Stator is similar to IM 

• No winding in the rotor 

• Low power factor 

• Cheap 

• Simple and rugged construction 

• Higher efficiency also with partial loads 

• Higher reliability due to lower winding and bearing temperatures. 

Additionally, the nonexistence of permanent magnets (PMs) which actually reduces the cost of material and 

due to the high-temperature environment, restrict the demagnetisation problems in the PMs. Generally, 

reluctance machines (RM) have been examining in various applications at multiple speed ranges [26-29]. 

But, there are few disadvantages (i)  low power factor (ii) torque ripple is high [30, 31]. The above 

disadvantages can be effectively mitigated through the proper FEM design and optimisation and through 

accurate analysis with proper choices of flux barriers and flux carriers and their edge angles. Though several 

parameters and other quantities should be considered into account. 

1.2 Motivation and objectives 
If engineering industry is offered a chance to make choice between two alternatives of electrical machines, 

which have the identical performance such as efficiency, but one machine can be built at lower cost of 

manufacturing, with better thermal stability, it is understandable that the later design with cheaper cost will 

be chosen and preferred for the large-scale development. It is the manufacturing interest of the industry to 

construct highly reliable machines at a low cost. The limiting factors are the mechanical properties, 

efficiency, and cooling of the machine. To create a reliable comparison, a sufficient volume of different 

machine designs should be considered. In this thesis, a comparison between synchronous reluctance and the 

switched reluctance machine is given.        

The main focus of the design is to obtained high efficiency, output power, and low torque ripples. The 

motivation for the research work is to attain the following objectives:   

(1) To design and simulate a synchronous reluctance and switched reluctance motor while optimising 

both stator and rotor to simplify the manufacturing process for mining applications. 

(2) To provide a detailed analysis of the influence of round and square shaped stator slots and rotor flux 

barriers through simulation on the SynRM performance. 
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(3) To compare the performance of SynRM with Switched Reluctance motor with simulation results. 

(4) To design a synchronous reluctance motor while optimising rotor only to simplify the 

manufacturing process for closed couple centrifugal pump with simulation and hardware results.  

(5) To validate the FEM simulation results using the experimental test rig.  

Accomplishing the above objectives involves a reduction in the power loss and ripple with low losses of 

SynRM rotor with novel geometry. An appropriate method of optimisation and an equivalent set of rules 

are established and applied through surrogate-based optimisation (SBO).  

1.3 Methodology 
The thesis is basically on the 24kW Synchronous Reluctance rotor design and optimisation in a double layer 

36 slots stator commercially made by Cummins to achieve energy efficiency and thermally stable 

performance with low ripples. Two applications for the machine design have been considered which are: 

(1) Direct-Drive Centrifugal pump (2) Raymond Pulveriser for mining application. The following methods 

have been utilised for machine design simulation and to validate the results: 

• First of all, the design of the 3 phase induction motor stator and switched reluctance motor is carried 

out through MOTOR SOLVE machine design software. This software has the capability to generate 

a magnet and AutoCAD file.  

• The files are imported into Infolytica MAGNET machine design software and converted into solid 

material.  

• The SynRM rotor geometry is designed using AutoCAD. 

• The synchronous reluctance motor performance with switched reluctance motor is analysed by 

means of FEM analysis MAGNET software. 

• The proposed machines and the novel rotor design parameters are optimised by surrogate 

optimisation process by generating different Latin Hypercube samples of various geometry 

constraints. The analogous information is managed in MATLAB. 

• To validate the results, the novel designed rotor is prototyped and experimentally verified.  

1.4 Thesis Overview 
This thesis presents the design and optimisation of Synchronous Reluctance motor having 3V-shaped flux 

barriers and 4 flux carriers on the rotor. Six chapters are included in the thesis which is summarised as under.  

Chapter 1 describes the background of the research in the introduction and with a detailed methodology of 

the research. The main objective of the research and motivation are also discussed in this chapter. 
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Chapter 2 reviews the types of different machines for mining application, electrical vehicles (EV) and for 

other industrial usages. The development of machines which work on the basis of reluctance torque such as 

synchronous and switched reluctance machines is presented with different designs. All the design shapes 

and topologies are also covered in the chapter with advanced design and methodologies used in the existing 

research. The process of flux barriers and carrier in SynRM selection and shape designing have also been 

reviewed in this chapter. Additionally, the design of SRM and its working principle has been described in 

this chapter.   

Chapter 3 analyses the surrogate optimisation process with square and round shape of the stator design for 

SynRM. In this chapter, the detailed Latin Hypercube Sampling generation along with algorithm used has 

been described. The Optimisation process and data results of 3 and 4 flux barriers are also described. 

Additionally, the FEM design of three-phase 8kW 12/8 SRM configuration has been carried out along with 

most influencing parameters to improve the torque and efficiency. At the end novel rotor design of SynRM 

optimised through surrogate-based optimisation method is selected for the prototype and testing.  

Chapter 4.  Focuses on 3 synchronous reluctance machines for the application of Raymond Pulveriser and 

Centrifugal pump, the machines are design and simulated. The design of SynRM and SRM through 

simulation (FEM results) based on optimisation are analysed with a different arrangement of stator and rotor 

shapes (square and round) and for SRM parameters (stator and rotor pole arcs and yoke thicknesses, airgap 

thickness, shaft diameter, rotor inner diameter). Then based on the design experiment, SynRM design is 

further simulated for the application of the direct-drive closed couple centrifugal pump. The SynRM final 

design is proposed for prototype development. The asymmetrical rotor geometry is also analysed by 

decreasing the length from both sides and their effects on efficiency, and torque is analysed. Additionally, 

the simulation and design specification 72/48 SRM for Raymond Pulveriser which is the initial machine to 

replace the existing induction motor has been presented.  

Chapter 5. The rotor manufacturing steps and the arrangement of the experimental test rig are presented. In 

this chapter, the final validation through different test is performed on the optimised 3V shaped rotor design. 

In addition to this, the experimental testing of 72/48 SRM has been presented. Finally, the electromagnetic 

aspects of the design with simulation and experimental results are analysed, which verifies the FEM models 

and the proposed design.   

Chapter 6 overall conclusion and the research findings are presented, along with suggestions regarding 

future work has been described.  

1.5 Contribution to knowledge 
The following contribution has been made in this research work. 
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• Design and optimisation of both stator and rotor of synchronous reluctance and switched reluctance 

motor by using surrogate based optimisation technique. 

• Efficiency and torque comparison through finite element method result of synchronous reluctance 

and switched reluctance motors for the application of Raymond pulveriser. 

• 4 square shaped flux barriers for rotor have been optimised by using SBO with 24 and 36 square 

stator slots and compared with 12/8 SRM while keeping the same stator and rotor dimensions. The 

simulation analysis carried out on Infolytica Magnet software for SynRM and Motor solve software 

for SRM. The analysis carried out in terms of power rating, current, voltage, efficiency and torque 

improvement of both machines and the advantages and disadvantages have been conducted under 

design applicable constraints.  

• This work also provides the new SynRM rotor scheme with the SBO process. The arrangement of 

FEM with the surrogate optimisation is capable to minimise the time cost of the random or outdated 

process of optimisation and address the rotor design complexities. 

•  Introduced novel rotor design strategy (Symmetrical and Asymmetrical rotors) with 3V-shaped 

flux barriers and four flux carriers for the SynRMs for a centrifugal pump.  

Infolytica Magnet software is used for electromagnetic performance analyses then validated the 

effectiveness after prototyping and testing on the experimental test rig. The rotor performance is analysed 

while using 36 slots structured stator made by Cummins as same as IM’s stator. For the rotor design, flux 

barrier, flux carrier, edge angle, and shaft diameter are optimised through surrogate based technique and 

particle swarm optimisation (PSO) method is used to achieve the best design. 

The work truly proves that a new rotor design can enhance thermal performance and with reduced torque 

ripple. The rotor manufacturing process improved mechanical integrity, reduces the vibration and increase 

efficiency.  
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Chapter 2 Literature Review 
 

This chapter introduces the reluctance machine (RM) history and evolution in the introduction. In addition, 

SynRM and SRM technology are presented, the main benefits and the challenges related to reluctance 

machine technology are reviewed. As the greatest influence in the performance of a synchronous reluctance 

motor relies on rotor architecture, therefore design pattern, the shape, and flux barriers and carriers width of 

rotor geometry are analysed. This thesis aims to present the work to lower torque ripple and to enhance 

energy efficiency with maximum power output. So, the survey will concentrate on introducing the 

synchronous reluctance construction and the state-of-the-art rotor design topologies. This study brings brief 

research on the advancement of reluctance machines, as well as design, application, specific topologies, 

investigation methods along with their merits and demerits. Furthermore, to this, the other applications such 

as electrical machines in the field of electric vehicles (EV) is presented with different types of machines, 

their merits and demerits have been described. 

2.1 Introduction 
In this literature review, the main data and information have been taken from MSc and Ph.D. thesis, books, 

reports, web materials, journal articles, and handbooks on electrical motor energy use, losses, efficiency, 

and energy savings strategies. In addition to this, the types of motor losses are identified which occur and 

the ways to efficiently mitigate them are explained.  

In industrialised countries, electric motors account for the huge consumption of overall electric power. The 

literature indicates that mostly 2/3 of industrial power is consumed by motors in each country, which is 

overall 60 to 70% consumption of power. Because, the application of electric motors is found distinctively 

in different areas such as industry, household electrical appliances, municipal and commercial services, and 

other applications to power a variety of equipments comprising machine apparatuses, compressors, pumps, 

and wind blowers [32, 33].  

2.2 Motor Drives System and Energy Savings.  
From the last few decades, due to rapid economic growth and development towards industrialization from 

agriculture, there is a huge number of efficiencies declining in electrical machines. At the same time, there 

is great potential for energy improvement. Currently, to reduce greenhouse gas emissions, the government 

and other research organisations are actively involving to enhance the energy efficiency in machines.  

The operational speed and torque of electrical motors are controlled by the use of drives. Corresponding to 

the load requirement, motor drive technology is used to regulate the speed of the motor. Various types of 
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terminologies are used to define the drive. AFD, VSD, VFD, but all have the same meaning. In many 

applications, there have been significant savings through variable speed drives (VSDs) based system. 

 
Fig.  2.1 Motor energy usage in the industrial sector 

The motor energy used in the industrial sector is depicted in Fig. 2.1. It should be noted that in existing 

literature, there is no comprehensive literature about the comparison between Direct-Drive SynRM and 

SRM for Raymond Pulveriser and Close Coupled Centrifugal Pumps and their analysis. It is anticipated that 

this comprehensive literature will fill that gaps in terms of Ph.D. thesis.  

Additionally, the study could provide significant strategies for machine design optimisation and visions for 

future development provisions and research work to reduce motors losses and efficient development of rotor 

fabrication process. Among industrial energy users, this will bring awareness to reduce environmental 

pollution and motor energy losses. 

2.3 Variable Speed Drive 
In the earlier year, the study shows that various control procedures have been adopted for the enhancement 

of flexibility and monitoring in manufacturing processes which are regulating the speed of the device [34]. 

In most of the cases, the electric motors are controlled through a valve that adjusts the flow of fuel or a blade 

which regulates the water or airflow. During this operation machine’s speed remains unaltered. The methods 

like using semiconductor devices and controlling motors by switching it on and off are ineffective ways in 

which there is a wastage of energy. The most popular reasons that make electric drives efficient is, energy 

is saved by varying the speed of a motor and regulates the power which is fed towards the machine. Besides 

this, by means of motor drives cut the quantity of CO2 radiations by millions of tons each year [33].  

A VSD changes the speed, output torque and rotational force of the mechanical device. Few main 

applications of the mechanical devices in which variable speed drives are installed are centrifugal or 
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reciprocating pumps, blowers, compressors, and conveyors. In addition to this, many other types of 

mechanical equipment would benefit from the drives because they are running inadequately and 

inefficiently. Whereas, in order to reduce the losses of mechanical equipment and to improve the efficiency, 

the manufacturing companies are bringing together variable speed drives (VSD). As by the usage of VSDS 

technology efficiency is enhanced by allowing electric motors to operate at the precise speed as per load 

requirement. In most of the cases for different applications, the VSDs have decreased 30-60% of the motor’s 

electricity consumption. Thus, the potential for saving of energy is huge because the motor system utilises 

more than 60% of the electrical energy in the industry [35-37]. Around the world, there are many motors 

with a wide variety of industrial applications such as centrifugal pumps, ski lifts, sawmills, paper mills, 

conveyors, heat ventilation and air-conditioning (HVAC) system, which can efficiently enhance the 

efficiency mainly where flow control is involved.  

2.4 Method of speed control 
Variable speed drives and variable frequency drives are the controllers which electronically control the 

speed of the motor and allows the wide range of speed variation. In the industry, there are three methods 

which are used to control the speed of the motor. Such as mechanical drives, electrical drives and hydraulic 

drives [38].  

 
Fig.  2.2 Mechanical variable speed drive system [33] 

2.5 Mechanical variable speed drives 
The mechanical VSD is the choice of many engineers because it is very simple and low lost. The most 

common mechanically speed control methods are gear drive, chain drive, belt drive, idler wheel drives [39-

41]. The mechanically controlled moving conical pulleys belt drive system is shown in Fig. 2.2. These 

techniques have comparable physical characteristics. The machine is operated at constant speed whereas 
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only the coupling ratio is altered, not the speed of the load. Thus increase the output load torque which 

actually increases the torque on the motor [38, 42].   

 
Fig.  2.3 Basic block diagram of VSD system 

2.6 Electric variable speed drive 
Typically, three main components of electric VSDs are motor, converter and the control unit. Usually, the 

motor is coupled with load or indirectly (with gears) towards the load. The power is controlled via a 

converter and power flow is regulated from alternating current (most of the time by transformer), appropriate 

semiconductor switches (BJT, IGBT, and MOSFET) are used in the controller. The basic block diagram 

and components of electric VSDs are depicted in Fig. 2.3.   

2.7 Hydraulic VSDs 
The main working principle of hydraulic coupling is based in turbines. By fluctuating the oil volume, the 

coupling will vary the speed difference in between the driving and driven shafts. The volume of the oil is 

precisely controlled by regulating valves and pumps [42].  

2.8 Importance of Direct Drive 
In today’s modern world of technology, the importance of direct drive cannot be denied by many machine 

manufacturers. However, those who are familiar but might not wish to adopt this technology. Because they 

consider it too heavy and bulky as compare to the geared motor which is preferred for many years. Similarly, 

as the internet and smartphones have been evolved too much from the necessity to luxury, and on the other 

hand the lower end technology is still being used for example, still people buy flip phones as well as dial-

up touch tones, ultimately the advantages of more developed technology become too challenging to ignore. 

Nowadays for an extremely efficient and competitive domain, the better someone knows the benefits of 

direct-drive systems, then they will have much-improved gains and superiority over the other. In order to 

understand the main benefits, it is essential to start with the basic concept of direct drive. Where the power 

of the motor is straight away applied to machinery without any in-between drive train such as the pulley, 

belt or gearbox.  
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The inheritance of extremely efficient electrical machines has been the strategy for as long as the motor 

familiarised. Industrially established and the well-developed induction motor is no doubt the least 

expensive, very rugged and enormously reliable motor as compared to available other AC machines in the 

market. These motors are being used in the wide variety of applications such as underwater or fully dry 

surroundings or for any other hazardous environment like coal mines, oil and gas industries. In spite of the 

above various application of such motors, advance development of such type of machines is technically 

challenging due to legacy obstacles such as winding on the rotor.  

2.8.1  Direct Drive Systems 
The applications of low speed, high torque direct-drive motor systems are greatly demanded their high 

efficiency, reliability, responsiveness and great maintainability [43, 44]. Usually, the Induction motors 

(IMs) drives performance is based on a driving force in the manufacturing industry which connects with 

load via a mechanism of mechanical systems of reduction, such as a belt, gear, or pulley. Mostly IMs does 

not work without reduction mechanism for low-speed and high torque application [45]. The commonly used 

applications of direct drive are: Home appliances such as washing machines which actually run at low speed 

with large torque, spinning which required high speed and low torque, and there are different methods used 

in washing machine for driving which are classified as gear drive, belt drive, pulley drive, and the most 

common drive system is belt drive. But the major disadvantage still exists which is heavy noise and vibration 

due to belt and gear. Conversely, the direct drive system has the advantage of low noise and vibration. 

However, the direct drive motors require to carry very large load compared to the gear of belt-drive. The 

usage of direct drives ranges from broad applications and originates in diverse systems but for this thesis, 

we are interested to limit our discussion in normally used gear motors.  

2.8.2 Advantages of direct-drive 
The main advantages of direct-drives (DDs) as compare to indirect drives, such as working mechanism is 

simple thus increases the reliability and robustness, additionally, friction losses are minimum, gaining higher 

rigidity, and improving the driving torque [46]. Therefore, it is frequently being used in the following 

applications [47, 48].  

(1) Manufacturing systems of semiconductor 

(2) Industrial robotics 

(3) Computerised numerically controlled (CNC)  

(4) Machine tool   

(5) Servo applications 

(6) Variety of applications in automated industries 
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2.9 Permanent Magnet Direct Drive 
Another most widely used machine for high torque-low speed application is Permanent magnet synchronous 

machines (PMSM) operated by an electronic controller [45, 49]. The main advantage is that they have the 

capability of having high torque density, Therefore, IPM type brushless motors have both magnets as well 

as reluctance torque, are used so as to achieve the high efficiency. In addition, to reduce the copper losses, 

the concentrated winding is used in the stator core. But, as the cost of requiring large amounts of rare-earth 

permanent magnets, whose price indicates a great proportion of the total expense of the machine. 

Additionally, the rapid upsurge of the price of rare-earth magnets which happened at the start of the decade 

increased the cost of PMSMs significantly. Hence, the importance of other technologies has increased. 

Among them, reluctance technology arises as a good substitute. Several studies have presented that SynRMs 

offer many advantages compared to induction machines (IM), such as a higher torque density and efficiency, 

lesser rotor temperature and, the lower price [50-54].  

The construction of transverse-laminated rotor structure of SynRM is having attention by the different users, 

because of its simple construction, cost, robustness, and manufacturing process [55, 56]. Typically, a 

pumping arrangement is mostly accompanied to couple 1500rpm induction motor with a centrifugal pump 

but, this system has a lot of disadvantages such as heavy and bulky motor drive system with low energy 

efficiency. In this regard, for high-torque applications, PMSMs are dominated, but the most important issue 

is the recycling of these rare-earth metal permanent magnets. Additionally, the cost of magnetic material 

collectively with demand and supply chain issues is preventing these machines from assuming its rightful 

place as a motor of choice near future. Due to the rare-earth magnet’s increasing price, their market stability 

is declining [57]. Thus, a universal satisfactory solution has not been adopted for the application of closed 

coupled centrifugal pumps. After the advancement in electrical drives in the 20th century by reason of fast 

dynamic response and high efficiency of the drives, the reluctance motors represent a much possible 

alternative [58],[53].  

In order to reduce the high torque ripple which is not desirable for many industrial applications, lots of 

studies have been conducted and to enhance the performance of the machine, like in [59],[60],[31],[24], the 

torque ripple is investigated and multiple solutions are tested. Further to enhance the torque density of the 

machine, the rotor design is investigated in [61],[57],[62] in which the saliency ratio is examined which 

denotes the ratio between the d-axis and q- axis. 

Recent research investigations in the high-speed operation of SynRM are mainly dedicated to the type of 

rotor which is axially laminated anisotropy (ALA) [63-66]. Because of its higher saliency ratio [67-69] and 

a very rigid structure. However, the disadvantage of ALA structure is, it produces very high iron losses due 

to thicker rotor laminations as compare to TLA type rotor in addition as ALA has undesirable flux 
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oscillations. Hence, because of low iron losses, as well as simple construction using normal punching of 

lamination with skewing, moderate saliency ratio in most of the applications the TLA type rotor is preferred 

[29, 70-72]. Therefore, the TLA type rotor has been used in these studies for the SynRM simulation model 

design. The major aim has been set to select the number and shape of flux barriers to achieving low power 

losses along with low torque ripples. 

2.10 Current state-of-the-art SR Motor Drives for Raymond 
Pulveriser 
This section is based on our published journal paper which can be found at [43]. In recent times pulverised 

coal has emerged a most widely used fuel in the mining applications. However, in order to get the optimum 

output, it is important that the supply chain of coal is properly maintained [73, 74]. The coal typically used 

is characterised by high ash and low calorific content. This leads to premature cracks and failure of the 

refractory lining. Ash deposits require more heat to be added to the charge for maintaining the desired 

temperature thus increasing the burning losses [75]. Also, high ash contents lead to choking of the 

recuperated tubes. This necessitates frequent cleaning thus high maintenance cost and reduced the 

performance of heat exchangers [76]. The ideal size of the pulverised coal should be at least 75-80% of 75 

microns. In the conventional systems fine coal ranges from 10-30% of 75 microns. Non-uniform coal 

particles undergo partial combustion and result in deposition in the furnace walls [77]. These cause particles 

escape from the furnace with flue gas in the form of un-burnt carbon or ash [78]. The energy efficiency 

alternative to use in pulverised coal as fuel starts with procurement of good quality coal. Coal with high 

calorific value and low ash content is ideally suited as pulverised coal. The next step is to process or 

pulverised coal into the desired finest consistently [79]. To do so certain modifications in the pulveriser are 

required. The critical components of a pulveriser are: (1) Hammer, (2) Mild steel liner (3) classifier and (4) 

In-built blower.  For better and long-lasting quality of the pulveriser, the metallurgy of the hammer should 

be improved to increase it resistance to wear and tear. The performance and efficiency of Raymond 

Pulveriser is directly depending upon its prime mover. A unique 72/48 SRM design with 75kW motor for 

the direct-drive having low-speed used for mining application has been proposed in [43]. This gives the 

essential part of the study throughout the thesis. This is already mentioned that the IM drives in the industry, 

typically acts as a driving force and is connected with the mechanical load via a reduction gear mechanism, 

by means of belt or pulley. The Raymond Pulveriser is mostly worked at a very low speed of 105 rpm, This 

requires 7kN.m torque [80]. The existing gear system for Raymond Pulverizing is shown in Fig. 2.4. And 

the conventional IM drive features are given in Table 2-1. 



  

 42   
 

 
Fig.  2.4 The current system of gear drive used for Raymond Pulveriser [43] 

Table 2-1 The features of conventional IM drive in Raymond Pulveriser [43]. 

Parameter Value Parameter Value 
Weight in Kg 678 Power in kW 75 
Voltage in V 400 The gear system outer diameter in 

mm 
1000 

Power factor 0.9 The Efficiency of a gear system in 
% 

62.98 

Efficiency in % 94.2 The gear system stack length in 
mm 

340 

Rated torque in Nm 481 The total efficiency of a geared 
drive system in % 

59.32 

The output speed of a gear system in rpm 105 Frequency in Hz 50 
The total weight of a gear drive system in kg 1050 Rate Speed in rpm 1488 

Current in A 128   
 

There is widespread usage of the gear drive mechanism; the torque is transferred by the gear. But, there are 

some downsides e.g: noise, vibration and low efficiency, [81]. Contrariwise, it has a very good dynamic 

performance with reliability, [81-84]. Thus, the efficiency of the gear system is 62.98%, the conventional 

drive system has 59.32%, and the motor has 94.2% efficiency. The gear and direct-drive comparison are 

shown in Table 2-2 [85-87].  
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Table 2-2 The drive mechanism of a Raymond Pulveriser [43] 

Construction Direct drive system Geared drive system 

Reliability high moderate 

Efficiency high low 

Noise low high 

Balance good poor 

Gear Ratio —– 14.28: 1 

Lubrication system not significant significant 

 

A low-speed direct-drive for wet grinding has 36 applications by using External-Rotor Synchronous 

Reluctance Motor was presented [44]. For high performance of servo-applications, the Direct-drive motors 

are engaged. An electrical motors robot consists of a mechanical arm or directly coupled to the joints is 

described [88]. The features of SR motor, are the capability of very high torque at low speed, reliability 

cheapness as an alternative. As SRMs can be operated at high temperature so there is a huge potential to 

replace induction motors in Raymond Pulveriser applications, [89-93]. As there is an absence of permanent 

magnet in SRMs, therefore the cost of these motors is much lower [91, 92].  

This thesis project is dedicated to environmentally hazardous mining applications to develop motor drive 

systems for high torque with the finite element method. The design investigation is done while using the 

surrogate-based optimisation technique. The second application of the machine design in which the main 

rotor has been optimised and tested is closed couple centrifugal pump. The specifications of the existing 

induction motor which is used for this application is shown in Error! Reference source not found.3, and 

the full machine design performance and optimisation are explained in chapter 3 and 4.  

Table 2-3 Specifications of Induction motor used for closed coupled centrifugal pump 

Number Item Value 

01 Power 22kW 

02 Current 40Amp 

03 Horse Power 30 

04 Speed 1450rpm 

 

2.11  Synchronous Reluctance Motors 
Nowadays, the trend of high efficiency and high torque electric machines are increasing research concern 

and mainly the machine which contains no permanent magnet is growing rapidly. Although there is lack of 
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interest in this technology of synchronous reluctance during last 2 decades, the magnet free synchronous 

reluctance motors are reviving once again and emphasizing a research interest due to its construction without 

the usage of permanent magnet [94] and because of this, SynchRMs are being considered as key solution 

for industrial applications and energy conversion [95]. The focus on synchronous reluctance has become 

the potential future technology for the industries as well as the application of electric vehicle EVs. A SynRM 

is a singly salient motor which works on the basis of reluctance torque without using the PM material at 

synchronous speed. The SynRM has cylindrical stator same as that of an induction motor. The main 

advantage is the magnetically salient rotor structure which removes the copper and aluminum bars [96, 97].   

The SynRM performances can be enhanced with the lowest possible financial cost. Because its rotor 

construction is passive, no permanent magnets neither windings are installed into it. So that’s why it is the 

economical part that could be re-designed and easily replaced. The literature reveals that a lot of research 

work has been done on the synchronous reluctance for different applications. And due to the absence of slip 

losses and the simplicity in control, propose the opportunity of performance as well as with the advantages 

in the cost, the latest awareness in the synchronous reluctance motor has enhanced in the perspective of 

possible application in the field oriented Ac drive and more advantageous over induction motor [61].  

Smoothly distributed poles with an iron core of open or semi-closed slots arrangements are laminated. the 

sinusoidal rotating magnetic field is created on the stator air gap side through the symmetrical 3-phase 

winding. The slots are placed at an even pitch angle. Due to the property of magnet field to adopt minimum 

reluctance path, a reluctance torque is developed because of the induced magnetic field in the rotor which 

has the tendency to cause the rotor to align with the stator field.  

To improve the performance of SynRM, the d-q axis ratio (saliency ratio) should be as high as possible. The 

SynRM saliency ratio is the electromagnetic design of the rotor within a decoupled reference frame the d 

represents direct-axis which means the minimum reluctance path and the q represents quadrature-axis which 

means the maximum reluctance path. In other words, a high direct axis inductance and a low quadrature 

axis inductance; this ensures high production of torque and energy efficiency. This thesis work has 

attempted to achieve a 60-to-70% saliency ratio of SynRM rotor.  
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Table 2-4 Comparison between SynRM and SRM machines [176] 

 Synchronous Reluctance Motor (SynRM) 

 

Switched Reluctance Motor (SRM) 

 
Rotor Arrangement of internal flux barriers and 

carriers  
Salient pole structure 

Stator Conventional AC machine similar to IM Salient poles  
Excitation Balanced sinusoidal supply current  Pulsed DC and voltage input sequence 

Machine 
saliency 

Single Solid (Rotor)  Double Saliency (both stator and rotor) 

Winding Polyphase distributed winding Single tooth concentrated winding 
Converter Conventional 3-Phase Inverter  Asymmetrical Half-Bridge Converter 
Inductance 
waveform 

Sinusoidal Triangular/Trapezoidal 

 

2.11.1 Comparison RMs with IMs 
The comparison between SynRM and SRM is shown in Error! Reference source not found.4. The SynRM 

is like the AC induction motor but it does not have rotor bars, whereas due to salient construction in the 

SRM does not need AC rotating field. Pulsating DC source is required to produce torque in the SRM. As 

the main benefit is single tooth coils with short end windings but there is an essential requirement of the 

non-standard converter, the Asymmetric Half Bridge (AHB) – this converter is not easily available, 

therefore cannot be purchased from the market. It has to be built as per the design requirement. So, this is 

the main reason, the SRM is not being considered in most of the special applications. In addition to this, 

other issues include the number of current-carrying conductors required; the SRM necessitates 2 leads per 

phase [20], whereas a conventional AC machine needs only one conductor per phase. Also, the SR motor 

typically requires a separate current sensor per phase and the conventional AC machine does not [98]. 

2.11.2 SynchRM Working Principle and Operation  
The torque is produced in the SynchRM by the variation of reluctance which is caused by the position of 

the rotor. The reluctance torque produced depends upon the saliency effect that is directly proportional to 

the difference of the magnetising inductance (Ld-Lq) of the d-q axis which influences the rotor reference 

frame coordinate system which is known as saliency ratio. In order to get the maximum output, the saliency 

ratio must be maximised.  
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2.11.3  Rotor Geometry 
Six rotor geometries of low-speed direct-drive synchronous reluctance for domestic application have been 

presented in [44]. Actually, there are three main geometries of synchronous reluctance used in rotor. The 

simple salient pole, axially laminated anisotropy and transversally laminated anisotropy (TLA) rotors. As 

this is the essential factor for optimisation in the synchronous reluctance machine design.  

 
Fig.  2.5 shows the FEM model of SynchRM rotor geometry 

The rotor geometry is very important to achieve high peak and average torque having a smaller amount 

torque ripples as shown in Fig. 2.5. The saliency ratio is affected due to rotor geometry which defines the 

number of flux barriers, pole numbers, edge effect its shape and dimensions. As the complete focus is on 

the flux barrier width of the rotor, thus the study of pole number and edge effect is not the subject of this 

report, therefore a rotor having 4 poles will be studied and has been considered for the SynchRM design. 

The shape of the flux barrier is already depicted in Fig. 2.5, so that is why their positioning and width 

(dimension) is the subject of this study.  

The rotor design procedure in SynchRM concerns the profile and the flux barrier dimensions. The actual 

target is to get the high Ld/Lq in order to develop a high reluctance torque. The literature shows that the flux 

barriers can be calculated by conformal mapping theory [25, 99] or through the simple solution of the 

magnetostatic model via analytical approach [55, 100] which is beyond the scope of this study. However, 

the field line-shape of the flux barrier is considered as the most favourable method [101] and the author has 

considered this in the study. For the barrier endpoint, the best method is presented in [102], and the analytical 

optimisation method is presented in [103]. Whereas the barriers and endpoints are disseminated from the 

centre along the rotor circumference which has been used for this study and explained in detail in the section 

of results and discussion.  
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2.12 Switched Reluctance Motor 
A switched reluctance motor (SRM) is considered as DC motors that that follows the behaviour of an 

alternating current (AC) motor by changing the switching sequence of the DC current in the stator winding. 

It should be noted that in order to control the switching procedure it is necessary to use a controller. The 

working principle of SRM is as follows.  

2.12.1 Working Principle of Switched Reluctance Motors 
The Switched Reluctance Machine is the category of the distinct electrical machine. A stepper motor is 

usually made for discreet rotational based on the sequential pulse than it will produce the discreet rotation. 

Here the identical construction but in switched reluctance machine we obtain a constant rotation. The 

construction is, it is a double salient machine, the opposite poles are attached together to form a phase. The 

windings are employed in a stator only, and there is no any rotor windings or magnet and it is simple material 

made of silicon steel stampings, so the inertia of the rotor is very less that is the major future of the SRM 

machine. It is required to energize the phase windings in a consecutive manner with the help of switching 

pattern, to achieve a reluctance torque. First of all, what is reluctance torque?  

Why the name switched reluctance machine. Reluctance is the property of magnet that competes with 

magnetic flux as the resistance competes against electricity. The switching stroke will be managed through 

the power electronics converters, so through the switching actions, we energize the machine windings. The 

rotor poles start rotation, it continuously varies the inductance. The different alignment positions of the 

SRM are shown in Error! Reference source not found.6, and the basic SR motor is shown in Error! 

Reference source not found.7. 

 
Fig.  2.6 Three Alignments of SRM 

θ3=Unaligned Position 

θ2=Intermediate Position 

θ1=aligned Position 
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Fig.  2.7 Basic SR motor stator, rotor, shaft and winding [23] 

 

 

Fig.  2.8 inductance vs torque profile 

In the aligned position, the rotor and stator poles air gap are minimum. As soon as the energisation will 

occur in the stator poles the rotor will attract the stator poles, so it starts the rotation and θ2 denotes the rotor 

moment during intermediate state from unaligned to aligned position. The rotor will start the movement and 

that position will generate the torque. Based on the variation in the reluctance, the θ1 position is called as an 

aligned position, in that position mutually stator and rotor are in aligned so the air gap will be least compare 

to θ3, so at all times rotor tries to appeal towards the minimum reluctance position that is the idea of switched 

reluctance machine. Once the inductance varied from Lmin, that is lowest inductance value to highest 

inductance value we try to change in inductance with respect θ, so the torque depends upon two major 

factors, one is current and another one is changed in inductance. So machine designer decides the variable 

inductance with respect to (θ) movement and this (i2) current will be deliberated by power electronic 
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converter circuit the magnitude of the current, so the torque proportional to half i2 𝑑𝑙

𝑑𝜃
. And torque is achieved 

through excitation the current and 𝑑𝑙

 𝑑𝜃
. So when we apply generating action means, we have energized the 

machine in a falling inductance profile that means maximum inductance to minimum inductance 𝑑𝑙

𝑑𝜃
(−𝑣𝑒) 

that is representing G, which means generating action whereas, M represents the motor action. The 

inductance versus torque profile is shown in Fig. 2.8. So, the prime mover we run the machine in the falling 

inductance profile we obtain as a generator. Consequently, this machine appropriate for both motoring as 

well as generating applications.  

As wind turbine needs to start the prime mover, and SRM drives the wind turbine and in a car, it needs 

starter motor after that one the starting process has happened, later it will be converted as a generator action. 

So, this SRM is suitable for dual mode application because simply we converted this from motor to generator 

action. The working principle is through the power electronic converter, we obtain an excitation based on 

the position signal and torque is obtained, so ease of action, the mechanical design is very simple, and we 

have to switch in an appropriate period based on the position information. This machine is currently very 

useful in the research area to obtain the required outputs. The major drawbacks are Torque Ripple and 

Acoustic Noise. 

The torque ripple can be removed from phase overlapping scheme and acoustic noise are removed by default 

as the torque ripple removal. So, the major drawbacks can be removed by good machine design approaches. 

As this machine replaces all the industrial requirements surely. It is a very attractive machine compare to 

all the conventional and special machines like BLDC and synchronous machines, those machines have 

permanent magnets and it has the problem of long term running and demagnetized issues and these are 

major problems. But SRM does not have any windings or permanent magnets in the rotor part and is 

energized in the stator part alone that is why this is a highly preferable machine in the future. 

2.12.2 Modeling of SRM 
The SRM model is shown in Fig. 2.9 [104].  
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Fig.  2.9 Equivalent circuit of one phase of SRM [104] 

 

𝑉𝑖𝑛 = 𝑅𝑎𝑖𝑎 + 𝐿𝑎

𝑑𝑖𝑎

𝑑𝑡
+ 𝐸𝑏 Eq (2.1) 

 
Whereas the (Ψ) is the flux linkage, V is source voltage. So, the relationship between the rotor position 

angle (θ) are: 
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Since, ‘ψᵩ = Laia, 
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The instantaneous electromagnetic torque (T,) of the SRM produced by one phase: 
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And 
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Where speed of the motor represented by ω, the torque produced by the load represented TL, and 

electromagnetic torque of the motor represented T. 

The illustrated equations (2.4) to (2.5) represent the SRM model. 

2.13 Types of Power Losses in Electric Motor 
One of the key factors in the designing method and optimisation of the electrical machines is the losses. By 

using the proper optimising technique in FEM design and simulation the losses can be reduced significantly 

reduced. However, it is very essential to be familiarised with the losses which are occurred in the machine.   

 

Fig.  2.10 Power flow diagram in electrical motors 

2.13.1 Fixed and variable losses.  
The power flow diagram in electrical motors is shown in Fig. 2.10. The main energy losses which occur 

inside of the motor are categorised into five types, each type of losses is influenced by design and 

constructions. This effect of losses improves the entire machine’s performance significantly, therefore 

minimisation of losses reduces the cooling loads such as air conditioning system in the industrial sector. 

The types of power losses in the electrical motor are as follows. 

2.13.2 Stray Losses 
Stray losses account for 4–5% of the overall losses. The losses which are produced due to leakage fluxes 

are known as Stray losses. These types of losses appear only if the machine is in the operational condition 

during full load. The stray losses are produces, when the leakage current is induced inside of the machine 

due to leakage flux because of load current, [105, 106]. 

2.13.3 Copper losses 
Copper losses are major losses and considered as 55–60% of entire losses. These losses are represented as 

an I2R losses and appear as heating because of current flows through the winding. As the winding conductor 
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has resistance (R), and the square of the current, so that is why excessive heating is produced in the machine. 

If the resistivity of the winding material will be less then there will be low copper losses [107, 108].   

2.13.4 Iron or core losses  
There are mainly 2 types of core losses eddy current and Hysteresis losses. Core loss represents the energy 

required to magnetize the core material (hysteresis) and includes losses due to the creation of eddy currents 

that flow in the core. These losses are found in both stator and rotor steel material.  Such losses are 20–25% 

of the total losses and are not dependent on the load. The eddy current losses are produced due to eddy 

current effect because of magnetization in the core material and circulating current is produced in lamination 

steel. Hysteresis losses are also produced due to the magnetisation effect and function of flux density in the 

core material. The hysteresis losses are a function of flux density. Eddy current losses are generated by 

circulating current within the core steel laminations [105, 109]. Additionally, the core losses are increased 

with operating frequency [110]. The primary conditions illustrate that, in the typical field of frequencies of 

the power electronics applications hysteresis losses are more dominant in a ferrite core. In frequency of 100 

kHz range the eddy current losses are very small part of the overall core losses and the dielectric losses are 

negligible up to 1 MHz [111, 112]. 

2.13.5 Windage and friction losses 
 Windage losses and friction losses account for 8–12% of entire losses and do not depend upon the load on 

the motor. These losses occur due to friction between the moving parts such as bearing friction. These losses 

are also produced due to excessive air resistance. Usually, a small fan is used to reduce heat accumulation 

inside the machine and permits the motor to run smoothly [113, 114]. 

2.13.6 Ways to reduce power losses 
Core losses can be reduced using higher permeability electromagnetic (silicon) steel and by lengthening the 

core to reduce magnetic flux densities. Thus, lower operating flux densities, iron losses are reduced. 

Additionally, the thinner gauge size should be used because core-steel decreases eddy current losses in the 

machine. Windage and friction losses are reduced using low loss fan design and size, which reduces losses 

due to improvement in air circulation. Use of bearing with lower friction also contributes to losses 

minimisation. The most important losses in the electrical machine are the winding copper losses. which 

contributes the major losses. Typically, I2R losses can be reduced by using more copper and larger 

conductors with an increased cross-sectional area of the windings. Hence, this decreases the resistance as 

R=ρL/A, whereas R is the resistance in Ω, ρ is the resistivity of conducting material in Ω/m and A is the 

cross-sectional area of a conductor in mm2. This increasing area lowers the winding resistance and reduces 

losses due to the current flowing through it. By adjusting the proper stator slot design, I2R or copper losses 
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can be reduced or if the insulation thickness is reduced to allows more volume for copper wire in the stator. 

In the rotor, by using larger conductor bars increases the cross-section, by this means conductor resistance 

and losses are decreased due to current flow. Motor operation closer to synchronous speed will also reduce 

rotor I2R losses. 

It should be noted that, the above machine designing aspects can also be considered for other applications 

such as Electrical Vehicle (EV). Therefore, author has included some detailed machine design 

characteristics relevant to electrical vehicles in the literature review which are described as under.     

2.14 Applications of Electrical Machines 
In the past three decades, the production of gas and oil-based fuel has become a major factor in increasing 

greenhouse gases, consequently contributing to global warming. One of the attempt to decelerate change in 

climate has been the drive towards achieving emission-free transportation solutions. The market for 

emission-free vehicles has been growing rapidly and has become commercially competitive. There is a 

range of effective and reliable vehicles on the market, and these are electric vehicles (EVs), plug-in hybrid 

electric vehicles (PHEVs), hybrid electric vehicles (HEVs), all-electric vehicles (AEVs), and more electric 

vehicles (MEVs).   

The passenger transportation system (Automobiles) are the main cause of environmental pollution in most 

populated urban areas, [115-117]. Thus, for meeting the increasing demand for electric vehicles, 

government investments, research institutes, industry, and people are participating in a lot of activities such 

as investment, production, and trading. There is a very wide range of specifications of EV, and each type of 

motor and its application has different demands, therefore several different technologies are appropriate. 

Without an uncertainty, EVs offering environmental, social and economic benefits which improves air 

quality and causes in the reduction of petroleum conservation. Thus, up to 10% of fuel consumption is 

potentially being reduced [118]. Typically required specifications of Light-Weight passenger car shown in 

Table 2-5. 

Table 2-5 Light-weight passenger Electric Car specifications [119] 

Parameter Value 

Total loaded weight 800 kg 

load (40 kg with 3 
persons) 250 kg 

(0-50 Km/h) Swift 
Acceleration 9 seconds 

Radius of Wheel 0.3 m 
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maximum speed covered 
in a straight road 120 km/hour 

Coefficient of 
Aerodynamic Drag 0.35 

The front windscreen area 1.5 m2 

 
The electrical vehicle’s propulsion drives are summarised in terms of major requirements as follows [120-

122]: 
 
▪ It should have high power density 

▪ Throughout the functioning of the vehicle, it should be robust and reliable  

▪ Should have total lower cost 

▪  Initially, torque should be high at low speed and capability of climbing during cruising  

▪ High regenerative braking capacity and performance 

▪ Very broad in terms of constant-power regions 

2.14.1 Types of electric motors and drives 
The characteristics of the motor drive of each type are described in detail in this section. The EV drive 

system need can be depicted in Error! Reference source not found.1 [9] and should be found in accordance 

with the drive of an electric motor. Generally, in terms of torque requirement and for cruising, the EV should 

be capable to produce 5-10 times higher [123-125]. In the figure, the fastest speed of continuous power 

region offers maximum-speed which can be 5 times high than the base speed. Gearbox costs show 10,000 

rpm of the motor speed.  

 
Fig.  2.11 electric vehicle motor drives characteristics 
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Generally, the drive system for electric vehicles uses four types of motors which are, direct current (DC) 

motors, induction motors (IMs) and permanent magnet (PM) motors. Particularly in the automotive market, 

nowadays reluctance technologies have started emerging. Most potential options for various electrical 

machines are described in Error! Reference source not found., and are shown in Error! Reference source 

not found. compared to their cross-section [126].  

 
Fig.  2.12 Machine options for the EV propulsion applications. 

          
(a) DC motor                                 (b) Induction motor 

 
(c) PM motor                                (d) Reluctance motor 

Fig.  2.13 Electrical machines for EV propulsion drives. 
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2.14.2 DC Motors 
The magnetic field in DC motor is stationary and is formed by the permanent magnet or electromagnets and 

winding is placed on the armature which is rotary part as depicted in Error! Reference source not 

found.(a). For EV propulsion system its speed-torque features completely suited. Especially, the DC series 

motors are a very adopting and suitable option. The field and armature are attached and has the unique 

characteristics of speed and torque. DC series motor provides high torque at low speed. Additionally, its 

main advantage is, DC series motor does not require source from separate excitation. During the overloading 

condition, the field is firmly balanced by armature reaction. This characteristic makes the DC motors (series) 

important technology for electric vehicle applications up to 1980s [123]. Because of the availability of DC 

supply power from the battery, DC motors were commonly used for the application of EV in the past [127].  

However, by the usage of advanced power electronics, their counterpart machine’s performance is more 

effective. Therefore, DC motors are away in terms of the performance competition. Because the drive is 

mainly connected with commutators and carbon brushes this increases the repetition of maintenance and 

ultimately increases the cost. The other drawbacks from a construction point of view, dc motors are very 

bulky and have very poor efficiency. In addition, the regenerative braking capacity is very limited in these 

machines [123]. Nevertheless, modern electric drives can still find DC motors such as Danavolt of Peugeot 

Citroen [128]. 

2.14.3 Induction Motors 
Induction motor is shown in Error! Reference source not found.(b). Generally, due to high maintenance 

requirements in machines, the commutators and brushes are not ideal. IMs can obtain equivalent 

performance as the DC motor drives. Such as using field weakening process, the extended range of speed 

can be beyond the base speed. About further performance, the high efficiency can be achieved with low 

torque range at high speed (because iron and I2R losses will be reduced). Whereas, efficiency decreases 

during low speed due to greater rotor losses [129]. Therefore, squirrel-cage induction motors are considered 

in the following discussion. The three-phase AC (alternating current) is fed at the windings which are wound 

on the stator. The rotor has cast aluminum bars short-circuited with each other. Due to cheapness, 

uncomplicatedness, ruggedness, and reliability, IM (squirrel-cage type) are universally accepted and 

recognised for the industrial drives. Their overall low construction costs and enormous field-weakening 

capability mark them a reasonable and economical contestant for the application of EV motor drives. 

Currently from speed-torque characteristics, a review from the specialist's opinions [115] and complete 

evaluation of motor drives system for electric vehicle [126] all categorically explain that on the basis of 

their manufacturing, high reliability,  low cost, and power converter technologies, for EV propulsion 
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applications, induction motor drives are most suitable. On the other hand, its main disadvantages are low 

power factor and efficiency [126, 130, 131], which essentially prevents its use for the electric vehicles. 

Induction motor-driven electric vehicles are used by Durango of Daimler Chrysler Silverado of Chevrolet, 

Kangoo of Renault and X5 of BMW [126]. 

2.14.4 Permanent magnet motors 
In a high-performance permanent magnet motor, the Neodymium magnet (NdFeB) a kind of rare-earth is 

generally used. The 3-phase alternating current windings are installed on the stator and magnet is installed 

on the rotor as depicted in Error! Reference source not found.(c). When the alternating current (AC) is 

supplied to the machine and the shape is sinusoidal, that is known as brushless AC motors (BLAC). If the 

supply current is alternating, whereas the shape is a rectangular or trapezoidal wave, the machine is known 

as brushless DC motors or simply (BLDC). The two machines can be similar in terms of stator and rotor 

configurations, but only there is a difference in input supply waveform. The control strategy is modified 

through the software and additional details in terms of different design configuration are described in [132]. 

There are mainly two methods to mount the permanent magnets, which are either to mount on the rotor’s 

surface or inner side of the rotor. In the surface-mounted schemes, NdFeB magnet is placed within the flux 

path as a result, the reluctance of the magnetic circuit is very high. Thus in extremely cold machines, the 

obtained force of armature to magnetomotive is high, and the reluctance is compensated. From the rotor 

dimensions point of view, the surface mount permanent magnet motors, have usually small rotor diameter 

with very low inertia. Therefore, it has very good dynamic performances. In the IPM, there is a high 

reactance and magnetic loadings due to flux concentrating modes.  This leads to the saturation as armature 

current is applied, reducing much of its advantages. These types of motors are capable to provide higher 

field weakening capability [133]. 

It is essential to equalise the supply waveform along with back emf. So that it can be decided that, brushless 

ac motors have superior performances as compare to brushless ac motors for the application of EV drives 

and systems [132]. However, If the transformation of d-q coordinate is replaced [134], brushless dc motors 

can be chosen as this will superior torque as compared to brushless ac motors [134, 135]. 

Generally, rare earth materials have very low reserves and it is very expensive. Therefore, it does not have 

very huge mass production due to supply chain and cost sensitive issues. In operation, the magnetic field is 

fixed in the machine due to the constant permanent magnet so that’s why for constant power operation, there 

is a limitation in the high-speed range. The range can be extended with the process of field weakening, the 

increase can be 3-4 times higher as the base speed [126, 136-144]. Conversely, for the application of the 

electric vehicle, due to high power density, good controllability, torque to volume ratio and torque 

https://www.google.co.uk/url?url=http://en.wikipedia.org/wiki/Magnetic_circuit%23Magnetomotive_force_.28MMF.29&rct=j&q=mmf+magneitc&usg=AFQjCNF1W25IKnzFcpVOViqgWyKGJ6otlA&sa=X&ei=4QyTUI2dJobV4QToi4HQCw&sqi=2&ved=0CCYQygQwAA
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requirements, the permanent magnet motors are best appropriate.  The machine is also well-matched as 

direct-drive used for in-wheel motors [145-149].  

Permanent magnet brushless motor drives systems are extensively found in electric vehicles made by Japan 

Toyota Prius, Honda and Nissan [126]. 

2.14.5 Reluctance Motors 
The reluctance technology has already been discussed in section 2.7.6 to 2.7.12. Whereas the previous 

explanation is about for the application of Raymond Pulveriser. In this section, reluctance motor technology 

and its potential use for the application of electric vehicle has been described. Reluctance motors are 

operated on the basis of reluctance torque. The motor is unique in terms of specific rotor structure which is 

fixed from steel laminations. If the structure of stator is salient poles, the motor is known as switched 

reluctance (SR) motor, as shown in Error! Reference source not found.(d). If there is a round structure of 

the stator similar to the induction motor, and supplied by multi-phase alternating current, they are known as 

SynRM. The SynRMs are commonly operated by sinusoidally distributed windings, on the contrary, 

concentrated windings are used in switched reluctance machines which are wounded on the stator poles. 

The rotor usually runs at synchronous speed, therefore, no electromotive force (emf) is induced inside of 

the rotor (hence no joule loss) of SynRM. However, these types of machines have a low power factor and 

restricted saliency ratio [150]. Therefore, for the application of electric vehicles, SRM is considered as 

extensive research [23, 151-160]. As reluctance motors can offer high-speed potential, simplicity and high 

reliability [115]. Their torque vs high-speed range can be enhanced more than 7 times from the base speed 

[161], and particularly for transportation vehicles, this specialty is highly demanded. 

As the working principle of SR motor is such that, the excitation current is only provided on the stator 

windings, therefore both torque and magnetizing current are produced from the stator. Therefore, the 

machine is almost fifty percent bigger than permanent magnet motors [152]. There is a drawback in switched 

reluctance motor. Apart from that, there is a need of complex supply waveform and accurate rotor position 

which requires costly power controllers and converters. Additional disadvantage is, they also yield acoustic 

noise and high torque ripples [162]. 

In recent years, the performance of the switched reluctance machine has been increased in terms of thermal 

capabilities by efficient FEM design so that is why the SRM is being preferred in special-purpose 

applications.  For example, a 48/36 SRM for direct drive SR motor has been proposed in [163] for the rotary 

table. A direct drive actuator with switched reluctance motor has been used in [164] with plunger assembly. 

The kinetic energy storage system (KESS) as a primary power source for the bi-directional bus which 
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includes a flywheel and a switched reluctance motor is proposed in [165] for mining and traction application 

which can be used for the surface as well as an underground machine while incorporating SR technology.  

Increasing needs for renewable sources have enhanced the increasing interest in electrified transportation. 

The best qualifications for the above-mentioned electric machine (EM) can be summarised [166] as follows: 

▪ High power and torque density; 

▪ high fault tolerance capability; 

▪ High efficiency 

▪ quick active response; 

▪ Extra continuous power speed range (CPSR); 

▪ low- repairs and overhauling requirement; 

▪ high power to accelerate cruising at high speeds; 

▪ high torque at low speeds for starting, and mountain climbing; 

▪ wide range of speed performance;  

▪ capable of regenerative braking; 

▪ low price. 

▪ capable to work in extreme conditions such as in harsh environments such as hot temperatures, 

water, dust and cold; 

▪ Can withstand the two times the rated power overload capability (for a short period of time); 

▪ must be robust and strong; 

The significant challenge and restraining aspect in the machine design stand thermal limitations because of 

windings [167]. After technology development in a semiconductor material, IPM is greatly being used by 

automotive [168]. As IM generates excessive flux saturation consequently, enormous eddy current losses 

are generated, and the losses in secondary winding are significantly high than normal values. Therefore, due 

to these reasons as stated in literature [157, 169-171] the conventional IM is not suitable to be used for EV 

applications. Nowadays to meet the demand, low cost switched reluctance motor drive system is getting 

more attention due to several advantages such as no winding on rotor, very cheap in cost, design simplicity, 

robust structure, and no demagnetization issues are the most appropriate for EV applications [23, 124, 157, 

158, 172-174]. The literature tells that, major applications are electric vehicles, electric train, airplane engine 

starter [175]. The SRM agreements extraordinary reliability and mechanical integrity, which is desirable for 

EV application [176, 177]. Diverse comparison of switched reluctance motors has been made in [178] with 

the analysis of an improved taper angle and number of turns. 
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A 30kW Switched reluctance motor with the thermal performance and water cooling design has been 

analysed in [179]. To achieve high efficiency, speed, and torque density, 18/12 SRM has 18 poles on the 

stator 12 poles on the rotor is designed in [176, 180] having a diverse material structure. In [181, 182], For 

decreasing the vibration and acoustic noise, the novel current profile has been suggested to investigate the 

radial forces. Another 18/12 SRM has been proposed with In-wheel structure in [183] by means to provide 

attention on dimensional parameters. So SRM has pushed the boundaries for traction motor drives 

applications and high-temperature environment applications [172]. In addition to this, SRM has a very large 

field weakening area, which has been appealed up to 10 times.  Basically, 2 layouts to drive the electric 

vehicle. (1) Single motor (2) multi motors free to propel separate individual wheel. A variable-reluctance 

motor or SRM, in which current pulses are produced related to rotor position which actually requires a shaft 

position transducer similar to the brushless dc motor. Unlike steeper motor, the SRM produces the 

continuous torque at any speed and rotor position. However, it suffers from inherent torque ripple [184].    

2.15 The trend of Electric Motors for Electric vehicle 
A lot of improvement has been made in the electric vehicle through different ways and significant R&D 

efforts have been done in developing EVs, but in order to achieve all-electric vehicles, still, it seems a long 

way. For upcoming years, the development to integrate different machine features and configuration re-

arrangement in magnetic flux will be continued.  

2.15.1 Flux configuration 
In order to develop a novel machine topology, there is a good opportunity for the machine designer to use 

different designs and flux configuration. Mostly, the inner rotor is used for electric vehicle applications and 

their flux configuration is radial, as it is shown in Fig. 2.14. In addition to this, EV applications offer further 

approaches such as axial-flux [185-188] and transverse-flux [145, 189, 190] as an attempt to achieve good 

performances. In an axial flux machine, both stator and rotor disks are arranged in such a manner to have a 

sandwich structure [191]. The flux flows similar to the rotor direction. Such as axial flux permanent magnet 

(AFPM) motors are characterised with large diameter and high pole numbers [192].  
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Fig.  2.14 Axial flux PM motor for electric vehicles [192] 

Generally, for direct-drive in wheel mounting, transverse flux motors geometry is suitable [191], but they 

normally have low power factor [192], therefore power converter needs to have high power ratings [150]. 

In addition to this, in transverse flux motors, there are fewer magnets as compare to permanent magnet 

motors with similar torque output, due to this it has low cost and size is very compact. A model of linear 

transverse flux machine is shown in Fig. 2.15 Linear transverse flux machine [193]. 

 
Fig.  2.15 Model of liner transfer flux machine 
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2.15.2 Hybridization of different machine features 
Hybridization is the combination of permanent magnet and electromagnet machines. For taking the benefit 

of the induction motor as a self-starting feature in permanent magnet motors are well-defined in [150]. In 

order to control in permanent magnet motor, an electric excitation is provided in a stator to superimpose on 

the permanent magnet excitation. By doing this, high speed extended power range is achieved [194], this 

also reduces the risk of demagnetization in permanent magnet machines. A switched reluctance based hybrid 

machine with small permanent magnets is given in [195, 196] and its topology is shown in Error! 

Reference source not found.17. In [197] a SynRM with hybrid technology that contained small permanent 

magnet structures is given and its configuration is depicted in Fig. 2.16. 

 
Fig.  2.16 Synchronous reluctance machine based on hybrid technology. 
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Fig.  2.17 SR motor based on hybrid technology 
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Table 2-6 Comparison of Motor Drive Technologies and their performance  

Performance SR IM DC PM 
Power density medium low low high 

Torque ripple high low low medium 

Acoustic noise high low medium low 

Overload capacity low Medium high High 

Controllability low high high medium 

Max speed very high high medium low 

Speed range high medium medium low 

Size large medium medium small 

Reliability high high low medium 

Efficiency medium medium low high 

Cost medium low medium high 

 

2.16 Summary 
In the current situation, the usage of electrical machine is increasing day by day. So, the advancement in 

machine designing, motor drive system and energy savings is essentially needed in various applications. In 

this chapter, the concept of variable speed drive, and its advancement has been thoroughly described. As 

the main targeted application is mining and for centrifugal pump, so and importance of direct drive system 

and their advantage and disadvantage are discussed.  

By adopting a suitable drive system with proper geometry of Synchronous Reluctance and Switched 

Reluctance motors are described in detail. Additionally, both the machines are compared with different 

design perspectives. As it is essential to know the types of power losses occurred in the machine so, each 

type of machine losses and its stages are discussed with their methods of improvement. The above machine 

design technique can also be applied for the application of electric vehicle; therefore, a complete scenario 

of different types machines has been thoroughly described.  

The advancement in machine design technique will significantly be helpful is various applications and for 

mass production in the market. Such as for mining applications, electric vehicles, centrifugal pumps which 

will improve the overall performance of the machine.     
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Chapter 3 Surrogate-based Optimisation of 
Reluctance Machines 

 

The optimisation process is combined with FEA simulation for the electrical machines design optimisation 

(EMDO). This has higher calculation time, particularly for multi-objective (MO) optimisation issues. 

Overall a novel optimisation solution is required. The main aim of this Ph.D. work is to demonstrate how a 

novel method can be applied to the optimisation of synchronous reluctance rotor design for the application 

of Raymond Pulveriser and closed coupled centrifugal pump, to enhance the performance of the machine. 

A different number of places of sampling points used for simulation is determined as per Latin Hypercube 

sampling. Then the method of construction of surrogate is examined in detail. The first 72/48 SRM design 

is having 1000mm in diameter. The complete machine details are described in section (4.8.3). This machine 

design is very bulky. Therefore, 50% of the machine diameter is reduced of two machines (SynRM and 

SRM). Hence two machines are designed and optimised within 500mm overall diameter. The relationship 

between machine performance and different reluctance machine design parameters is investigated 

thoroughly for both stator and rotor design. For Synchronous reluctance motor, two shapes of rotor and 

stator designs (round and square) have been considered for optimisation. The surrogate-based optimisation 

(SBO) technique on 3 and 4 flux barriers for rotor design have been analysed. Then 12/8 SRM parameters 

are investigated by generating Latin hypercube samples (LHS). The SRM is characterised by simple 

structure, high robustness, and low manufacturing cost. Nevertheless, comparatively the main disadvantage 

of SRM is high torque ripple created by the pole structure of the doubly salient machine. Surrogate-based 

optimisation based on maximising the average torque and minimising the torque ripple has been considered 

in 12/8 SRM design.   

3.1 Introduction 
There are many techniques for conducting design optimisations. The most prominent methods comprise 

gradient-based methods [198, 199], adjoint methods [200-202], and the surrogate-based model optimisation 

(SBO) technique such as the response surface methodology (RSM) [203-206]. With the uninterrupted 

progress in computational simulations, the optimisation based on computational methods has been verified 

to be a worthwhile tool in minimising the design practice duration and expense. The gradient-based method 

depends on the searching through step by step for the best and optimal design while spending the method 

of the steepest lineage of the objective function as per the convergence criterion. An adjoint method needs 

the structure which essentially is combined into the computational model comprised of physical laws. For 

computationally expensive design or for a new design, the method of optimisation based on inexpensive 
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surrogate such as response surface method is a good choice for optimisation. As the SBO permits the best 

design of the optimisation, it instantly deals with inner understandings of the design. Recently, the SBO 

technique has been used in machine design [207, 208]. This technique of optimisation not only provides the 

benefits of low cost but also helpful in problem definition of the design task. Besides this, multiple design 

problems can be handled and evaluated simultaneously [209, 210]. Therefore, SBO technique has been 

recognized as very suitable for novel or empirical projects, designs on everyday work because it deals with 

the global assessment with the characteristics of design space, and it permits the investigator to refine and 

improve the design experiments. It also helps to amend the design spaces. Additionally, the sensitivity 

analysis can be problematic when it is conducted with two or more objective functions which are 

incompatible in nature [211].   

 
Fig.  3.1 Surrogate optimisation process [212] 
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In this work, a surrogate optimisation procedure is developed to improve the efficiency and torque of the 

synchronous reluctance motor. The particle swarm optimisation technique has been implemented to find out 

the optimum performance point through Matlab. Five initial design variables for SynchRM such as rotor 

diameter, shaft diameter, stator teeth length or depth, airgap and stator slot opening and 7 variables for SRM 

such as stator pole arc, stator yoke, stator inner diameter, air-gap, rotor yoke thickness, rotor pole arc and 

shaft diameter have been taken which essentially influence the torque and efficiency, the flow chart of the 

surrogate optimisation is shown in Fig.  3.1.  

3.2 Design Optimisation 
The investigation is planned into three different sections. Initially the stator of the synchronous reluctance 

motor needed to be optimised before the full rotor structure. Therefore, first, the brief investigation was 

done to optimise through a surrogate model which is shown as in Table 3-1. Secondly, the study of rotor 

design optimisation was carried out through different designs of flux barriers with and without ribs. Finally, 

the investigation on the results was analysed for further verification and the conclusion was made. However, 

the prototype design experiment overall has been experimentally tested.  

The SBO analysis with flowchart is depicted in Fig.  3.1, which is an effective method for the design of 

computationally costly prototypes such as those found in mining, electrical vehicles as well as other 

industrial applications.  

The following key steps in the surrogate optimisation modelling are described as follows. 

3.3 Problem Definition  
The problem definitions mean the number of input variables provided in the surrogate, initially different 

inputs and their ranges are given to generate the samples within the range. This should be noted that, it is 

the special feature in the surrogate optimisation method by which multiple numbers of problem definitions 

or input variables can be provided. The key influencing input variables which have been used for the design 

and optimisation for SynchRM are (Rotor diameter, shaft diameter, slot depth or stator teeth length, airgap, 

slot openings) as shown in Table 3-1, row 1, and column 2-6. 
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Table 3-1 stator parameters for the Latin Hypercube samples 

No Rotor dia 
in mm 

Shaft dia 
in mm 

Slot 
depth 
in mm 

Airgap 
in mm 

Slot 
openings 
in mm 

Torque 
in Nm 

Efficiency 
in % 

Fill 
factor 
in % 

Power 
kW 

01 262.5 64.25 65 0.8875 8.875 747 84 55 9.76 
02 212.5 53.75 69 0.9375 7.375 659 81.4 67 8.91 
03 267.5 58.25 79 0.6375 9.025 736 78 78 9.741 
04 287.5 71.75 63 0.6875 9.625 707 83.4 50 9.32 
05 207.5 79.25 41 0.8375 7.225 338 79 40 4.70 
06 202.5 55.25 43 0.9125 7.075 330 70.7 40 5.13 
07 247.5 76.25 77 0.6625 8.425 689 82.1 47 9.23 
08 297.5 62.75 51 0.8125 9.925 777 83.79 64 10.2 
09 272.5 56.75 61 0.9625 9.175 694 83.16 57 9.18 
10 242.5 68.75 49 0.8625 8.275 724 87 56 9.89 
11 227.5 77.75 75 0.7875 7.825 619 82.1 54 9.25 
12 257.5 74.75 53 0.5625 8.725 814 84.4 78 10.6 
13 232.5 70.25 71 0.5375 7.975 726 82.8 58 9.64 
14 237.5 61.25 45 0.7375 8.125 586 85 67 9.33 
15 222.5 65.75 57 0.7125 7.675 635 83.09 68 8.41 
16 282.5 67.25 47 0.6125 9.475 959 82.4 79 12.8 
17 217.5 59.75 73 0.5875 7.525 676 79.7 60 9.32 
18 292.5 73.25 55 0.9875 9.775 740 80 60 10.1 
19 252.5 52.25 67 0.5125 8.575 757 80.6 57 10.3 
20 277.5 50.75 59 0.7625 9.325 765 83.5 59 10 

 

3.4 Design of Experiment 
Through the design of experiment different range of parameters are achieved which gives the initial structure 

for the machine design. Additionally, it has tendency to analyse the machine performance at different stages 

at different variable ranges. There are two procedures utilised for electrical machine optimisation (1) is the 

surrogate models (SMs) based on the design of experiments (DoE) and (2) stochastic evolutionary methods 

(EMDO) [213]. The Latin Hypercube sampling (LHS) and central composite design (CCD) methods are the 

types of DoE. The elements samples are not dispersed at the centre and corner of the design space in the 

CCD, this disadvantage makes it complicated to accurately assemble the overall apparatus performance on 

extended design space. The LHS is a random sampling technique that has the advantage of the flexibility 

and an ideal space filling features [214]. The number of generation samples of the LHS can be controllable. 

The SBO method is a beneficial tool for the analysis and optimisation of computationally expensive models 

[215-217]. It provides a compromise between the high-precision low-speed calculations finite element 

analysis (FEA) and high-speed low-accuracy simplified analytical methods. The design of the experiment 

gives the sampling plan as per the design space. There is always unique value (in contrast to random values) 

on each sample point which can be modelled independently. It is used efficiently for fitting in a variety of 

models. The main question of this step is to evaluate the design approach considering the number of samples 
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through computational expense on each sample. As depicted in Table 3-1, initially 20 Latin hypercube 

samples have been generated for testing as shown in Fig.  3.2.  

3.5 Construction of Surrogate Model.  
In the construction of a surrogate model, parametric and non-parametric functions are used together. This 

results in the global function and the relationship between the response variable and the design variable are 

identified. The non-parametric used different types of samples with different regions and local models. In 

this thesis, only parametric kriging model is intended to be focused on research.  

 
Fig.  3.2 Latin Hypercube samples for 1st optimisation  

3.5.1 Error Analysis.  
The surrogate models (SMs) are constructed by using the data obtained from FEA, and it gives a quick 

approximation of constraints and objectives at new design points so that optimisation studies are practicable 

[210]. The error analysis is used just to confirm the surrogate results with FEA analysis. Initially, a few 

points are tested to determine whether the model works properly. If the model does not give satisfactory 

results, the design process reverts to earlier stages so that further Latin hypercube samples can be generated. 

It is worthwhile to note that this process can be repeated several times until the satisfactory results are 

achieved.    

3.5.2 Heuristic Search Method  
The stochastic evolutionary methods (SEMs), which are particle swarm optimisation (PSO) and genetic 

algorithm (GA) are appropriate in electrical machine design optimisation (EMDO) [218].  Once all the 

desired output variables are achieved through FEA, then all the input variables of Latin hypercube samples 
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are inserted through Matlab coding as Xs, and the desired objective functions which need to be optimised 

are placed in Ys. All the limiting factors or constraints which need to be reduced are placed in Zs. This 

generates further optimised point by using Particle Swarm Optimisation process and final optimised variable 

points are achieved. 

3.5.3 Model Validation  
This step is used to check whether the model is correct and ready to use for analysis and optimisation studies 

for validation. In this step, we need to test the achieved points from PSO into FEA so that suitable objective 

can be achieved. The achieved from surrogate-based optimisation by following the above steps and 

generating the final points through PSO are shown in Table 3-2. 

Table 3-2 PSO Optimisation for efficiency, torque, and power in kW. for the first Optimisation 

No Rotor 
dia in 
mm 

Shaft 
dia in 
mm 

Slot 
depth 
in mm 

Airgap 
in mm 

Slot 
opening 
in mm 

Torque 
in 

Nm 

Efficiency 
in % 

Fill factor 
in % 

Power 
in kW 

01 248.51 73.634 61.64 0.5 8.47 788.6 83.9 65 10.32 

PSO optimisation for Efficiency, Torque and fill factor (%) 

02 281.16 52.706 40.03 0.537 9.6144 683.88 81.7 52.9 9.206 

PSO optimisation for Efficiency, Torque and fill factor (%) 

03 295.009 79.5788 64.35 0.5 9.9986 658.12 83.4 48.04 8.679 

PSO optimisation for Efficiency, Torque and Power kW 

04 283.135 74.8259 62.85 0.502 9.508 733.31 83.9 52 9.612 

PSO optimisation for Efficiency, Torque and Power kW 

05 299.789 60.0317 51.47 0.524 9.9990 786.59 84.39 63.3 10.25 

 

3.5.4 Performance Analysis 
This is the final step to analyse the model performance. In this thesis, the performance analysis has been 

done through Infolytica magnet and its performance results are explained in detail in the next section of the 

design process based on optimisation.   
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Table 3-3 variable range selection for Latin Hypercube Samples for 36 stator slots 

Variable Range in mm (Min to 
Max) 

Airgap 0.5-1  
Slot depth 50-60  

Tooth Width 12-17 
Shaft dia 50-150 

Flux barrier width 22-43 
Flux carrier width 11-17 

Slot openings 6-8 
Flux barrier edge angle 10-50º 

 

3.6 Design process based on optimisation  
The optimisation process is shown in Fig.  3.3. A first optimisation test is performed while selecting the 

variables range as depicted in Table 3-3, then the SBO generates the sampling points shown in Fig.  3.4. 

This is directly used on the surrogate models as input variables. It starts with the selection of an initial 

parameters range and sampling plan of 40 points and these 40 initial sampling points are then assessed by 

means of FEM model objective and the constraints function values are achieved. Afterward, for each 

objective and constraint function, a Kriging surrogate model is fixed over the initial sampling plan [212]. 

According to the optimisation results in their torque, efficiency, fill factor and power output values are 

compared. These are shown in Table 3-4. This approach clearly indicates the range of variables which can 

be considered into a surrogate to use all the available degree of freedom. So, in order to select the proper 

design variables and their ranges are selected as follows.  
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Fig.  3.3 Flowchart of SynRM Machine design and optimisation 
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Fig.  3.4 Initial 40 Latin Hypercube Samples for SynRM design 

from Table 3-5 and Table 6-1 (in the appendices), it can be analysed that: 

- air gap between stator and rotor 

-slot depth 

-shaft diameter 

-flux barrier width 

-flux carrier width 

-slot openings  

are the most influencing parameters for the performance of SynRM. In order to validate the FEM model 

testing, the PSO parameters are further generated which are shown in section 6.2.1 (in the appendices) and 

their FEM values are shown are tested which are shown in Table 3-5 and 3-6 respectively. For the square 

slot shape, the PSO efficiency is around 89% which differs from the FEM efficiency calculated in Magnet 

that is 91%. However, the torque is higher 800Nm as compare to FEM which is 619Nm at 7.46kW power. 

Whereas the efficiency in a round shape of stator slots by PSO is 85% and 89% calculated by FEM and the 

torque is also lower 577Nm. This should be noted that for the square slot shape the filling factor used is 

78% and 65% for the round shape.   

  



  

 74   
 

Table 3-4 Initial 40 Latin Hypercube Samples with square slot shape for SynRM design 

S, 
No 

Airga
p in 
mm 

Slot 
dept
h in 
mm 

Toot
h 

widt
h 

Shaft 
dia in 
mm 

Flux 
Barrier 
width 
in mm 

Barri
er 

edge 
angle 
in º 

Flux 
carrie

r 
width 
mm 

Slot 
openi
ngs 
mm 

Torq: 
in 

Nm  

Eff: 
in 
% 

Powe
r in 
kW 

Fill 
facto
r in 
% 

1 0.93 50.3 15.4 111  11.6 34.4  14.6 7.22 778. 86 9.62 75 
2 0.65 55.5 12.3 121 12.3  38.4 15.2 7.42 768 86 9.72 50 
3 0.78 52.5 13.3 127 12.7  40.8 15.6 7.54 809 86 9.87 58 
4 0.58 50.7 14.1 63 8.24  15.2 11.7 6.26 644 89 7.88 64 
5 0.72 51.7 16.6 77 9.21  20.8 12.6 6.54 723 90 8.77 73 
6 0.70 53.3 12.7 119 12.16  37.6 15.1 7.38 726 87 9.09 55 
7 0.80 56.9 16.3 101 10.90  30.4 14.0 7.02 681 89 8.41 62 
8 0.73 55.3 13.9 110 14.26  49.6 16.9 7.98 784 87 9.88 56 
9 0.77 58.9 13.8 120 13.56  45.6 16.3 7.78 749 86 9.48 51 
10 0.84 58.3 13.6 79 9.36  21.6 12.7 6.58 611 87 7.73 52 
11 0.63 54.5 15.8 71 8.80  18.4 12.2 6.42 727 90 7.83 64 
12 0.91 51.1 12.1 69 8.66  17.6 12.1 6.38 611 87 7.71 56 
13 0.82 58.7 15.3 145 13.98  48 16 7.9 749 87 9.46 56 
14 0.56 59.5 13.0 117 12.02  36.8 15.0 7.34 712 86 9.00 48 
15 0.51 55.9 15.6 123 12.44   39.2 15.3 7.46 784 88 9.80 61 
16 0.57 50.9 13.7 97 13.82  28.8 13.8 6.94 716 88 8.87 62 
17 0.90 55.1 13.5 95 13.7 28 13.7 6.9 664 88 8.23 55 
18 0.55 57.7 16.0 73 8.94  19.2 12.3 6.46 630 90 7.65 60 
19 0.53 59.9 16.4 57 7.82  12.8 11.4 6.14 556 90 6.75 58 
20 0.85 53.5 12.9 99 10.76  29.6 13.9 6.98 684 87 8.57 55 
21 0.54 52.7 16.8 51 7.40  10.4 11.0 6.02 572 91 6.90 72 
22 0.96 56.7 14.8 129 12.83  41.6 15.7 7.58 754 88 9.4 57 
23 0.52 57.3 14.9 53 7.54  11.2 11.1 6.06 545 89 6.68 57 
24 0.89 54.9 15.9 85 9.78  24 13.1 6.7 654 90 7.96 64 
25 0.74 58.1 12.4 125 13.14  43.2 15.9 7.66 749 86 9.56 48 
26 0.67 51.3 15.7 87 9.92  24.8 13.2 6.74 690 90 8.39 69 
27 0.92 57.1 15.0 89 10.06  25.6 13.3 6.78 642 89 7.86 57 
28 0.69 51.9 16.7 125 13.42  44.8 16.2 7.74 813 87 10.1 73 
29 0.60 53.9 16.2 103 11.04  31.2 14.1 7.06 723 89 8.91 67 
30 0.94 59.7 13.2 120 13.84  47.2 16.5 7.86 732 86 9.30 48 
31 0.97 54.1 14.4 107 11.28 32.8 14.4 7.14 719 87 8.99 55 
32 0.86 54.3 14.0 122  13  42.4 15.8 7.62 732 88 9.11 57 
33 0.61 51.5 12.8 67 8.52  16.8 12.0 6.34 566 88 7.07 58 
34 0.59 53.7 12.2 81 9.50   22.4 12.8 6.62 628 87 7.94 53 
35 0.50 54.7 12.0 115 11.88   36 14.9 7.3 737 86 9.40 51 
36 0.98 50.5 14.5 55 7.68  12 11.3 6.1 589 90 7.19 65 
37 0.71 57.5 13.4 93 10.34  27.2 13.5 6.86 644 88 8.00 52 
38 0.95 52.1 13.1 109 11.46  33.6 14.5 7.18 744 87 9.32 58 
39 0.66 56.3 15.1 113 11.74   35.2 14.7 7.26 738 88 9.20 59 
40 0.79 53.1 12.5 65 8.38  16 11.9 6.3 602 87 7.55 55 
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Table 3-5 PSO parameters for square and round stator slots 
 Airgap in 

mm 
Slot depth 

in mm 
Tooth 

width in 
mm 

Shaft dia 
in mm 

Flux Barrier 
width in mm 

Barrier 
Edge angle 

in º 

Square 0.5 50 17 111 22 50 
Round 1 59 17 147 43 46 

 

Table 3-6 PSO more parameters for square and round stator slots 

 Flux Carrier width 
in mm 

Slot opening 
in mm 

Torque 
in Nm 

Efficiency in 
% 

Power in 
kW 

Fill 
factor 
in % 

Square 15.8 8 619 91 7.46 78 
Round 17 6 577 89 7.11 65 

 

3.7 Arrangements of Rotor and Stator Optimisation parameters for 
SynRM design 
As per general criteria and design approach stated in [219] [220], the ratio of the flux barrier to flux carrier 

should be controlled within 0.6 to 0.7. In order to design the SynRM machine, the following parameters are 

needed to be calculated: As it has been already mentioned in the beginning of the chapter, in this application, 

the outer diameter of the stator is limited to 500mm and that of the rotor is 300mm. At this stage the shaft 

diameter is kept at 90mm and then remaining 105mm radius is available for the flux barrier and carriers and 

then these parameters are given by:   

       105*0.6=63 and 105-63=42                 Maximum Flux barrier width. 

       105*0.7=73.5 and 105-73.5=31.5          Minimum Flux barrier width. 

For the stator design the number of turns initially the stator slot area has been fixed to 653 mm2 and from 

different fill factor ranges the number turns are calculated. 10kW machine power rating is estimated with 

105RPM and 900Nm Torque. As per design 26Amp current is estimated with 400 supply voltage, and as a 

rough idea 4Amp current is passed through 1mm2 in air cooled, so 7mm2 conductor area is required to be 

passed around 26amps. This shows that if the filling factor is in between 40% to 75% then the range of a 

number of turns will be as follows. 

Slot Area= 635 

Fill factor 75%= 635*0.75=476 then 68 Turns 

40% Filling Factor= 635*0.40=254=36 Turns 
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It should be noted that in the previous design the shaft diameter was also considered as a variable, so due to 

this reason the range of flux barriers are slightly change in Table 3-7. 

 Table 3-7 range of design parameter for the 2nd optimisation process 

Variable Range 
Flux barrier width (mm) 22-40, 
Flux carrier width (mm) 11-17 
Flux barrier edge angle 10⁰,50⁰ 

Number of turns 36-68 
Note: The above was previous range because we did not optimise the shaft, now as the shaft diameter is available 

87mm so remaining area is also 105mm from 1 side 
Flux barrier width (mm) 31.5 to 42 
Flux carrier width (mm) 63 to 73.5 

Flux barrier edge angle in º 10⁰-50⁰ 
Number of turns 36-68 

 

31.5 to 42 flux Barriers-Divided by 3 or 4  

63 to 73.5 Flux Carriers- Divided by 4 of 5 

By considering the above variable ranges, the model accuracy can be increased by increasing sample data. 

As the objective criterion is satisfied, the optimisation process is stopped, and the final FEM result is 

validated by getting the optimum solution. The results are shown in Table 6-2 (in the appendices), the LHS 

sampling is shown in fig. 6.1. (in the appendices). The final solution with SBO algorithm while applying 

the particle swarm optimisation method is marked by the red star (see section 6.2.2 PSO optimised values 

No 1 in the appendices), which gives the solution of optimised values with the set of 20 points. From this 

process, the 877.86Nm torque is achieved with 93.6% efficiency at 10kW rated power. This should be noted 

that at 32.49 and 63.82 are the total width of flux barriers and carriers respectively, as the three-flux barriers 

and 4 flux carriers have been used in this rotor optimisation process, so each flux carriers are 10.83mm wide 

and flux carrier is 15.95mm wide. Additionally, from this process it has been identified that higher the flux 

barrier edge angle higher will be efficiency; hence this solution is found with all the available constraints 

shown in Table 3-8. 

Table 3-8 Optimsed parameters achieved from PSO method with the 1st optimisation process 

No 3 flux 
barriers 
width in 

mm 

Flux 
carrier 

width in 
mm 

Flux barrier 
edge angle in 

º 

No: of 
turns 

Torque in 
Nm 

Efficiency 
in % 

Power in 
kW 

Optimisation 
01 

32.49 63.82 49.29 51 877.86 93.6 10 
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(a) 

 

(b) 
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(c) 

Fig.  3.5 shows (a) 3 flux barriers and 4 flux carriers model with a round shape (b) torque waveform and (c) three-

phase current waveform 
Fig. 3.5 shows the round flux barrier shape and 36 square shape stator slots. The machine has high starting 

torque up to 2400Nm and after 300ms the torque becomes good up to 877 Nm, whereas the current is also 

stable as expected 26A. A modification of objective function and constraint is then chosen and allows 

finding a solution through the FEM method and gives (91.95% efficiency and 811Nm torque with 9.7kW 

power) in 2nd optimisation process and (93.3% efficiency and 831.48Nm Torque with 9.8kW power). The 

solution with SBO algorithm while applying the particle swarm optimisation method is marked by the red 

star (see section 6.2.3 PSO optimised values No 3 in the appendices). In 3rd optimisation process marked by 

the red star (see section 6.2.4 PSO optimised values No 3 in the appendices), that verifies the constraints 

with acceptable tolerance with different flux barrier and flux carrier width, edge angle and number of turns 

as shown in Table 3-9 and Table 3-10.  

Table 3-9 Optimsed parameters achieved from PSO method with the 2nd optimisation process 

No 3 flux 
barriers 
width in 

mm 

Flux 
carrier 

width in 
mm 

Flux barrier 
edge angle in 

º 

No: of 
turns 

Torque in 
Nm 

Efficiency 
in % 

Power in 
kW 

Optimisation 
02 

37.60 73.49 49.99 58 811 91.95 9.7 
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Table 3-10 Optimsed parameters achieved from PSO method with the 3rd optimisation process 

No 3 flux 
barriers 
width in 

mm 

Flux 
carrier 

width in 
mm 

Flux barrier 
edge angle in 

º 

No: of 
turns 

Torque in 
Nm 

Efficiency 
in % 

Power in 
kW 

Optimisation 
03 

33.22 66.38 50 53 831.48 93.3 9.8 

 

3.8 Three round shaped flux barriers and 4 flux carriers 
After adding 20 points around the initial optimal solution, a new optimisation with these 20 points is done. 

Now only good torque after 600 milliseconds has been considered. The torque waveform is shown in Fig. 

3.6, and LHS values are shown in Table 6-3 (in the appendices). The numerical values which are depicted 

in column flux barriers and flux carrier are the total width obtained from LHS sampling. The values are 

further divided into 3 flux barriers and 4 flux carriers respectively. However, the values of edge angle and 

number of turns are exactly the same. The optimised PSO solution is shown in Table 3-11, this gives 7.58kW 

power rating and 91.1% efficiency with 672.58Nm torque. After the PSO optimisation solution, it gives 

40.61m for flux barriers and 71.91mm width for flux carriers and the actual width of each flux barrier and 

carrier is 13.53 and 17.97 respectively.  Hence, from the above results of efficiency torque and power values, 

the optimal solution couldn’t be found with respected constraints.  
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Fig.  3.6 torque waveform while considering stable portion after 600ms 

 

Table 3-11 Optimsed parameters achieved from PSO method only with stable torque 

No 3 flux 
barriers 
width in 

mm 

Flux 
carrier 

width in 
mm 

Flux barrier 
edge angle in 

º 

No: of 
turns 

Torque in 
Nm 

Efficiency 
in % 

Power in 
kW 

 40.61 71.91 49.99 60 672.58 91.1 7.58 

 

3.9 Four round shape flux barriers and 5 round flux carriers 
The new model for the objective and the constraints functions are simulated with the 20 points. The new 

model of four flux barrier is shown in Fig. 3.7. In this model, similar LHS samples are considered which 

have been considered for 3 flux barriers and carriers.     
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Fig.  3.7 round shape 4 flux barrier and 5 flux carrier SynchRM Numerical FEM Model 

Table 6-4 (in the appendices) compares each optimal value found by the same Latin Hypercube Sampling 

generation with FEM model for a set of 20 points. The optimised values of efficiency, torque, and power 

through PSO optimisation are given at first and in second calculated values with FEM model.  

Table 3-12 Optimised parameters achieved from PSO method with 4 flux barriers and 5 flux carriers 

No 4 flux 
barriers 
width in 

mm 

Flux 
carrier 

width in 
mm 

Flux barrier 
edge angle in 

º 

No: of 
turns 

Torque in 
Nm 

Efficiency 
in % 

Power in 
kW 

 41.30 70.59 49 53 778 92.13 11.92 

 

With the set of 20 points, it appears that the PSO optimisation leads to a slight error of 0.39% only for the 

efficiency (see section 6.2.5 PSO optimised valued for 4 flux barriers in the appendices). The power and 

torque lack behind 19.2%, 1.24% in the FEM model as shown in Table 3-12. The same set of 20 points are 

tested to verify the machine at higher speed 1500ms and compared the results with previous data. The 

relative data is used to compare with obtained results of PSO optimisation from FEM. The FEM results are 

taken as a reference. Table 3-13 shows the optimised parameters with 10.32mm flux barrier width and 14.11 

flux carrier width having a 49-degree edge angle at 53 number of turns. The average torque from this is 

851Nm and the stable torque after 300ms is calculated which is 786 Nm. The efficiency is slightly smaller 

90.94% and the power ratings are also low 9.5kW. The torque and current waveform are shown in Fig. 3.8. 

 

Table 3-13 Optimised parameters at 1500ms simulation time 
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No 4 flux 
barriers 
width in 

mm 

Flux 
carrier 

width in 
mm 

Flux barrier 
edge angle in 

º 

No: of 
turns 

Torque in 
Nm 

Efficiency 
in % 

Power in 
kW 

 10.32 14.11 49 53 786 90.94 9.5 

 
(a) 



  

 83   
 

 
(b) 

Fig.  3.8 shows the 1500ms time simulation (a) Torque waveform (b) 3-phase current waveform 

It should be noted that above all the optimisation and their solution have been checked with the round shape 

optimisation and then the further author decided to check the similar variable into square shape design and 

to compare with round shape. The PSO optimised valued for 4 square flux barriers are shown in the 

appendices (see section 6.2.6). The square flux barrier design is shown in shown Fig. 3.9 and Table 6-4 and 

6-5 (in the appendices) depicts the data with actual and stable torque. Here as it is observed that, power and 

efficiency are reasonable but, its stable torque is low 686Nm as depicted in Table 3-14. Note: (The stable 

torque means good torque when the torque become smooth after some initial high start-up transients).  
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Fig.  3.9 Square flux barrier design 

Table 3-14 Optimised parameters of square shape flux barriers 

No 4 flux 
barriers 
width in 

mm 

Flux 
carrier 

width in 
mm 

Flux barrier 
edge angle in 

º 

No: of 
turns 

Torque in 
Nm 

Efficiency 
in % 

Power in 
kW 

 31.5 63 50 55 686 91.2 8.26 

 

3.10 3 square shape flux barriers and 4 flux carriers 
3 flux barriers and 4 flux carriers are tested to determine the efficiency, power, and torque from the available 

constraints, and to know the optimised PSO variable and their performance (see section 6.2.7 PSO optimised 

valued for 3 square shape flux barriers and 4 flux carriers in the appendices). In order to minimize the 

computational time, the same 20 LHS are taken. To get the width of the flux barrier and flux carrier, each 

sample is divided by 3 and 4 respectively. Table 6-6 (in the appendices) shows the efficiency, torque, power 

and fill factor at various width of the flux barrier and flux carrier. In the model of optimisation 91.01% 

efficiency is achieved at 10.02kW power rating with 830Nm torque as shown in Table 3-15. It should be 

noted that here the stable torque is considered after 300 milliseconds and the starting torque is not 

considered. The optimised variable from PSO are shown (in the appendix) and the FEM model of square 

shape 3 flux barrier and 4 flux carriers with torque and current waveform are shown in Fig. 3.10. 

Table 3-15 Optimised parameters of 3 square shape flux barriers and 4 flux carriers 

No 4 flux 
barriers 
width in 

mm 

Flux 
carrier 

width in 
mm 

Flux barrier 
edge angle in 

º 

No: of 
turns 

Torque in 
Nm 

Efficiency 
in % 

Power in 
kW 

 10.5 16.13 28 48 830 91.08 10.02 
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(a) 

 
(b) 
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(c) 

Fig.  3.10 square shape 4 flux barrier and 5 flux carrier (a) SynchRM Numerical FEM Model (b) Torque waveform 

and 3-phase current waveform 

3.11 Optimisation with round stator slots with round flux barrier 
shape 
In order to investigate the flux barrier performance with round stator slots, the SBO optimisation carried 

out. The shape of the round stator slot is directly taken from the inbuilt Motor Solve software and for 2D 

FEM simulation is done on magnet while importing geometry of the flux barrier imported into Magnet   

from AutoCAD. The step by step process is shown as follows.  

3.11.1  Round shape with 4 flux barriers and 5 flux carriers 
Using the same optimisation process but, flux barriers and flux carriers are in a round shape and with round 

stator slot shape. The Latin Hypercube Samples are shown in Table 6-6 (in the appendices). The feasible 

solutions of torque, efficiency, and power are different. The analysis of the results of the optimisation 

process show that the torque produced is higher up to 905Nm and the efficiency is 91.61% at 10.86kW 

power as depicted in Table 3-16. The design FEM model and torque waveform are shown in Fig. 3.11. The 

starting torque is very high around 3400Nm which gradually decreased to average 900Nm. 4 flux barriers 

have been used with thickness of 7.875mm and 5 flux carriers with 12.6mm thickness. The number of turns 

is also optimised, and 50 turns are achieved as an optimised number of turns of the machine. Consequently, 
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it has been necessary to further explore the impact of a number of slots on the machine performance i.e. 

efficiency and torque production, so the design of 24 stator slot is considered which is described as follows.  

Table 3-16 Optimised with round stator slots parameters of 4 round shape flux barriers and 5 flux carriers 

No 4 flux 
barriers 
width in 

mm 

Flux 
carrier 

width in 
mm 

Flux barrier 
edge angle in 

º 

No: of 
turns 

Torque in 
Nm 

Efficiency 
in % 

Power in 
kW 

 7.87 12.6 50 50 905 91.61 10.86 

 
(a) 
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(b) 

Fig.  3.11 shows (a)  round stator slot with round flux barrier FEM model (b) torque waveform 

 
(a) 
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(b)  

 
(c) 

Fig.  3.12 Square slot design with 24 slots 

3.12 24 Square Shape Stator Slots Design 
The torque and efficiency are the major figure of merit pertaining to the capability of the machine. These 

figures of merit give indication as the higher level of performance. Therefore, further simulation is tested 
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on 24-stator slot design with 3 round flux barriers as shown in Fig. 3.12. The simulation has been run upto 

500 milli seconds. The measurement of torque vs speed and current vs speed is taken into account.   In figure 

(a) 3 round flux barriers are tested with 24 slots. From the transient analysis it has been observed that the 

torque profile is not good as depicted in figure 3.12(b). The starting torque is good around 3800Nm. There 

is a zero current in between 210mm to 300mm, so that torque reaches almost negligible as depicted in figure 

3.139(c). Thus, measurement of torque speed envelope is not desirable with 24 slots. After 300mm the 

current again increased to rated value at 38amps. As the previous testing was with 36 slots, so the author 

decided the check the SynRM performance at 24 stator slots. In the 24 slots stator, we have more margin to 

select the stator design variables, so the range of influencing parameters increased are shown in Table 3-17, 

and LHS generated samples are shown in Table 6-7 (in the appendices).   

Table 3-17 variable range selection for Latin Hypercube Samples for 24 stator slots 

Variable Range in mm (Min to Max) 
Airgap 0.5-1 

Slot Depth 50-60 
Tooth Width 17-26 

Shaft Diameter 50-150 
Flux Barrier Width 22-43 

Flux Barrier Edge Angle 10-50º 
Flux Carrier Width 17-26 in mm (same as tooth 

width) 
Slot Openings 8-17 

 

It should be noted that the torque which is low between, 400 to 600Nm, as for 24 slots stator design, we 

have more slot area as compare to 36 slots. Therefore, to check the results at higher number of turns the 

simulation has also been tested at 100 turns as depicted in Table 6-8 (in the appendices), but this increases 

the resistance and inductance by default in the software which reduces the current. Hence overall torque of 

the machine is low, actually as the stator has been designed on the motor solve software, by selecting 100 

turns, The simulation with 50 turns in motor solve with low external resistance and inductance are shown 

in Table 6-9 (in the appendices) and their FEM results are shown Table 3-18 and Table 3-19 with PSO 

optimised variables are shown in section 6.2.8 (in the appendices) with 20 LHS sampling points in Fig. 6.2 

(in the appendices).  

Table 3-18 Optimised parameter by PSO for 24 square slots 

No Airgap in 
mm 

Slot depth in 
mm 

Tooth width 
in mm 

Shaft dia 
in mm 

Flux Barrier 
width in mm 

Barrier 
Edge angle 

in º 
01 0.57 51.4 26 50 27.92 59.99 
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Table 3-19 Optimised more parameter by PSO for 24 square slots 

 Flux Carrier width 
in mm 

Slot opening 
in mm 

Torque 
in Nm 

Efficiency in 
% 

Power in 
kW 

Fill 
factor 
in % 

01 20 10.81 752 88 8.27 70 

 

3.13 24 Round Shape Stator Slots Design 
The 24 round stator slot design variables are shown in Table 6-10 (in the appendices). The previous testing 

was done at 24 round slots, in order to know the performance at 24 round stator slots, the same number of 

round slot design with 3 round flux barriers are shown in Fig. 3.13(a). (see section 6.2.9 PSO generated 

optimised variable for 24 round stator slots in the appendices). The measured curve runs to 500 milli seconds 

at 380 voltage with maximum 3800 Nm starting torque is presented in fig. 3.13 (b-c). The torque starts to 

drop off around 200 to 300 milli-seconds. Due to simulation time process the full torque speed graph upto 

1500 milli-seconds is not taken.  The stator design parameter’s range remains the same as per previous LHS 

samples. In this design, the efficiency is almost the same and the torque production is higher as compared 

to a square shape, but the torque ripple is higher because the current reaches to zero as depicted in Fig. 

3.13(d). The torque ripple can be minimized through separate rotor design optimisation. The FEM results 

are shown in Table 3-20 and 3.21 respectively. This shows that torque is increased up to 804Nm and 

efficiency is 92.4% with good power rating 9.56kW. The SBO design variables with FEM results are shown 

below Fig.  3.13, and PSO generated optimised variables are shown as follows.  

Table 3-20 Optimised parameter by PSO for 24 round stator slots 

No Airgap in 
mm 

Slot depth in 
mm 

Tooth width 
in mm 

Shaft dia 
in mm 

Flux Barrier 
width in mm 

Barrier 
Edge angle 

in º 
01 0.57 52.6 26 114 8.72 10 

Table 3-21 Optimised more parameter by PSO for 24 round stator slots 

No Flux Carrier width 
in mm 

Slot opening 
in mm 

Torque 
in Nm 

Efficiency in 
% 

Power in 
kW 

Fill 
factor 
in % 

01 20 10.81 804 92 9.56 71 
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(a) 

  
(b) 
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(c) 

 
(d) 

Fig.  3.13 SynchRM with 24 slots (a) FEM Model (b) 3-phase voltage waveform (c) Torque wave form and (d) 

current waveform 

3.14 Final Optimisation with 4 flux barriers with square shaped 
After checking all design shapes of stator slots and rotor flux barriers, and keeping all the results in mind, 

the author decided to analyse the optimisation of round 4 flux barriers. Because, on the basis of considering 

the design and simulation experience, 4 flux barriers produce high average torque 905Nm with 91.61% 
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efficiency at 10.86kW power ratings as depicted in Table 3-22. The round flux barriers have been replaced 

with square-shaped flux barriers. The simulation results are tested at 1500ms which gives very good results 

from a performance point of view. Fig. 3.14 shows the FEM model and torque, current and voltage 

waveform of 4 square flux barriers shape with 36 square stator slots. Table 3-22 shows the PSO optimised 

parameters. It should be noted that the power is high 9.6kW with 91.01% efficiency.  

   
(a)         (b) 

  
(c)        (d) 

Fig.  3.14 square shaped 4 flux barriers design (a) FEM model (b)  torque waveform (c) current wave form (voltage 

wave form at 1500ms simulation time 

Table 3-22 Optimised parameter by PSO for 4 square shaped flux barriers 

No 4 flux 
barriers 
width in 

mm 

Flux 
carrier 

width in 
mm 

Flux barrier 
edge angle in 

º 

No: of 
turns 

Torque in 
Nm 

Efficiency 
in % 

Power in 
kW 

01 10.32 14.11 49 53 802 91.01 9.6 
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Fig.  3.15 flux function view of (a) 4 square flux barrier design (b) flux function without exterior air 

 
Fig.  3.16 square shape slot design and 4 flux barriers AutoCAD design used for SynRM 

Table 3-23 3-Phase Winding specifications 

Item Specification 

Insulating material Epoxy resin 

Hub material Non-Magnetic 

Ambient Temperature 20 degree C 

Iron Core  M-19 29 Ga 

Winding Material 100% IACS (Copper) 

Shaft Material= CR10 Cold rolled 1010 steel 

 

Usually, it is complicated to find accurate surrogate model due to increase number of design variables. 2 

types of approaches exist to develop the accurate surrogate model such as (1) increase the sampling points 

and (2) use proper sample plan which is shown in Fig.  3.3. In our design strategy, 40 LHS sampling is 

chosen for 8-design variable problem. Total of 320 FEM models are evaluated during the SBO Optimisation 

technique. Fig. 3.15 presents the comparison results of flux function between a shaded plot with and without 

exterior air and the square shape stator slot. The 3-phase winding design and specifications are shown in 



  

 96   
 

Fig. 3.16, and Table 3-23. The winding arrangements are shown in Fig. 3.17. The final design parameters 

are deliberated while SynRM rotor design with 4 variables in the simulation section. 

  
Fig.  3.17 Three-phase overall winding design arrangement of red, yellow and blue phase 

3.15 12/8 SRM Design process based on Surrogate-Based 
Optimisation  
The process of optimisation and algorithm is already depicted in Fig.  3.1. The first optimisation test is 

conducted by choosing random variables which are: stator pole arc, stator inner diameter, stator yoke 

thickness, rotor pole arc, rotor yoke thickness, shaft diameter and airgap range as shown in Table 3-24. In 

these variables, the stator inner diameter is taken 335mm as a fixed value at 170mm length. The sampling 

points of SBO are generated as depicted in section 6.2.10 (1st PSO optimisation variable for 12/8 SRM 

design with 100 samples in the appendices) and LHS samples are shown in Fig. 6.4 (in the appendices) and 

considered as a surrogate model input variable. In the following optimisation, the stator inner diameter is 

reduced up to 301.2mm and the machine length is increased to 200mm. The optimisation carried out from 
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the two different parameters settings as shown in Table 6-11 and 6-12 (in the appendices). The FEM results 

of efficiency, torque, speed, and slot filling factor are compared. It is started with the selection of an initial 

parameters range and sampling plan of 100 points and these 100 initial sampling points are then assessed 

by means of FEM model and the constraints function values are achieved. Afterward, for each objective and 

constraint function, a main surrogate model is fixed over the initial sampling plan. According to the 

optimisation results their torque and efficiency values are analysed as shown in Table 6-13 (in the 

appendices). This method clearly indicates the range of variables which can be considered into a surrogate 

to use all the available degree of freedom.  

Further 60 Latin Hypercube samples are generated as shown in Fig. 6.4 (in the appendices). From the Error! 

Reference source not found., it can be analysed that, stator pole arc, stator yoke, stator inner diameter, air 

gap, rotor yoke thickness, rotor pole arc, and shaft diameter are the most influencing parameters to enhance 

the performance of SRM. The efficiency of row number 15 in Table 6-14 (in the appendices) is around 

90.26% and the torque is 671Nm. In row 29 sample the torque is lower 630Nm at 8kW power, and the 

efficiency is 90.66%. This should be noted that for the 12/8 SRM the filling factor used is 75.52% and 

73.43% for this design. The comparison of modified designs is shown in Table 6-15 and 6-16 (in the 

appendices). From the above particle swarm optimisation plan, the maximum efficiency achieved is 88% at 

680Nm torque and depicted below in 2nd PSO optimisation for 12/8 SRM design (in the appendices).  

To improve the efficiency, a further test of 60 samples plan carried out as show. In this optimisation plan, 

the stator inner diameter was kept constant at 300mm, whereas stator pole, stator yoke thickness, airgap 

thickness, rotor pole arc, rotor yoke thickness, shaft diameter are considered as a design variable. As soon 

as the samples points are achieved their FEM simulation is carried out to get the results which are shown in 

Table 6-17 (in the appendices) and their efficiency and torque graph is shown in Fig. 3.18. In this 

optimisation plan, 6 Variables global optimisation Latin Hypercube Sampling Points of 12/8 SRM are taken 

and 60 samples are generated. In this optimisation, the sample number 40 gives the best results at 87% 

efficiency and 656Nm torque at 200mm actual length of the machine which has been considered for the 

design of 12/8 SRM and LHS samples are shown in Fig. 6.5 in the (appendices), and their efficiency and 

torque graph are shown in Fig. 3.19. The FEM simulation results of sample 40 have been described in detail 

in simulation section chapter 4.  
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Table 3-24 initial parameters for 12/8 SRM design at 170mm length 

Stator 
Item Design value Minimum value Maximum value 

outer dia of the stator 500mm Fixed 
Inner dia of the stator 335mm Fixed 

Pole arc 15 deg 14 16 
Pole width 43.7mm 40.8 46.6 

Yoke length 30mm 27 37 
Pole length 52.5mm 45.5 55.5 

airgap 0.6mm Fixed 
Rotor 

Rotor outer diameter 333.8mm Fixed 
Pole arc 15.7 deg 15 17 

Pole width 45.7mm 43.5 49.3 
Yoke length 33.5mm 28 38 
Pole length 73.4mm 68.9 78.9 

Shaft diameter 120mm Fixed 
Winding 

Number of turns 94 85 100 
Wire diameter 1.8mm  

 

 

Fig.  3.18 efficiency and torque graph os 60 samples with 3rd optimisation 
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Fig.  3.19 Efficiency and torque graph for final 60 samples 

 

3.16 12/8 SRM optimisation through constant speed and constant 
power 
To analyse the constant speed and constant power, 40 more samples are generating while adding the slot 

filling factor and number of turns as shown in Fig. 6.6 (in the appendices). The air gap is kept constant 

0.6mm. In this test two length of the machine have been tested at 170mm and 200mm. The initial 40 LHS 

samples for constant speed at 105rpm are shown in Table 6-18 (in the appendices). In the next plan, the 

same samples have been tested while keeping the power constant. The results of torque, efficiency is shown 

in Table 6-19 (in the appendices). Similarly, LHS samples are tested at 200mm stack length while keeping 

the speed and power constant and their results of efficiency and torque are shown in Table 6-20  and Table 

6-21 (in the appendices) respectively. The efficiency profile at constant and constant power is shown in Fig. 

3.21 and Fig. 3.22 respectively.  

3.17 Constant speed analysis at 170mm and 105rpm 
8 Variable Global Optimisation Latin Hypercube Sampling Points of 12/8 SRM 

Air gap = 0.6 mm; Length= 170 mm *constant speed 105 rpm  
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Fig. 3.20 efficiency at a constant speed 

3.17.1 Efficiency at a constant Power 

 

Fig. 3.21 Efficiency at constant power 

3.18 Summary 
In this chapter 3 optimisation has been carried of synchronous reluctance and switched reluctance machines. 

Two designs of synchronous reluctance rotor have been tested and analysed to improve the efficiency and 

to reduce the torque ripple. Keeping the size of the machine fixed for both SynRM and SRM at 500mm and 

a surrogate-based analysis and optimisation are applied to the machine. 

The detailed process of optimisation has been examined here, and three steps are applied in the final 

optimisation process. Design of experiment technique is taken to consider the Latin Hypercube sampling. 

The plan is to choose randomly distributed and allocated sampling points which are not identical. In the 
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subsequent part, methods of construction of the surrogate model are inspected and compared. Due to the 

high precision, Kriging model is preferred to construct the surrogate model. The established surrogate 

model, an optimisation algorithm is used to discover the finest location, and in this thesis particle swarm 

optimisation algorithm is used.  

For this novel methodology for surrogate optimisation, the optimisation of two design shapes for both square 

or round have been studied, assuming that two reluctance machines SynRM and SRM have the same 

dimensions in terms of stator out diameter and stack length. Only the other internal variables need to be 

varied and optimised in terms of efficiency and torque ripple analysis. In addition, based on this optimisation 

experience, the 3 flux barrier rotor for four variable problems such as flux barrier width, flux carrier width, 

edge angle, and shaft diameter has been extensively optimised for synchronous reluctance motor rotor, 

assuming the stator of the machine is similar to the 3-phase induction motor.   
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Chapter 4 Numerical design and simulation of 
Synchronous Reluctance Stator and Rotor  

 

4.1 FEM Simulation 
The most regularly used technique for magnetic field calculation is the finite element method FEM [221, 

222]. The key advantage of FEM as compared to the other methods and procedures is the following: the 

prospect to define the object of any type; the ability to influence the discretization for diverse areas to reach 

the greater accuracy of designs with enhanced mesh refinement, and the optimal choice to clarify the 

limitations.  

The calculation of magnetic field by means of finite element method permits to determine the major 

parameters of the machine-electromagnetic torque calculation, magnetic flux, and magnetic induction at 

various parts within the magnetic circuit as well as other parameters.  

4.2 Synchronous Reluctance Rotor Design  
As per the existing rotor design of SynRM, a novel rotor should be designed with the features to have low 

torque ripple with high efficiency and should be thermally stable. The main focus of this chapter is to design 

and simulation of SynRM rotor. Different flux barriers and flux carriers’ shapes have been implemented to 

increase the performance of SynRM such as with and without rotor ribs, square and round shape design, 

symmetrical and asymmetrical design. The rotor of synchronous reluctance motor consists of two main 

electromagnetic components as per rotor pole (1) The flux carrier and (2) the flux barrier. A flux carrier 

comprised a ferromagnetic material leading to a high permeable path, while the flux barrier has a non-

ferromagnetic material having a high reluctance path. In order to improve the saliency ratio, multiple flux 

carriers and flux barriers are created [61]. Initially, 20 Latin Hypercube samples have been generated from 

the rotor to test the efficiency and torque through the surrogate optimisation method which is shown in 

Table 4-1. To optimise the entire rotor study, the particle swarm optimisation method has been used to get 

best parameters. The Infolytica Magnet software has been used for FEM analysis. Therefore, the stator 

parameters remain unchanged for individual rotor analysis so as to keep constancy across each simulation. 

The rotor length and diameter are also retained constant excluding barrier size and width.  
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Table 4-1 Latin Hypercube samples for SynRM rotor design. 

Barrier 
1 width 
in mm  

Barrier 2 
width in 

mm 

Barrier 
3 width 
in mm 

Barrier 
4 width 
in mm 

Torque 
in Nm 

Efficiency 
in % 

Power in 
kW 

6.2 7.4 5.8 2.2 548.2 77.3 7.79 
7.8 6.6 4.6 5.8 591.8 78.6 8.27 
1.8 0.6 4.2 3.4 423 79.9 5.823 
5.8 5 2.2 3 496.4 81.7 6.67 
4.6 7 0.2 5.4 546 78.7 7.626 
1 6.2 5.4 2.6 514 82.1 6.87 
3 3.4 3 5 511.6 79.16 7.10 

5.4 3 6.6 1.8 507.88 77.8 7.17 
3.8 7.8 3.4 1.4 482 78.1 6.78 
5 0.2 5 6.6 542 80.1 7.44 

2.6 5.8 1.8 7 561.8 80.6 7.66 
7 4.6 0.6 0.2 331.5 74.8 4.87 

0.6 2.2 7.4 4.6 537 82.8 7.13 
0.2 5.4 3.8 6.2 552 81.8 7.424 
2.2 4.2 6.2 0.6 461.14 80.5 6.297 
4.2 1.8 1.4 7.8 523.9 81 6.708 
6.6 1.4 7 4.2 549.7 78 6.97 
7.4 1 2.6 3.8 462.85 79 6.44 
3.4 3.8 7.8 7.4 597.7 80.4 7.561 
1.4 2.6 1 1 256.5 70.8 3.984 

 

With the plan to tolerate the centrifugal forces and to provide the mechanical strength, iron ribs need to be 

added inside the flux barriers but this causes to reduce Ld/Lq due to stray flux path in q-axis [71, 103]. In 

these design studies, the iron rib width also depends upon the number of barriers as well as electromagnetic 

design. To reduce the simulation efforts, an investigation into the rotor design of the machine is carried out 

using radial ribs of 2mm. In this study, tangential ribs have not been taken into account.  

To optimise the process, a coupling between Matlab coder, Infolytica Magnet and the Motor Solve has been 

used. In order to increase the machine’s performance. All 20 solutions are computed in FE Infolytica Magnet 

software and the results are obtained. Throughout in these solutions, the author has chosen the one that suits 

the best-considered application. Latin hypercube samples of the 20 variables are shown in Fig.  4.1. Based 

on the author’s expertise [223] the most important geometry parameters that actually influence the torque 

ripple of the synchronous reluctance motor are the width of flux barriers and the radius of curving edges. It 

should be noted that only the parameters of flux barriers have been optimised by the proposed surrogate 

optimisation using particle swarm optimisation method. The next phase of the research is the optimisation 

of the curving edges. 
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Fig.  4.1  20 Latin Hypercube samples of flux barriers for rotor Optimisation 

2D FEM based design has been computed and its dimensions are shown in Table 4-2 and different rotor 

design steps are shown in Fig. 4.2. However, the author intends to carry out more investigation on the rotor 

to improve the efficiency and torque with curvature design optimisation. 

Table 4-2 SynRM rotor flux barrier optimisation steps with and without ribs 

Flux barrier 
1 width in 

mm 

Flux barrier 
2 width in 

mm 

Flux barrier 
3 width in 

mm 

Flux barrier 
4 width in 

mm 

Torque 
in Nm 

Efficiency 
in % 

Power 
in kW 

7.5 7.5 7.5 7.5 591 80 8.11 
8.5 rib 4mm 8.5 8.5 8.5 641.8 83.9 8.40 
9.5 rib 3mm 9.5 9.5 9.5 629.7 82.3 8.40 

7.5 no rib 7.5 7.5  7.5  651.5 80.9 8.85 
7.5 7.5 7.5 7.5 635.2 83.8 8.33 

5.02 6.70 12.32 4.83 782 85.6 10 
5.02 6.70 12.32 6.11 792.4 85.82 10.15 
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Fig. 4.2 Different rotor design steps for rotor optimisation. (a) Different flux barrier width with ribs (b) without ribs 

but equal flux barrier widths (c) different flux barrier width without ribs. 

 
(a) 

 
(b) 

Fig. 4.3 design of Rotor flux barrier No: 1 (a) starting away from rotor outer diameter (b) starting near to rotor 

diameter. 

Initially, the rotor is designed with random dimensions of variable flux barriers. The rib of 3.5mm with 

dimension is used as shown in Fig. 4.2 (a-b), the same rotor shape and barrier width are used in all the results 

of torque and efficiency which is depicted in Table 4-2. The first aim is to optimise the stator and to get the 

best stator among all those 20 samples. Then for rotor optimisation, all the barriers width are kept at the 
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same width 7.5mm as shown in the second row of Table 4-2, and 591Nm torque with 80% of efficiency is 

achieved. In the next step, the rib is tested to in between 4mm to 3mm along with 8.5 to 7.5mm flux barrier 

width this improves the flux and corresponding torque (641.8Nm & efficiency 83.9 for 4mm) and (629.7Nm 

& 82.3% for 3mm). For further testing, the barrier ribs are removed and the dimensions of all the ribs are 

kept the same which slightly improves the efficiency 80.9% and higher torque of 651.5 is achieved. It should 

be noted that up to this design, the starting flux barrier number 1 is kept away from the rotor outer diameter 

then in step 3 the first flux barrier rib is brought near to the rotor outer diameter, this reduces the torque but 

efficiency increased to 83.3 as depicted in Table 4-2 fifth row and shown in Fig. 4.3. It is tested to increase 

the continuous flux barrier width to check the effect on torque and efficiency up to 9.5mm width. The torque 

is reduced to 629.7Nm which affects the power rating of the overall machine. So, it is reflected that 

increasing the flux barrier width to a certain limit, causes a reduction in torque and efficiency in the design 

of SynRM. In the next step, different flux barriers width is tested, and simulation is carried out. This shows 

the improved results of 792Nm torque and 85.8% efficiency. The position of first flux barrier near to rotor 

outer diameter, improves the results as compared to those achieved away from the outer diameter. Thus, the 

machine is still under investigation as in the next step for the higher accuracy, more samples are generated 

to optimise the performance of Synchronous Reluctance motor. 

In this thesis magnetic performance and other calculations have been carried out for the synchronous 

reluctance motor (SynRM) with the intention to validate the results with experimental data.  Different rotors 

have been designed to achieve high torque with low ripples.  

4.3 Standard Design and Simulations of the SynRM 
In order to choose the best rotor design, seven different geometries of three and four flux barrier have been 

examined and a finite element analysis carried out. All the tests are conducted at 1500RPM as in Fig.  4.4 

shows the different flux barrier designs of the rotor. (a) four flux barriers with V-shaped design. In this 

design, the flux barrier edge angle is kept 49 degrees and the torque ripple is 27%, which is good, but 

machine efficiency is very low. Therefore, the total average torque produced by the machine is 134Nm. One 

additional factor which is the flux density is higher up to 2.29T. In the design (b), more angle is provided to 

sharp edges, but the efficiency reduces to 37% and torque ripple is still higher to 70% and overall average 

torque is also reduced to 93Nm with flux density 2.2T. In this design (c), 132Nm torque is produced with 

2.38T flux density and the torque ripple is 42%.  In Fig.  4.5 (a) circular shape with four flux barrier design 

is tested which gives the efficiency 47% and 118Nm torque at 2.18T whereas torque ripple is slightly higher 

44%. In design (b) three V-shaped flux barrier design is tested which produce the highest torque 158Nm 

with 70% and low torque ripple 30% but flux density is higher 2.7T. The design (c) gives 134Nm torque 
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and 2.5T density and torque ripple are higher up to 46% with 63% efficiency. In (d) three square-shaped 

flux barrier is used which produces 134Nm torque and 47% torque ripple at 2.17T flux density.  

  
(a) 

  
(b) 

  
(c) 

Fig.  4.4 different four flux barrier rotor designs for SynRM (a) 4 V-shaped flux barrier rotor (b) 4 square shaped 
rotor (c) 4 straight flux barriers with a slight angle at the edges. 
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(a) 

  
(b) 

   
(c) 
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(d) 

Fig.  4.5 Three and four flux barrier rotor designs for SynRM (a) 4 square shaped flux barrier rotor (b) 3V- shaped 
rotor (c) 4 square shaped flux barriers with a slight angle at the end and (d) 3 square shaped flux barriers. 

 

4.4 The final design of the proposed SynRM rotor 
Keeping above data analysis, in terms of torque, efficiency, torque ripple and flux density in the section of 

optimise rotor design, the author decided to take three V-shaped design as the main investigation point, 

because of higher torque production and high efficiency. The flux barrier width, flux carrier width and 

barrier edge with shaft diameter is modified in the design and finally, 3-Phase 24kW synchronous reluctance 

with 3 flux barriers motor is simulated with all specifications depicted in Table 6-22, Table 6-23, Table 6-

24 and Table 6-25 (in the appendices). Initially, the same design of SynRM motor, 4 and 5 flux barrier 

square shaped is designed. However, the simulation outcomes are not up to the mark, and the motor is 

producing high flux density more than 2.7T and low torque in between (100 to 120Nm) which is not 

desirable for the high-efficiency output power application because the speed was fixed 1500rpm for the 

application of closed couple centrifugal pump. 

 
(a) 
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(b) 

          
(c) 

Fig.  4.6 (a) Flux barrier width and edge angle (b) flux barrier upper and lower length (c) full rotor dimensions 
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Fig.  4.7 Torque waveform of the proposed rotor 

Further, the author decided to simulate another 3-flux barrier configuration, because flux barriers and 

carriers can be easily adjusted to a certain limit of saturation an to avoid higher flux density. In this regard, 

the square design with V-shaped scheme has been used to design the proposed rotor geometry, it has 3 flux 

barriers and 4 flux carriers on each 4th quadrant as their dimensions are shown in Fig. 4.6 (a-c) and torque 

waveform is shown in Fig. 4.7. The main advantages are due to increased flux carrier width to pass the 

maximum magnetic lines and minimum magnetic flux density is possible. However, no compromise is made 

in between saliency ratio. The 3-phase 24kW SynRM used in this thesis is shown in Fig.  4.8 (a-b) proposed 

design of SynRM and the mesh view analysis is shown in Fig.  4.8(c). For current magnitude control, the 

voltage driven sinusoidal supply as an input source for winding is provided. The 2.1T flux density and rated 

current with electromagnetic torque established are shown in Fig.  4.9 (a to c). Also, the simulated copper, 

eddy current with hysteresis losses are 358watts and the stator hysteresis and eddy current losses are 

379watts.  
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(a)                                                        (b) 

 
(c) 

Fig.  4.8 2D SynRM model (a) side view only stator and rotor (b) side view with shaft (c) Mesh view 

As per availability issues in manufacturing, a duplicate stator has been used in these simulations is similar 

to IM made by Cummins (BCI-184) machine which has 36 slots double layer winding which is shown in 

Fig.  4.10. The rotor geometry is very important to achieve high peak and average torque having a smaller 

amount of torque ripples. The saliency ratio is affected due to rotor geometry which defines the number of 

flux barriers, pole numbers, edge effect its shape and dimensions. As the complete focus is on the flux 

barrier width of the rotor, thus the study of pole number and edge effects are also the subject of this work, 

therefore a rotor having 4 poles is studied and has been considered for the SynRM design. The shape and 

dimensions of the flux barrier is already depicted in Fig.  4.6, so that is why their positioning and width 

(dimensions) have been taken into account for the study in this research. The rotor hysteresis and eddy 

current losses are 56watts. The New core 1000/65 material with nonlinear lamination properly is selected 

for the design of stator and M350-50A used for rotor lamination material in the machine. The transient 

simulation at 500ms with the mode of velocity driven is done, it is noticed that starting torque of the 
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simulated machine is around 180Nm which is good, and the motor provides the nominal average torque of 

154.30Nm with almost 90% efficiency.  

 
(a) 

 
(b) 
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(c) 

Fig.  4.9 shows (a) the shaded plot view with 2.1 (Tesla) magnetic flux density (b) Flux linkage (c) shows the load 
force torque produced by the proposed machine 

 
Fig.  4.10 4 poles 36 slots double layer stator 

4.5 Design of 10kW SynRM for Direct- Drive Applications 
2DFE model of 8.58kW is produced by Infolytica Magnet machine design software to assess the 

effectiveness of the design as a direct-drive for the application of Raymond Pulveriser. The rotor is featured 

by 4 square shaped flux barriers as shown in Fig.  4.11. The machine design specifications are shown in 

Table 4-3. The machine is driven from optimised 36 slots double layer winding stator. The same 
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optimisation procedure is adopted as described in chapter 3. The stator dimensions are shown in Table 6-26 

(in the appendices). The rotor diameter is 300mm with 87mm shaft diameter and M-19-29 Ga material has 

been used for the machine design. The total optimised width of flux carrier is about 70.59mm whereas each 

width is 14.11mm. The overall flux barrier width is 49mm with 10.33mm each individual barrier is shown 

in Table 6-27 (in the appendices).  

 
Fig.  4.11 Square shaped 4 flux barrier for Raymond Pulveriser 

As per the optimisation process, 52% slot fill factor is used with 53 number of turns. The end winding 

resistance is 2.385Ω. The lap winding has been used with 9 coil spans, and Copper: 100% IACS 

(International Annealed Copper Standard). Total 7mm2 stranded conductor area is used to pass 26Amp 

current. The complete standard winding design specifications are shown in Table 6-28 (in the appendices) 

and full three-phase winding arrangement is shown in Fig.  4.12. The stator slots and teeth dimensions are 

shown in Fig.  4.13.  

Table 4-3 design specifications of the 8.58kW motor for direct drive application 
Item Value Item Value 

Phase Voltage  380V AC supply Frequency 50 Hz 
Power 8.58kW Synchronous Speed 105 rpm 

Airgap thickness 0.67mm Stator Winding Arrangement Double-Layer  
Rated Current  26 Amp  Rated torque 780Nm 

Waveform AC Sinusoidal Stator Winding Arrangement Double-Layer  
Efficiency 91.217% Shaft Diameter 87mm 

Shaft Diameter 87mm Stack Length 200 mm 
Pole Numbers 4 Number of phases 3 

Number of slots 36 Flux density 2.3 Tesla 
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  of  
Fig.  4.12 Combined layoutwinding arrangement of all phases  

 
Fig.  4.13 stator slots and teeth dimensions in millimeters 
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The proposed 2D FEM synchronous reluctance motor model having 8.58kW is shown in Fig.  4.14 (a-b) 

showing the side view and shaft with designed flux barriers. The simulation tested at 105RPM and the 

machine has good starting torque around 2400Nm and 780Nm average torque. The current, voltage and 

torque waveforms are shown in Fig.  4.15. The flux density is very higher 2.5T which is shown in Fig.  4.16, 

and the shaded plot arc graph is shown in Fig.  4.17.  

  
(a)       (b) 

Fig.  4.14 8.58kW proposed SynRM (a) side view of motor thickness (c) side view of stator, rotor, and shaft 

  
(a) 
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(b) 

 
(c) 

Fig.  4.15 shows 3.58kW SynRM design (a) current waveform (b) voltage waveform (c) Torque wave form 
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Fig.  4.16 shaded plot view of magnetic flux density 2.5T of 8.58kW motor 

 

The performance characteristics of the 8.58kW motor with torque, efficiency, along with power are depicted 

in Table 4-4 (optimisation 1). Here torque ripple is higher around 57%, so that’s why the author intended to 

increase the power up to 10kW. The core material is changed to M-15 26 GA of the main machine. This 

improved the efficiency of 93.34% and reduced the torque ripple 40.71% and the overall power is enhanced 

in (optimisation 2).  

 
Fig.  4.17 shaded plot field arc graph 
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Table 4-4 performance of SynRM motor by different optimisations 

 

 

 

  
(a) 

 
(b) 

Fig.  4.18 shaded plot view of magnetic flux density 2.5T (b) Torque waveform of the 10.21kW motor 

Optimisation No Torque in 
Nm 

Efficiency in % Power in 
kW 

T-Ripple in 
% 

1 802 91.01 8.58 57% 
2 867 93.34 10.21 40.71% 
3 756 91.31 9.10 216 
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The shaded plot view and torque waveform at 10.21kW is shown in Fig. 4.18 (a-b). The material of the 

machine is the same. In the next test, 3mm length of the flux barrier decreased and simulated with the same 

design. This reduced the torque up to 756Nm with efficiency of 91.31%. Hence, the overall power also 

decreased 9.10kW which is shown in Table 4-4 (optimisation 3), and the shaded plot along with torque 

waveform at 9.10kW is shown in fig. 4.19.  

   
(a) 

 
(b) 

Fig.  4.19 shaded plot view of magnetic flux density 2.47T (b) Torque waveform of the 9.10kW motor 
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4.6 Asymmetrical Rotor Geometry design  
In this section, the asymmetrical rotor geometry of SynRM based on the proposed method are analysed and 

the 2D finite element design and the effect of torque ripple, efficiency and power are examined. Different 

asymmetrical rotor shapes are tested. i.e. initially the length of the flux barrier is decreased from the right- 

side and the angle is increased. The other side of the flux barrier remains the same as the original. The 

asymmetrical rotor is shown in Fig.  4.20. All the parameters of flux barriers with torque, efficiency, power, 

and torque ripples are shown in Table 6-29 (in the appendices).  

 
Fig.  4.20 Asymmetrical rotor design at 20mm length decreased final Model 

The flux barrier length is reduced from the right side which results in an increase in efficiency. Fig.  4.21 

shows the efficiency improvement profile. The maximum efficiency is achieved when 20mm flux barrier 

length is decreased and, in the result, 93.8% efficiency is achieved. The torque profile is shown in Fig 4.22 

and the torque waveform is shown in Fig. 4.23.  
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Fig.  4.21 efficiency improvement profile 

 
Fig.  4.22 torque improvement profile 

The maximum torque 829Nm is produced when the 12mm flux barrier is decreased. It can be seen that the 

torque remains stable even 16mm flux barrier is decreased and starting torque reducing to 826Nm. After 

checking the asymmetrical geometry, the third flux barrier length is increased till the end of the outer 

boundary and a big change is seen in torque, and power as shown in Table 4-5 (optimisation 1). The torque 

increases to 973Nm. However, efficiency tends to reduce to 89.70%. Consequently, in the asymmetrical 

rotor of SynRM, the power is enhanced at 11.9kW.  
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Fig.  4.23  Torque profile of best machine when 2mm length decreased  

 

Table 4-5 performance of asymmetrical rotor when 3rd flux barrier end near the outer boundary 
 

 
Fig.  4.24  Rotor with increase 3rd flux barrier end near the outer boundary 

Optimisation No Torque 
in Nm 

Efficiency in % Power in 
kW 

Energy in 
Joules 

T-Ripple in 
% 

1 973 89.70 11.9 407 68 
2 491 90.54 5.97 216 157 
3 399 91.06 4.81 186 143 
4 759 90.83 9.63 340 61 
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In order to create the asymmetry from the left side, the flux barrier edges were cut and are depicted in Table 

4-5 (optimisation 2) and Fig. 4.25. The torque ripple is greatly higher 157% which is undesirable when the 

same edges were cut from the right side, as shown in Table 4-5 (optimisation 3) and Fig. 4.26, torque ripple 

is reduced to 143%.  

 
Fig.  4.25   Asymmetrical rotor while cutting one left side angle 

 
Fig.  4.26   asymmetrical rotor while cutting one right side angle 

The two shapes of flux barrier shapes are used (square and round), so, to check the performance of 

asymmetry on right side of the flux barrier kept square shaped and left side was changed to round shape as 

shown in Fig. 4.27. In this design, the torque is lower 759Nm and torque ripple is high 61% with 90.83% 

as depicted in Table 4-5 (optimisation 4).  
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Fig.  4.27  Asymmetrical rotor with one side square one side round 

Further 20 more parameters of LHS generated as depicted in Table 6-30 (in the appendices). This time the 

length is decreased, and the angle length kept same as shown in Fig 4.28. Now it has been observed that this 

increased the efficiency of 94.05% as shown in Fig. 4.29. Thus, it is observed that, the asymmetrical rotor 

contributes to increase in the torque ripple of the machine.  

 
Fig.  4.28   Asymmetrical rotor with length decreased from left and angle length remains the same 
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Fig.  4.29  Efficiency profile when length decreased and angle length remain the same 

4.7 12/8 SRM FEM Simulation  
This section describes the simulation of 12/8 switched reluctance motor which is shown in Fig. 4.30. In 

order to optimise the SRM, total of 440 samples have been tested as a trial and three optimisation carried 

out. A process of optimisation using static 2D finite element analysis Motor solve software is undertaken to 

analyse diverse design constraints. The conclusions are present with respect to torque and efficiency point 

of view. Different parameters have been optimised by surrogate and by considering the row number 15 and 

29 from Table 6-14 (in the appendices), and their simulation results have been discussed in detail. Using 

FEM based optimisation, stator pole arc, stator yoke thickness, stator inner diameter, rotor pole arc, rotor 

yoke thickness, and shaft diameter have been thoroughly assessed, 1.91T of flux density of sample 15 and 

torque is shown in Fig. 4.31. The torque produced by LHS sample 15 is 671.95Nm at 90.2% efficiency, the 

22.26A current, voltage graph is shown in Fig. 4.32. The copper losses are around 889W and the overall 

core losses are about 83.9W and are shown in Fig. 4.33.  

91.32
91.47

92.02

92.4

92.83

93.35 93.37
93.51

93.74

94.05

91

91.5

92

92.5

93

93.5

94

94.5

0 2 4 6 8 10 12 14 16 18 20 22

Ef
fi

ci
en

cy
 %

2mm Length decreased left



  

 128   
 

 
Fig.  4.30  12/8 switched reluctance model 

  
(a)       (b) 

Fig.  4.31  12/8 SRM simulation results of sample 15 
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         (a) 

 
(b) 

Fig.  4.32  Three phase current, and voltage graph of sample 15 

 
(a)             (b) 

Fig.  4.33  12/8 SRM copper and core losses of sample 15 

Similarly, the simulation results of optimised LHS sample number 29 have been described, in this sample 

the efficiency is slightly higher than sample 15 around 90.66% whereas, the generated torque is reduced 

630.15Nm. The magnetic flux density 1.91T and torque graph is depicted in Fig. 4.34. As per constant speed 
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and voltage operation, the current is reduced around 20.95A which is shown in Fig. 4.35. Due to the decrease 

of current the copper losses are also decreased to 798.7W and maximum core losses remain the same 

85.57W as shown in Fig. 4.36.  

  
(a)         (b)  

Fig.  4.34 12/8 SRM simulation results of sample 29 

 
                 (a)      
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(b) 

Fig.  4.35  Three phase current, and voltage graph of sample 29 

  
(a)                  (b)  

Fig.  4.36  12/8 SRM copper and core losses of sample 29 

In order to enhance the torque further, some slight modifications were made in the design and torque is 

enhanced in both the optimised design of sample 15 and 29. Based on the modified design of sample 15, the 

flux density 1.91 and torque 747Nm graph is shown in Fig. 4.37. The input current is about 25.71A and the 

three-phase supply voltage 380 is shown in Fig. 4.38. The copper losses are 1096watts and the iron losses 

are 82.96 watts as depicted in Fig. 4.39. Similarly, the slight modification is made in sample 29 but here we 

could not achieve the meaningful results, as the efficiency was slightly reduced to 90%. The torque is 

improved up to 728Nm. The flux density reduced to 1.897 with torque graph is shown Fig. 4.40. The current 

input is increased to 24.09A which is shown in Fig. 4.41 along with three-phase voltage and speed graph. 

Thus, the copper losses are higher due to high current 1007watts and the iron losses are reduced to 73.40 

watts as shown in Fig. 4.42.  
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(a)          (b) 

Fig.  4.37  12/8 SRM simulation results of modified sample 15 

   
               (a) 

 

(b) 

Fig.  4.38 Three phase current, and voltage graph of modified sample 15 
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(a)                (b)   

Fig.  4.39 12/8 SRM copper and core losses of modified sample 15 

  
(a)         (b) 

Fig.  4.40  12/8 SRM simulation results of modified sample 29 

   
             (a)              
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(b) 

Fig.  4.41  Three phase current, speed and voltage graph of modified sample 29 

  
(a)               (b)  

Fig.  4.42  SRM copper and core losses of modified sample 29 

The performance of the designed 12/8 SRM is analysed through finite element studies. The 2D finite element 

studies are carried out. By varying the design variables around starting values, the final optimised value is 

selected from the surrogate LHS sampling points. In the final design, the high-efficiency target for the 

machine size and parameters are chosen. The motor specifications are shown in Table 4-6. The FEM model 

is shown in Fig. 4.43. The optimal rotor diameter for the maximum efficiency is 300mm. The stator pole 

arc is 17.325 deg, the stator yoke thickness is 28.93mm. The stator inner diameter is 301mm. Rotor yoke 

thickness 33.91mm, rotor pole arc is 17.54 deg, and the shaft diameter is 140mm. At the rated operating 

speed 105rpm, 656.27Nm torque is produced at magnetic flux density 2T as shown in Fig. 4.44 and Fig. 

4.45. The current and voltage waveform is shown in Fig. 4.46 and Fig. 4.47, equating to approximately 

0.889kW copper losses and 0.091kW core losses.  
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Table 4-6 specifications for final model of SRM  

No: Item Value 
01 Input power 8.52kW 
02 Output power 7.63kW 
03 Torque 694Nm 
04 Efficiency 89.6% 
05 Voltage 257 V,RMS 
06 Current 27.3 Amps RMS 
07 Current density 2.73 (A/mm2) 
08 Total losses 0.98kW 
09 Winding 0.889kW 
10 Core losses 0.091kW 
11 Torque per unit rotor 

volume 
49.1 (kN.m/m3) 

12 Airgap stress 0.0245 (N/mm2) 

 

 

 Fig.  4.43   final 12/8 Switched Reluctance Motor Design 
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(a)              (b) 

Fig.  4.44  final 12/8 SRM simulation results of flux density and torque 

 
Fig.  4.45  average torque of final optimised design 12/8 SRM 

 
Fig.  4.46  Current Vs rotor position of final 12/8 SRM 
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Fig.  4.47  3-Phase voltage of final 12/8 SRM 

As per the results of both the reluctance machines. The higher efficiency and better performance 

characteristics are achieved in Synchronous reluctance machines. Therefore, the simulation results verify 

that 4 flux barrier synchronous reluctance machine would be the much better choice to select for the 

application of the Raymond Pulveriser.   

4.8 72/48 SRM Design and Simulation 
A three-phase 72/48 topology of SRM is projected in this work. This is based on a 6/4 SRM arrangement 

by the multiplying 12; the winding is placed on 24 stator poles. The detailed discussion and the existing 

machine used for the Raymond Pulveriser has already been discussed in the literature review current state 

of the art section and the complete system requirements are depicted in Fig. 2.4 and design parameters with 

the specification are shown in Table 2-1. The main benefit of the machines which has a greater number of 

poles is a small stroke angle. This leads to a very high average torque, a small torque ripple and shorter end-

windings [92, 224]. Conversely, the iron losses are greater, at a higher frequency. In this design, more than 

7 kNm torque is produced at 105 rated rpm. This arrangement has been placed in such a manner to minimize 

flux paths and reduce end windings effect which overall minimise losses and noise [20, 184, 225].  

The main plan of this machine design is to improve the geometry for enhancing the maximum efficiency, 

average torque, and least torque ripple. Stator and rotor over-all size for 72/48 SRM is achieved, and the 

optimisation of the motor parameters (such as the arcs of the pole, back irons, and heights of the pole) is 

carried out.  

4.8.1 Step 1 Initial design 
Depending on the geared system volume employed in Raymond Pulveriser, the stack length is 340mm and 

diameter is 1000mm, and other parameters are optimised. Generally, torque and power density is influenced 

by air gap length. This also depends on tolerance. The pole arcs βs and βr have some constraints as stated in 
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[92]. In this work, the stator pole arc is 2.95◦ and rotor pole arc is 3.05◦. Therefore, the pole width of the rotor 

and stator along with most influential parameters are taken from [91, 92]. The preliminary parameters are 

described in Table 4-7, whereas FEM design is depicted in Fig.  4.48. 

Table 4-7 The initial design parameters of the 72/48 SRM 

Parameter Value Parameter Value 
Machine size in mm 1000 Outer dia of the rotor in 

mm 
798 

Slot depth Stator in mm 84.55 Slot depth rotor in mm 29 
pole width of the stator in mm 20.59 pole width of the rotor in 

mm 
21.23 

Stator poles numbers 72 Stack length in mm 340 
coils per slot 2 filling factor in % 56.3 

Stator yoke in mm 15.45 Rotor yoke in mm 15.71 
Rotor poles numbers 48 Air gap in mm 1 

The angle of stator pole in degree 2.95 The angle of rotor pole in 
degrees 

3.05 

Winding Turns 12 Shaft dia in mm 708.58 

  

(a)         (b) 

Fig.  4.48  Initial 72/48 SRM design (a) from view (b) side view 

4.8.2 Step 2 Optimisation of major parameters 
Following main parameters such as βs, βr, bsy, bry, Np, Dsh are optimised whereas other parameters are fixed. 

The torque profile while changing the design parameters is depicted in Fig. 4.49. Input phase voltage are 

510V and the supply current is controlled by hysteresis current control. The effect of the most essential 

parameters are taken from [20]. The influence on average torque and torque ripple by the stator pole arc 

angle on the average torque is shown in Fig. 4.50 (a-d). This reflects that the variations in the average torque, 

and torque ripple, in the rotor pole arc angle in the range (2.95◦ and 3.2◦) and present effect of stator yoke 
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thickness (10 to 30 mm) and rotor yoke thickness (15 to 25 mm) on the average torque, and torque ripple. 

Simulations were run by changing the number of turns between 3-7. Fig. 4.49(e) shows that the highest 

average torque is obtained with 15 turns per coil configuration. Fig. 4.49(f) shows the shaft diameter, effect 

of torque ripple and torque. In practice, Dsh is a fixed parameter for a mechanical reason.  

 

(a)         (b)  

 

(c)       (d)  

 

(e)       (f)  

Fig.  4.49   varaitions of the torque and torque ripple as a finction of major parameters (a) Bs (b) Br (c) bsy (d) bry 

(e) Np (f) Dsh [43] 
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The conducted torque profiles and torque ripple by changing the parameters at the same time display in Fig. 

4.50. The best parameters values are βs = 2.85◦, βr = 3.15◦, bsy = 215 18 mm, bry =20 mm, and Np = 15 turns. 

The geometrical dimensions of the final design are shown in Table 4-8.  

 

(a)              (b) 

 

(c)       (d)  

 

(e)       (f)  

Fig.  4.50   torque ripple and average torque profile while parameters variations instantaneously. (a) Bs and Br (b) 

Bsy, Bry and Np (c) Bs and Br (d) Bsy, Bry and Np 
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Table 4-8 The final dimensions of the design 

Parameter Value Parameter Value 
The thickness of yoke (stator) in 

mm 
18 The thickness of yoke (rotor) 

in mm 
20 

Machine size 1000 Rotor dia (outside) 798 
The angle of stator pole arc in 

degrees 
2.85 The angle of rotor pole arc in 

degrees 
3.15 

Slot depth (stator) in mm 82 Slot depth (stator) in mm 39 
 Turns 15 Dia of the shaft in mm  680 

Pole width of the stator in mm 19.89 Pole width of the rotor in mm 21.93 
coils on each slot 2 Filling factor in % 70.3 

Rotor pole numbers 48 airgap 1 
 Stator pole numbers 72 Machine length in mm 340 

 

It is clear from Table 4-8, the angle of the stator pole is shorter than the initial design but it is quite close. 

Therefore, the optimum design has a greater number of turns. This increases the filling factor and decreases 

power loss [226]. The change in the inductance for the optimised SRM is closed with the unaligned point 

as compare to the initial model. Therefore, the optimised machine torque is higher within its region. 

Consequently, the loop of energy conversion is better for the optimised machine, which gives a better torque 

up to 7 kNm which has low torque ripples. The initial and optimised design profile loop is shown in Fig. 

4.51 and compares both the design characteristics. The diagram of optimised design for 72/48 SRM is shown 

in Fig. 4.52. 

                                      

Fig.  4.51  Energy loop comparison in between flux linkage and current curves for initial and optimised design 
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Fig.  4.52   The diagram of the optimised design 72/48 SRM  

4.8.3 Characteristics of 72/48 SRM design. 
In order to avoid the negative torque, the exciting phase winding near the unaligned position, the current is 

turned off quickly before the aligned position. The useful calculation has been made in [36] for the torque 

curve. The 3.75-degree angle represents the fully unaligned position and 7.5 refers aligned position. Fig. 

4.53 shows the torque against rotor position. The point range between 4.8◦ to 7◦ degrees have the peak torque, 

hence it is verified.  

 

Fig.  4.53   static torque versus rotor position of optimised SRM design at the variable current 
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Fig.  4.54  The flux density of the proposed machine 

 

The asymmetrical half-bridge converter is used to obtain the performance. The switching sequence at turn-

on angle 3.87 degrees and a turn-off angle of 6.37 degrees is selected and the current chopper control at A 

phase is applied. Fig. 4.54 shows the magnet flux arrangement at 105 rpm rated speed with 7.28 kNm torque 

of the two-dimensional FEM model which is developed for 72/48 SRM. When phase winding is energised, 

and then again it is turned ON after every 7.5◦. In Fig. 4.55 and Fig. 4.56, the torque and phase currents are 

specified as functions of the rotor position, 7.28 kN.m average torque, and 174A dc current is obtained. 

 

Fig.  4.55  Position of the rotor and developed Torque  



  

 144   
 

 

Fig.  4.56   position of rotor against current supplied 

 

4.9 Summary  
In this chapter. The design and FEM simulation of three machines is carried out. First of all, a 10kW 

synchronous reluctance motor is design and optimised. 24 and 36 number of stator slots are tested. Different 

number of flux barriers are designed with square and round shaped. Finally, 4 flux barriers rotor with square 

shape is chosen as a best machine in terms of low high torque production and efficiency for direct-drive 

mining application. The FEM simulation of 12/8 SRM is done while varying different stator and rotor 

variables. Additionally, the simulation of asymmetrical rotor geometry is done with improved efficiency 

and power ratings, but this contributed to high torque ripples.  

Then different designs o synchronous reluctance motor for closed coupled centrifugal pump is carried out 

and a 3 V-shaped flux barrier rotor is selected as best choice for the prototype. Further FEM simulation 

testing of 72/48 SRM is done with optimised variables. This machine has higher 1000mm diameter and 

high-power ratings 75kW. The final optimised design is chosen for manufacturing. The simulation results 

show the effective performances of all the machines and their experimental results are analysed in the next 

chapter.       
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Chapter 5 Experimental Validation 
 

Subsequently, the machine performance was examined in order to test the optimised rotor design scheme 

and the 3-flux barrier rotor design is chosen. For further refinement and Surrogate-based optimisation 

technique is applied with four main variables of rotor design which were flux barrier width, flux carrier 

width, shaft diameter, and barrier edge angle. Total 300 Latin hypercube samples are generated to check the 

torque, efficiency, torque ripples and magnetic flux density. Finally, the best design is selected for prototype 

development.  

Synchronous reluctance rotor is finalised and prototyped. The photographs of rotor manufacturing at the 

factory are shown in Fig.  5.1. The machine’s stator is taken from standard Cummins BCI-184F as a 

duplicate machine. The details of the rotor design and shape as per dimensions are shown in Table 6-22 and 

6-23  (in the appendices). The Cummins stator has double- layer star connected distributed winding machine 

and each layer having 144mm2 surface area which is shown in Fig.  5.2. It is adequate to operate as a main 

AC power supply for various applications such as commercial applications, household appliances, small 

scale residential use and electrical lighting.    

 
(a)                                                (b) 
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(c) 

Fig.  5.1 photographs during the manufacturing (a) initial rotor manufacturing stage laminations of the prototyped 

rotor (b) dimensions of rotor design settings on CNC machine (c) cutting of laminations as per the proposed shape 

of the rotor. 

The details of rotor specifications and dimensions are shown in Table 6-25 (in the appendices). The 

symmetrical rotor with three V-shaped flux barriers manufactured by the factory is shown in Fig.  5.3 and 

the filling of PVC material inside of the flux barriers are shown in Fig. 5-4 and Fig.  5.5, filling of PVC 

material inside with cover plate and assembled rotor with the shaft is shown in Fig.  5.6. 

 
Fig.  5.2 Cummins BCI-184F machine 
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Fig.  5.3 photograph of the manufactured rotor from the factory 

  
Fig.  5.4 photograph of the PVC filling inside of the rotor flux barriers 

 
Fig.  5.5 photograph of the PVC filling inside of the rotor with cover plate 
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Fig.  5.6 photograph is assembled rotor with shaft 

The rotor is assembled and polished through the machining process, which is shown in Fig.  5.7. In order to 

improve the rotor’s mechanical integrity in the manufacturing process, polyvinyl chloride material is 

inserted inside of the flux barrier. The complete rotor manufacturing stages from manufacturing in the 

factory to the assembled rotor in the machining process are shown in Fig.  5.8. As it has already been 

described, the stator for the proposed motor used is identical of standard Cummins BCI-184F machine, and 

the complete specifications are described in [207, 208]. There is a short-pitched 2/3 winding arrangement 

with double layer star connection. Each slot area is 144mm2 for individual layer. The experimental test rig 

of the whole work is built and tested as depicted in Fig.  5.9. 

 
Fig.  5.7 photograph of the assembled rotor after machining 
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5.1.1 Rotor Fabrication 
 

 

Fig.  5.8 prototype development stages of the proposed rotor (a) early manufacturing from the factory (b) 

manufactured design rotor (c) flux barrier filling with magic (d) flux barrier insertion with magic and PVC filling 

with magic and PVC (e) assembled rotor with shaft (f) final assembled rotor after machining 
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Fig.  5.9 Experimental test rig 

A. The SynRM      B. Siemens Drive      C. 55kW load motor  

D. ABB Drive   E. Temperature meter    F. Oscilloscope Tektronix TDS 2024B 

G. Torque meter JN-338    H. Fluke power meter 

I. Multimeter        J.     Speed meter       K. Torque transducer  

L. Siemens circuit breaker CDM10-100/3300 Delixi 

M. Motor side coupling       N. Load side coupling 

5.2 Specifications of the Original Machine 
Table 5-1 provides essential stator specifications. This is a duplicate machine made by Cummins PI-144F. 

The photograph and the detailed specifications are taken from the supplier as depicted in Fig. 6.1 (in the 

appendix) and full details are available in Table 5-1.  

Table 5-1 Specification of Cummins stator PI-144F 

Item Value Item Value 

Rated Frequency (Hz) 50 Stack Length (mm) 200 

Winding Arrangement Double-layer Star Power ratings in  kVA 27.5 

Stator OD (mm) 310 Rated Speed (rpm) 1500 

Stator Slot Number 36 Numbers of poles 4 

Rotor OD (mm) 188 Rated Power Factor 0.8 

Stator ID (mm) 192 Rated Line Voltage (V) 380 

 

5.3 Test proceedings 
The following equipment BS EN 60034-4:2008 and BS EN 60034-2-1:2007 has been selected as per British 

standards. 
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5.3.1 Voltage 
Three-phase AC Synchronous motor should be appropriate for balanced and sinusoidal voltages, during 

rated load conditions limits of distortion and inequality occur, therefore temperature should not reach to a 

hazardous level. 

5.3.2 Frequency 
Throughout the testing, 0.3% of the overall frequency should be maintained. 

5.3.3 Resistance 
Generally, in the stator winding, line-to-line resistance is considered for AC machine is a polyphase system. 

The test resistance should be find out within the quickest time interval to avoid any thermal interference. 

5.4 Direct measurement 
5.4.1 Winding resistance and inductance measurements 
The measurements of resistance and inductance are taken at the winding connections while keeping the 

rotor at a stationary position at ambient temperature (14°C). The measurement of stator winding resistances 

and inductances are taken separately for each phase. Three readings are taken from the outer winding 

terminals, as shown in Table 5-2. The three-phase winding terminals have been presented in Fig.  5.10 and 

photographs of 3 winding-resistance reading are shown in Fig.  5.11. 

Table 5-2 Resistance and Inductance measurement results 
Phase The line to line resistance of the 

winding in Ω 
the line to line winding 

Inductance in henry 
 

Phase-1 0.247 0.839 

Phase-2 0.268 0.839 

Phase-3 0.245 0.837 

Average 0.253 0.850 
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Fig.  5.10 Three-phase double layer winding terminals 

 

    
(a)                                                    (b) 

 
   (c)       (d) 

Fig.  5.11 3 resistance taken from winding Photographs of (a) 3-phase terminals (b) winding 1 resistance (c)  

winding 2 resistance (d) winding 3 resistance 

5.4.2 Torque measurement 
The JN-338 Series torque measuring instrument used in this experiment is from SanJing United Technology 

Corporation, Beijing as presented in Fig.  5.12. Fig.  5.13 shows the torque transducer used for measuring 
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the torque. ± 0.2% precision is available to measure 100N-m. Generally, the square-wave signal is produced 

by transducer which refers as an input signal at a certain frequency, as depicted in Fig.  5.14. 

 
Fig.  5.12 Torque measuring instrument JN-338 series 

 
Fig.  5.13 Torque transducer coupled with the shaft 

 
Fig.  5.14 Torque signal 
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The following equations are used for torque amplitude calculation: 
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where torque signal represents the frequency f, positive frequency is represented by fp at 15 kilo Hertz, zero-

point frequency is denoted by f0  at 10 kilo Hertz, The negative frequency of torque is denoted by  fr at 5 

kilo Hertz, and N shows maximum amplitude of torque with full scale here 100 N-m torque is considered.  

5.4.3 Speed measurement 
The speed signal is similar like a torque signal as a square wave. The square-wave frequency signal indicates 

the machine speed established on the equation as follows: 

Ns= 60*f / Z 

Here frequency signal is represented by f and Z is overall tech numbers of teeth. For the current device 60 

number is calculated. The torque and speed signals example are depicted in Fig.  5.15.  

   
(a)          (b) 

Fig.  5.15 photographs of (a) torque and (b) oscilloscope signals of speed measurement  

5.4.4 Megger Testing. (Winding short circuit test).  
The megger testing is carried out on each of the winding to avoid the short circuit with the stator. The meter 

reading is very high more than mega-ohms (MΩ) and through this test, it is confirmed that winding 
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insulation is proper and high temperature will not damage the insulation. Fig.  5.16, is the photograph of 

megger testing. 

 
Fig.  5.16 photograph of 3-phase stator winding megger testing 

5.5 Indirect Measurement 
The following subsections explain the indirect measurements and calculations. 

5.5.1 No-Load test 
This test is carried out while running the SynRM without coupling shaft with other machines, at rated current 

and voltage (by adjusting the supply frequency from 0 to 50Hz). The test is conducted at ambient 

Temperature=16.5⁰ C. Initially the machine is run for 30 minutes to know the stability as well as temperature 

rise. During the no-load test, supply frequency is changed with gradual steps and different points with the 

help of 22kW Siemens micro master 440 variable frequency drive as shown in Fig.  5.17. Its parameter 

setting is also described in the next section. 

The testing is done at fifteen different driven speed and at ten different frequencies. The frequency is varied 

at steps: 5 up to 32Hz. Thus, the machine speed is changing according to synchronous speed from 150 to 

1500 RPM. 
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Fig.  5.17 Siemens Micromaster 440 of 22kW variable frequency drive 

  
(a)        (b)    

 
(c) 

Fig.  5.18 No-load test results (a) RMS current and voltage and current value (b) voltage waveform (c) total 

harmonic distortion 



  

 157   
 

The following readings are recorded simultaneously.  

--Supply frequency; 

--Temperature; 

--Speed; 

--Current 

--Voltage; 

--Harmonics; 

The no-load test results are shown in Table 6-32 in the appendix and test results are shown in Fig.  5.18. It 

has been observed that as the machine is running continuously, it is more stable in terms of current and total 

harmonics distortion.  

5.5.2 No Load Test while coupling the shaft with 55kW load motor  
The test is conducted at ambient temperature=13.3⁰C. A 55kW PMSM is coupled with the tested machine 

as shown in Fig.  5.19. The load motor specifications are depicted in Table 5-3, and overall data results are 

shown in Table 6-33 (in the appendices). In the test below, intervals of 5 Hz frequency is varied and the 

results are taken after each step. For temperature measurement, 5 PT100 type thermocouples are used, 3 of 

them are used to measure the winding temperature at 120 mechanical degree apart and remaining 

thermocouples measure stator core temperature. The photographs of thermocouples, their ohmic reading as 

well as their various locations on the stator are shown in Fig.  5.20.   

 
Fig.  5.19 load machine of 55kW coupled with during no load 
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Table 5-3 specifications of 55kW load motor 

Item Value 

rated power 55kW 

speed 3000rpm 

torque 352Nm 

No: of phases 3 

P.f 0.88 

Drive system ABB-ACS800 

  
(a)                                                (b) 

 
(c) 

Fig.  5.20 Photographs of (a) thermocouples PT100 (b) Ohmic reading on multimeter (c) location of 5 

thermocouples on the stator.  

Fig.  5.21 shows the temperature readings at 5 to 50Hz and frequency versus speed chart is shown in Fig.  

5.22, while gradually increasing the frequency, the speed varies in a linear trend way from 150 to 1500rpm.  
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Fig.  5.21 Temperature graph as different input frequency and speed 

 
Fig.  5.22 frequency Vs speed chart and linearly trend line 

Fig.  5.23 shows the vibration reading measured from 0 to 50Hz. Also, the total harmonic distortion has 

three data measurement which is written separately in Table 6-34 (in the appendices). The line to neutral 

and line to line voltages and harmonics are measured at 50Hz which are shown in Fig.  5.24. After 30Hz 

data collection, the interval is reduced to 2 and 3Hz for safety so that the temperature and current should not 

exceed the higher rated value. 
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Fig.  5.23 vibration measurement at variable frequency 

 
(a) 

 
(b) 

Fig.  5.24 shows (a) 3-phase current and voltage reading (b) total harmonic distortion measurement at 50Hz 
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Additionally, it can be noted that the from no-load test results, the number of harmonics and vibration is 

decreasing as the machine is getting higher speed mainly due to this fact the machine’s performance 

becomes more stable. The reduction of harmonics and vibration content is, therefore, an important 

achievement in the results. 

5.5.3 LOW-Speed test 
To verify the performance of the test machine, the low-speed test is performed. In the low-speed test, 

different performances of synchronous reluctance motor are assessed. The speed is varied from 150 to 

1500rpm by Siemens micro master 440 variable speed drive. The load motor of 55kW is driven by ABB 

ACS800 anti-clockwise direction at a different speed and torque settings and all the parameters are noted 

such as current, voltage, power, power factor and harmonics. The load motor of 55kW specifications are 

depicted in Table 5-3 and the related machine data calculation is as follows: 

Calculation of Torque in the motor which is under test: 

Test machine power rating is 24KW and RPM are known then we can calculate the torque as follows: 

T= 9.55∗24

1500 𝑠𝑝𝑒𝑒𝑑 𝑖𝑛 𝑅𝑃𝑀
= 0.1528𝑘𝑁𝑚 𝑤ℎ𝑖𝑐ℎ 𝑖𝑠 𝑒𝑞𝑢𝑎𝑙 𝑡𝑜 152𝑁𝑚 

Similarly, the equation below can also be used as follows. 

T=30∗𝑃𝑜𝑤𝑒𝑟

 𝑝𝑖∗1500
=

30∗24

3.14∗1500
= 0.152𝑘𝑁𝑚 = 152𝑁𝑚 

55kW motor as a load torque calculation  

T= 9.55∗55

1491 𝑠𝑝𝑒𝑒𝑑 𝑖𝑛 𝑅𝑃𝑀
= 0.352𝑘𝑁𝑚 𝑤ℎ𝑖𝑐ℎ 𝑖𝑠 𝑒𝑞𝑢𝑎𝑙 𝑡𝑜 352𝑁𝑚 

Similarly, the equation below can also be used as under: 

T=30∗𝑃𝑜𝑤𝑒𝑟

 𝑝𝑖∗1491
=

30∗55

3.14∗1491
= 0.352𝑘𝑁𝑚 = 352𝑁𝑚 

The loading machine is operated by ABB ACS800 drive. Both the drive parameters settings are described 

as follows. 

First of all, we need to know the design parameters means specifications of the machine (test machine and 

load machine) which are as shown in Table 6-22 (in the appendices) and Table 5-3 and then all the 

parameters are inserted into the drive step by step.  
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5.5.4 Steps of parameter settings of Siemens Micromaster 440  
The Siemens Micromaster 440 used in the experiment is shown in Table 6-31(in the appendices) equipment 

(2) and the drive parameter are shown in Table 5-4. The following steps are taken to drive the synchronous 

reluctance motor. 

 Step-1= First of all, turned ON the power supply of the Siemens drive and then pressed “P”, then all the 

things are turned into zero-zero, from the up-arrow key pressed to 10, and used FN (function) key and Enter. 

The screen turned to zero and then again pushed arrow key and then selected as 1 and then pressed “P”, 

from above all the steps screen showed as P0010 which means that the drive has reached quick 

commissioning mode.  Now as per the given manual, number 304 is the voltage which is required to be 

inserted in the drive. In this way, voltage, 380 are inserted, we can change any voltage as per given 

specifications of the machine while pressing “P” and scrolling the arrow key and then press enter. For the 

next variable enter “P” and chose 305 for current and insert the current 26A and press “P” to get the next 

value 307 which is rated power in kilowatt. As our machine’s rated power is 24kW. For the next value 

which is 308 actually means to enter the power factor 0.88. The next value is 310 which means the frequency 

at 50Hz. The next value is 311 means speed in RPM and then press “P”. It is noted that whatever the 

parameters we want to select we can give the input to the machine as per requirement. 

Step-2= The number 1 means to locally control the machine locally from the red button, for remotely control 

option 2 was for PLC type control. As per our preferences, we run the machine from locally throughout, so 

we just kept the mode at digit 1 and then pressed “P”. 

Step-3= Now we need to set the Ramp-up and Ramp downtime which means that within how many times 

the machine should be started and get the maximum start-up time like in 5 or 10 seconds or 4 seconds etc. 

The digit 21 means within how many seconds the machine should be stopped, this may be 10 seconds and 

then press enter P. and with the arrow key select digit 2 which means that all the values will be automatically 

calculated and will be recorded and then again press P. Now busy signal will come on screen which is 

calculating and synchronizing with motor. Now P3900 will be appeared and then press FN key and it will 

come r0.000, so now press ‘P’ and the machine is ready for start-up. Now from the red button top left to 

give the command to start. As we select the low frequency ‘0’ then it will remain minimum at 5Hz which 

will also be displayed on the screen and now from up-arrow key increase the frequency which will increase 

the speed as per our desired value. Now increase the frequency up to 50Hz and now can be stopped with 

push button, if we want to run the reverse direction then press the reverse arrow key and machine will run 

in the reverse direction.  It should also be noted that the –ve sign on the screen will also appear which reflect 

the reverse rotation of the machine.  
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Table 5-4 Siemens micro master drive parameters selected for Synchronous Reluctance Machine settings 
P0003 1 

P0004 0 

P0010 0 

P0100 0 

P0304 (VOLTAGE) 380 

P0305 (CURRENT) 26Amp 

P0307 (Power) 22kW 

P0308 (Power Factor) 0.8 

P0310 (Frequency) 50Hz 

P0311 (Speed) 1500RPM 

P0700 1 

P0970 0 

P1000 1 

P1080 (Minimum frequency) 0 

P1082 (Maximum frequency) 50 

P1120 21.10 

P1121 10 

P3900 0 

 

5.6 Steps of parameter settings of ABB Drive ACC800 
The ABB drive ACC800 is shown in Table 6-31 (in the appendices) equipment 8 and the drive parameters 

are shown in Table 5-5. First of all, we need to find the data of the machine for the start-up like kilowatt, 

frequency, voltage, current and motor speed.  

Step-01. Turn the power supply and press PAR key and now this will take us into the parameters headings 

as we need to find the group 99 which need to be selected for our operation. 

Step-02. Now press scroll key which is on the second row left first (double arrow bottom dark black). Now 

press the button until it comes 99 and from this language, the option will appear.  

Step-03. Now press 3rd row which is at the 1st right button (single arrow). As we go down, we find the values 

which need to be changed so we need to reach towards the speed option. 

Step-04. Press enter, now bracket will appear on the current value and to change the value use single arrow 

key Up and Down, once we have the correct value of speed the press Enter and now bracket will be removed, 

we follow this process right way to group 99 with all the data available on the motor nameplate.  
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Step-05. Once we have provided all the input settings, now we need to get back to the home page. This is 

done by simply pressing the ACT button, which means the actual key. As we have entered all the data in 

group 99 ready to start the drive.  

Step-06. Now we need to check the drive is being controlled by locally or not, so on the top left-hand corner, 

as it can be seen that, there is no L written on the screen which is what we are looking for.  

Step-07. Now press LOC. Left 1st Row on the 4th number and now alphabet L will appear. Now we have full 

control over the drive on the motor from our key part. 

Step-08. Now press REF Key and bracket will appear on the top, and Hz signal, now we can then enter the 

drive reference frequency.  

Step-09. As all the required setting is done now the machine is ready to start then press the start key. The 

overall low speed test data results are shown in Table 5-6 and Table 6-34 (in the appendices).   

Table 5-5 ABB Drive parameters selected for couples machine ACC800 start-up settings 
Language English 

Motor ID run mode IDMAGN 

Motor Nom power 55kW 

Motor Nom Speed 1491 

Motor Nom Frequency 50Hz 

Motor Nom Current 100Amp 

Motor Nom Voltage 380 

Motor Control Mode SCALAR✓/DTC 

Application Restore No 

Application Macro Y-CTRL 

 

Table 5-6 Low-speed Test Temperature readings of the test machine from 0-50 frequency and 0 to 1500RPM rated 

speed. 

Frequency T1 T2 T3 T4 T5 RPM 

5Hz 29.3 30 31.9 32 27.6 150 

17Hz 32.3 34.1 37.2 30 31.4 513 

25Hz 32.3 34 36.6 31.3 31.8 750 

0.9Nm Torque applied by ABB at 50Hz 
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25Hz 32.8 34.5 36.8 33 32.7 750 

30Hz 32.8 34.2 36.7 33.2 33.2 899 

1.4Nm Now Torque Applied on the machine 

30Hz 32.7 34.1 36.7 33.4 33.6 900 

35Hz 33 34.5 37.1 33.6 34.1 1050 

1.7 Nm Torque Applied on the machine 

35Hz 33.5 34.9 37.5 34.3 34.6 1050 

40Hz 34.1 35.2 37.9 34.8 35.7 1200 

2.3Nm Now Torque Applied on the machine 

40Hz 34.2 35.2 37.9 34.4 35.9 1200 

45Hz 35.4 36.2 39.5 36.2 36.8 1356 

3.4 Nm Torque Applied on the machine 

45Hz 36.1 37 40.2 37.1 37.8 1350 

50Hz 36.6 37.7 41.1 37.6 38.3 1500 

 

Table 5-7 low speed test current, voltage, power and power factor 

Frequency RPM Current 
in 

Amps 

Voltage 
in V 

Power in 
kW 

P.f 

5Hz 150 18 139 0.22 0.09 

17Hz 513 18.2 163 0.36 0.12 

25Hz 750 17.8 181 41 0.14 

Now Torque applied by ABB at 50Hz 

25Hz 750 18 181 0.51 0.16 

30Hz 899 18 192 0.54 0.17 

Now Torque Applied on the machine 
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30Hz 900 18.2 191 0.68/0.76 0.21 

35Hz 1050 19 200 0.85 0.224 

Now Torque Applied on the machine 

35Hz 1050 18.8 200 0.94 0.25 

40Hz 1200 18.9 211 1.10 0.26 

Now Torque Applied on the machine 

Same all 1200 18.9 211 1.10 0.27 

45Hz 1356 20.7 227 1.17 0.28 

Now Torque Applied on the machine 

45Hz 1350 20.7 226 1.76 0.37 

50Hz 1500 23.8 239 2.29 0.41 

 

Table 5-8 Harmonics produces by the SynRM and parameter settings of load motor. 

Harmonics Torque 

Nm 

ABB drive 
reference settings 

Hz/Rpm 

ABB Drive 
current 

512% 0.2 0.1Hz/  

44.7% 0.42 0.6/-9.8 2.4 

 0.5 0.6/-9.8 2.9 

Not Torque applied by ABB at 50Hz 

14.5/4.9/0.4  0.8/-11.7/-52% 45/6.3 

8.3/3.0/0.5 0.9 0.8/-11.7 45/6.3 

Now Torque Applied on the machine 

8.5/3.3/0.2 1.4 1/68% 68/10.1 

7.5/4.8/0.3 1.7 1.1/-77% 67/11.4 

Now Torque Applied on the machine 

7.4/4.2/0.2 1.7 1.2/-16rpm/-84% 72/15 
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12/8.2/2 2.3 1.2/-16rpm/-84% 72/15 

Now Torque Applied on the machine 

12/8.1/0.3 2.3 1.4/-19/99 86/19 

7.2/6.3/0.2 2.9 1.4/19.6 84/11.8 

Now Torque Applied on the machine 

7.2/6.2/0.3 3.4 1.7/-
23.8/117.74T 

102.84/12 

5.9/6.1/0.3 3.9 1.7/-24.7rpm/-
113T 

99.74/18 

 

5.6.1 Low-speed test operation 
Initially, the tested machine is started while giving three input frequency steps. The frequency is increased 

at 5, 17 and 25 hertz and speed are increased up to 750rpm, then gradually 0.9Nm torque is applied on the 

machine by 55kW load machine. The loading machine has 0.8Hz frequency and (-ve) 11.7rpm at 6.3A 

current.  It has been observed that when the main motor frequency is increased then there is a change in 

ABB drive speed, torque as well as drive current. The temperature readings are shown in Table 5-6 whereas 

current, voltage, power, power factor and harmonics are shown in Table 5-7 and the harmonics reading and 

parameter setting of the load drive motor is shown in Table 5-8. The photographs of ABB drive penal setting 

are shown in table 6-31 and reading details are shown in Table 5-9 (A), first ABB drive penal reading -

9.8rpm anticlockwise applied at 0.6Hz and the -35% torque and 30.54A current draw by the load motor (B) 

second ABB drive penal reading 0.8Hz frequency, -11.7rpm at -52.75% torque applied which draws 46.65A 

(C) third ABB drive penal reading 1.1Hz -14.9rpm at -77.64% torque and 67.76A (D) fourth ABB drive 

penal reading 1.4Hz, -19.6rpm, -96.49% torque and 83.76A current.  

Table 5-9 Torque applied by load machine ABB drive penal 

Steps Torque (Nm) Frequency (Hz) Speed (rpm) Current (A) 

A 35.19% 0.6 9.8 30.54 

B 52.75 0.8 11.7 45.65 

C 77 1.1 14.9 67.25 

D 96.49 1.4 19.6 83.76 

5.6.2 Over speed test  
To verify the stability of the machine at high speed, the over speed test is performed. Firstly, the machine 

normal speed at 1500rpm and then gradually speed is increased while varying the frequency from 51-55Hz. 
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It is observed the machine is running well with thermally stable characteristics. The experimental results of 

over speed test are shown Table 5-10 and  

Table 5-11. The photographs of over speed test result up to 55Hz are shown in Fig.  5.25 and Fig.  5.26 (a) 

voltage and current reading (b) waveform of voltage and current (c) Power and power factor results and (d) 

harmonics reading.  

Table 5-10 Overspeed test results while varying frequency 50 to 55Hz 

Speed 
Rpm 

Frequency 
in hz 

Voltage in 
V 

Current in 
Amps 

Power in 
kW 

P.f Harmonics 
in % 

1530 51Hz 245 18.6 0.68 0.44 6.6% 

1560 52Hz 246 22.5 0.67 0.63 6.3% 

1590 53Hz 249 18.0 0.65 0.59 6.3% 

1620 54Hz 251.9 18.1 0.65 0.65 6.9% 

1635 54.5Hz 250 17.3 0.64 0.64 6.3% 

1650 55Hz 251 17.2 0.64 0.64 6.4% 

 

Table 5-11 Overspeed Test Temperature readings of the test machine from 0-50 frequency and 0 to 1500RPM rated 

speed. 

Speed Rpm Frequency T1 T2 T3 T4 T5 

1530 51Hz 29.5 29.6 32.1 23.4 31 

1560 52Hz 29.8 30 32.4 27.4 31.7 

1590 53Hz 30.2 30.2 32.7 29.2 31.9 

1620 54Hz 30.3 30.3 33 31.7 32.2 

1635 54.5Hz 30.6 30.8 33 31.3 22.6 

1650 55Hz 30.9 30.8 33.1 32.3 32.8 
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Fig.  5.25 equipment used and test results of over speed 

  
(a)              (b) 

  
(c)            (d) 

Fig.  5.26 over speed test results up to 55hz maximum 

After testing the 51Hz frequency the input frequency is increased at 52Hz through Siemens drive and motor 

reached 1560rpm with 0.124 harmonics. In the next step, the input frequency is incrementally increased by 

the step of 1 and now the frequency reaches at 53Hz with 1590rpm. Similarly, the input frequency is 
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enhanced by Siemens drive up to 55Hz at 1650rpm. The maximum current is produced at 55hz is 17.2 along 

with 249.3 rms voltage at 0.65kW power. The test results and parameters are shown in Table 5-12.  

Table 5-12 over speed test results data at 55hz 

Item Value 
Current 17.2 

Voltage (r.m.s) 249.3 
frequency 55hz 

Speed in rpm 1650 
Torque in Nm 0.7512 

Temperature in ºC 22⁰C 
Harmonics in % 6.5% 

Power in kW 0.65 
KVA 4.25 

KVAR 3.78 
P.f 0.15 

 

5.6.3 Retardation Test 
The retardation test is carried out at 16.3⁰C ambient temperature. In this test, the test machine (synchronous 

reluctance) is started and its speed is increased up to rated 1500rpm and then the machine is suddenly 

stopped while cutting the supply off from the Siemens drive and the time of retardation is calculated. During 

startup, the total time taken is 3 minutes and 36 seconds to reach the maximum speed 1500RPM. The current 

is reached 18.1A and 240 voltage at the 50Hz input frequency. The photographs of retardation test results 

are shown in Fig.  5.27 (a) voltage and current reading (b) waveform of voltage and current (c) Power and 

power factor results and (d) torque and speed measurement. The readings are depicted in Table 5-13.  

  
(a)       (b) 
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(c)      (d) 

Fig.  5.27 retardation test results 

Table 5-13 retardation test results 
Item Value 

Total Speed up time 3 minutes and 36 seconds 
Current 18.6Amp 
Voltage 149V 

Frequency 50Hz 
Harmonics 7.4% 

Power 0.4kW 
Active Power 3.35kVA 
Power Factor 0.12 

Speed 1500RPM 
Torque 0.5 Nm 

Retardation time 1 minute 2 seconds 
Machine running temperature 24 deg C 

5.6.4 Analysis of Experiment Results 
The main objective of the experiment work is to validate the simulation models during no-load, low speed 
and over speed tests. In addition, the accuracy of each method to predict the temperature at different speed 
of the machine is determined. In the over speed test as per Siemens drive default settings machine is started 
at a 5Hz frequency which runs at 150RPM at ambient temperature 16.2-degree centigrade. 5 thermocouple 
temperature sensors have been located at different positions in the test machine. Three sensors are used for 
winding and their location is 120 mechanical degree apart and two sensors are located at stator outer body. 
The results of over speed test of all the parameters and temperature parameters are shown in Table 5-10 
and  

Table 5-11 respectively. The readings T1, T2, and T3 show the winding temperature whereas T4 and T5 is 

the stator outer body temperature. The speed is controlled from the input supply frequency from Siemens 

drive. It can be observed from the data reading that the T3 has the highest reading 33.1⁰C at the 15Hz 

frequency with 1650RPM. The remaining temperature readings are below maximum which reflects that the 
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machine the thermally stable. The graph of the bar chart also depicts the temperature reading under various 

frequency changes as shown in Fig. 5.21. The no-load experimental data of speed, current, voltage, power, 

power factor, harmonics, and vibration are shown in Table. 6-32. The corresponding photos of 3-phase 

current waveform, amperes, voltage and frequency values with total harmonics distortion and generated 

torque waveform are shown in Fig. 5.18. It is observed that initially, the machine has high vibration at low 

speed but, as the speed is increased, the machine is also stable which is very good in terms of mechanical 

point of view.  

5.6.5 Electromagnetic Comparison Between FEM and Experimental Results.  
The main electromagnetic deign aspects of 24kW Synchronous Reluctance Motor are presented in the 

section. The type of rotor having 3-V shaped flux barriers is considered for numerical and experimental 

work is shown in Fig. 5.28. The rotor configuration is well suited for the in terms of electromagnetic 

performance. The thermal design aspects are already presented in the chapter 5. However additional 

electromagnetic performance in terms of speed, magnetic flux density, current and voltage properties are 

discussed in the section.   

   

(a)      (b)          

Fig.  5.28 V- Shape rotor of (a) numerically and (b) experimentally design 

Generally, the performance of an electrical motor with electromagnetic design aspects is considered to be 

an independent phenomenon with respect to machine speed, and mostly the mechanical and thermal 

properties are dominated in the design. However, there is an increasing trend in matching both numerical 

and experimental electromagnetic performance to improve the accuracy of the design challenges. 
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The rotor of SynRM is traditionally manufactured by ALA (axially laminated anisotropy) and TLA 

(transverse laminated anisotropy). It has already been mentioned that the kind of ALA construction produces 

extra weight on the rotor and causes excessive flux leakages. Consequently, TLA type construction is the 

preference in most of the rotor construction while its capability to have good balancing, no vibration. As the 

main objective of this section is to illustrate the electromagnetic performances, so a time-stepping 2D FEM 

is chosen for discussion. In other words, speed, flux density, current and voltage results are taken into 

account in the analysis. The graph of FEM and Experiment results of speed is shown in Fig. 5.29. In the 

FEM model speed graph is taken after transient analysis and the date is taken from the speed results window 

from the Infolytica Magnet software. Usually the output speed results are in degree per second which are 

converted into RPM. In the experimental results, the speed is gradually varied by varying the input 

frequency of the Siemens drive. The speed signal is varied from 0 to 50Hz input frequency. The complete 

steps are already described in section 5.5.2. The discrepancy in the test results between simulation and 

experimental confirms the finite element simulation which shows the rotor comprised of 3-V shaped flux 

barrier design and 4 flux carriers works effectively. From the data analysis, there is a little bit difference 

between two results due to effect of end winding of two-dimensional finite element analysis. Fig. 5.30 shows 

the magnetic flux density in Tesla, and the complete data is shown in Table 6.36 (in the appendices).      
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Fig.  5.29 Numerical and experiment speed results 

 

Fig.  5.30 Magnetic flux density vs time graph 

A further test is carried out to measure the current and voltage of simulation and experimental results under 

several rotating speeds. The procedure for changing the speed in both simulation and experimental work is 

similar as described above. The RMS voltage and current of simulation and experimental results are plotted 

against speed as shown in Fig. 5.31 and Fig. 5.32 respectively.  
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Fig.  5.31 Comparison of Numerical and experimental results of voltage vs speed 

 

Fig.  5.32 Comparison of Numerical and experimental results of RMS current vs speed 

In the experimental setup, the operation of variable speed is varied through the interval of 5Hz frequency 

with the control knob of the Siemens 440 drive. Each time the speed is measured through speed meter as 

depicted in Table- 6-31 row 4 (in the appendices). The maximum speed 1500rpm is achieved at 275 volts 

and the maximum speed is accomplished through experimental results and at 240 volts the 1500RPM is 

achieved by simulation results. The combined speed, voltage and current graph obtained by the experimental 

results are shown in Fig. 5.33, and the combined simulation results are shown in Fig. 5.34. It can be seen 

that due to end winding resistance the experimental voltage is slower than the simulation results. 

Additionally, the material characteristics incorporated into the simulation are not similar as compare to those 

of the actual material used in the manufactured rotor for experiment. Whereas the speed graph is almost the 

same in both simulation and experimental results. Since the speed, current and voltage results are influenced 

by the rotor design, so the optimisation gives effective results.      
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Fig.  5.33 Combined current, voltage and RPM graph of experimental results 

 

Fig.  5.34 Combined current, voltage and RPM graph of numerical results 

5.7 Experimental verification of 72/48 Switched reluctance motor 
The experiment test has been done to validate the developed design optimisation of 72/48 SRM. The 

fabricated machine is shown in Fig. 5.35. The design statements, which are described by the suggested 

optimisation, are listed in Fig. 4.48 and Table 4-7. The SRM is running at the loaded condition at the rated 
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105 rpm speed. The DC output phase current rating is 174 A, and bus voltage of 510V DC are used to excite 

the 72/48 SRM. The experimental test rig of 72/48 SRM is established as shown in Fig. 5.36.  

              

(a)       (b)       

Fig.  5.35 fabrication of SRM (a) The stator (b) The rotor  

 

 

    (a) 

Fig.  5.36 The complete diagram of the  experimental test  test bench  

Different types of equipment are used to perform these experiments, which are an oscilloscope with a Hall 

sensor, three-phase power quality analyser (Fluke 434) is used to record the input and output. Optical digital 

tachometer (DT2234A) to measure the speed. The wave-forms of pulse-width from the testing are shown in 

Fig. 5.36. The no-load and load tests data results of 3 current waveforms are depicted in Fig. 5.37 and Fig. 

5.38. There is a good balance, as the current waveform models are similar. The simulation and hardware 

results validate the performance. Table 5-14 shows the experimental results at 105rpm and 510 DC voltage 
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when loading conditions are varied. A Fluke power analyser  (434) with three phases is used for determining 

the harmonics (THD) at the current supply is shown in Fig. 5.39. Table 5-15 shows an evaluation of the 

proposed SRM along with the existing IM drive. This shows that the projected design model provides 

enhanced performance and greater torque for the application of Raymond Pulveriser. 

 

Fig.  5.37 Pulse width modulation waveform 

 

(a)        (b)   

Fig.  5.38 Current waveform of a prototype of 72/48 SRM (a) No-load (b) Load 
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Table 5-14 Experimental results for loading test [43] 

Parameters DC Current 
in Amps 

Losses in kW Torque in 
kNm 

Efficiency in 
(%) 

Test No-1 5.01 2.5 0.005 2.3 
Test No-2 11.15 2.8 0.262 50.7 
Test No-3 12.88 2.94 0.330 55.2 
Test No-4 57.1 3.95 2.32 86.4 
Test No-5 85.7 4.813 3.56 88.9 
Test No-6 114.3 5.95 4.78 89.7 
Test No-7 171.5 8.59 7.20 90.19 

 

 
Fig.  5.39 The THD of the supply current [43] 

Table 5-15 comparisons with the cost proposed the design of SRM and IM (2SIE 280 S4) for mining application  

Parameters System of Gear-
Drive  

Induction Motor 
(2SIE 280 S4) 

Switched 
Reluctance 

Motor 
(Proposed) 

Full load efficiency in % 59.32 94.2 90.19 

Torque in kNm 7 0.481 7.28 

Weight [kg] 1050 678 1180 

Rate speed in rpm 105 1488 105 

Motor Price in USD 1350 9000 12000 

Power in kW 75 75 75 
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5.7.1 Electromagnetic Comparison of 72/48 SRM 
In order to verify both simulation and experimental results of the proposed machine comprised of 72/48 

SRM, an electromagnetic performance comparison is done in between current, torque, efficiency and power 

losses. Fig. 5.40 shows the graph of output current of the machine.  

 

Fig.  5.40 Numerical and experimental results of the output current of 72/48 SRM 

The load current is gradually increased from 0 to 200 Amps. The current drop is less sensitive by the 

variation of load in both simulation and experimental results. Therefore, in this case, current droppage is 

not significant. Hence, the proposed machine performs better under variable load. It should be noted that 

the current in simulation result is slightly higher than experiment due to absence of end winding. When a 

switched reluctance motor works at low speed having low load, a lower DC-link voltage is required to be 

used for reducing switching frequency, switching noise and switching losses. And for optimising chopping 

current waveform, at high speed, a higher DC-link voltage is used to reduce demagnetisation issues. It can 

be obtained from Fig. 5.41, total torque produced is more than 7kNm at full load. The operation under full 

load and both experimental results and FEA simulation provide similar pull-up torque. The amplitude of 

both simulation and experimental results verified the design. Fig. 5.42 shows a comparison between 

simulation and experimental efficiency. There is symmetry between simulation and experimental data. It 

can be seen that initially the efficiency is 50% up to test 3, whereas it is increased and reached 90% when 

the maximum load is applied. The outcome of the proposed machine confirms the excellent performance 

and diverse load conditions.       
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Fig.  5.41 Numerical and experimental results of the output torque of 72/48 SRM 

Fig. 5.43 shows the simulation and experimental graph of power losses and the current graph. The overall 

power losses in experimental results are higher due to copper losses (I2R losses). As the load current 

increases, the power losses become more. Thus, their possibility that the entire losses in the machine can be 

reduced by reducing the excessive I2R losses. From the given analysis and experimental results, it can be 

proved that the proposed topology is feasible. However, the proposed topology has two disadvantages which 

need to have a particular consideration. One is the higher number of stator poles needs higher number of 

switches so the switching pattern. The solution is to have quick sequence of operations through converter 

such as asymmetrical bridge converter topology. The other is that the machine size is very heavy and bulky 

which contributes to high space and requirement which must be minimised. This thesis has also reduced the 

size of 1000mm machine to 500mm machine and verified both (SynRM and SRM). Whereas the 

compromised is made in torque produced and power ratings.    
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Fig.  5.42 Numerical and experimental results of efficiency of 72/48 SRM 

 
Fig.  5.43 Numerical and experimental results of power losses with respect to current of 72/48 SRM 
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5.8 Summary 
In this chapter, the results obtained from both experiments and simulation tests are analysed. There is an 

agreement between both simulation and experimental results. The new rotor having 3 V-shaped is 

manufactured which is validated by the finite element predictions.  

The SynRM rotor manufacturing process is thoroughly discussed along with the insertion of thermocouple 

inside of the Cummins stator. Additionally, filling of polyvinyl chloride material is thoroughly described 

which provides strong mechanical integrity and contribute to a better mechanical and thermal performance 

throughout the experiment. As it is also observed in the previous chapter 4 that, asymmetrical rotor geometry 

can also enhance the output torque, power, and efficiency which needs to be tested in rotor manufacturing.  

Apart from that, a no-load test, low-speed test, Overspeed test, and retardation test is conducted and analysed 

under different loading conditions. Furthermore, experimental testing of 72/48 SRM is carried out with 

effective current, torque, efficiency and power loss comparison. The data results show good performance of 

the machine.      
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Chapter 6 Conclusion and Future Work 
 

The findings of this work are summarised in this chapter followed by an indication of the future work. 

Studies on SynRM design with different geometrical designs of the flux barriers, carriers together with the 

application of surrogate optimisation method have been carried out. The rotor designs are tested out in 

simulation and experiment for centrifugal pumps. A Surrogate-based particle swarm optimisation technique 

has been used for refining the machine design and providing a suitable geometrical setting of flux barriers 

and carriers. Different designs of the proposed machines have been analysed by varying the barrier shape, 

edge angle, and shaft diameter in order to reduce the power losses and torque ripples. The experimental 

results have validated the proposed approach and rotor designs in terms of effective thermal and mechanical 

performances of the machines.   

6.1 Conclusions 
This work has led to several research findings. 

First of all, the related literature review has been presented in Chapter 2, and this has shown the type of 

electrical machine used for different industrial applications. Especially reluctance motors have huge 

potential for energy-efficient, magnet-free, and environmentally friendly machines. Additionally, the 

comparison between switched reluctance and synchronous reluctance machines for different industrial 

applications have been carried out. The stator design of SynRMs is similar to induction motors whereas the 

rotor design of SynRMs is related to the number of flux barrier shapes. A lot of research work has already 

been conducted on the design topologies of the SynRMs design. Nowadays, induction motors are used for 

the Raymond Pulveriser and Centrifugal pump applications, which have geared drive systems. They are 

designed to operate for a wide range of speed, so the problem of IMs is that they have excessive rotor losses 

and are not designed and run efficiently at the best operating points. As the Synchronous reluctance motor 

has the stator similar to IMs and the solid rotor is used, there are no rotor power losses. In this thesis, new 

rotor designs for the Raymond Pulveriser and centrifugal pump are proposed.  

In terms of the manufacturing of rotor, the Computerised Numerical Control (CNC) router was selected as 

the cutting technology method. The technique of transversally laminated rotor was successful and this 

reduced the manufacturing efforts in low dimensions. The main advantages of using this technology were 

ease of use for the manufacturer and the ability to achieve very high tolerance. However, there was a 

disadvantage, which was only one lamination property (M350-steel) material was available to use. 

Additionally, there was an option to manufacture the rotor from laser cutting but, considerations by three 

electrical steel supplied (JFE Steel, Japan; L&H Components, UK; Tata Steel UK) have warned that laser 
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cutting can generate more local heating in a material which may lead to bigger edge effect in the lamination 

stacks, possibly reducing permeability and increasing iron losses in the material. In addition to this, the 

balancing of the rotor using washers bolted into the rotor end caps/discs was also a successful method and 

will be used in future motor design and manufacturing. 

Further, the study of direct-drive carried out. The key advantages of direct-drive have reduced the cost of 

installation. This correspondingly enhances the system response due to the elimination of gear and repair 

and lubrication costs. It has been observed experimentally that the symmetrical rotor can improve the 

effective thermal and mechanical performance of the machine and can be beneficial for some applications 

which are uni-directional in machine operations, as this work is targeted.  

In chapter 3, three direct-drive synchronous reluctance motors are designed and optimised for Raymond 

Pulveriser. Their performance is analysed in terms of power losses, efficiency, torque and torque ripple. 

Initially, stator and rotor designs are conducted for a 10kW motor with 24 and 36 slots square and round 

flux barriers. Also, the ends of flux barriers have been examined. Overall, 420 samples have been tested for 

the final design for a symmetrical rotor design. A Surrogate-based particle swarm optimisation technique is 

developed to aid in the design of the motor and its optimisation on the width of flux barrier and carriers. 

Different designs of the proposed machines have been studied by varying the barrier shape, edge angle, and 

the shaft diameter in order to reduce the losses and torque ripple. In the following design, a 12/8 SRM has 

been thoroughly investigated as per the suitability of the application requirements. The most influencing 

parameters considered for the design are stator pole arc, stator yoke width, stator inner diameter, rotor pole 

arc, rotor yoke width, air gap, rotor outer diameter, and shaft diameter. Similarly, the technique was applied 

to get the best parameters of the 12/8 SRM. The main consideration in the design of a synchronous 

reluctance machine is potentially high torque ripple, causing unwanted noise and vibration. The SBO 

provided a number of stepping stones to the development of more complex optimisation process such as 5 

to 7 flux barriers rotor design. The design which offered the best objective function in the optimisation was 

found to be magnetically saturated. Therefore, a new design is carried out in FEM by changing these 

parameters by trial-and-error around the previous optimised range. While selecting the optimised 3 flux 

barriers and 4 flux carriers, the proposed rotor design technique from the surrogate models has the best 

performance to meet the design requirements. The SBO has proven to be of value and so should be applied 

to the other machines. However, the FEM based on velocity driven analysis has been discussed in this thesis 

which is limited to the certain rated speed and cannot be considered for dynamic effects. For example, the 

load driven analysis at higher electrical frequencies-based process is required for the optimisation. In 

addition to distributed winding, it is beneficial to adopt fractional slots concentrated windings in the 

proposed SynRM.  
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▪ The synchronous reluctance motor (SynRM) and switched reluctance motor (SRM) are optimised 

based on surrogate models in an aim to achieve high efficiency under the maximum torque for low-

speed direct-drive mining applications and for closed coupled centrifugal pumps. Designs of 

experiment (DOE) techniques were presented, whilst one of these the Latin hypercube sampling 

(LHS) was selected to generate the random and uniform sampling distributions. Sensitivity analysis 

(SA) was carried out to identify important independent design variables (IDV). The SMs of the 

reluctance machines' performance is constructed using LHS and Kriging modeling. The Particle 

Swarm Optimisation (PSO) based SMs techniques are adopted to optimise the machines. The 

optimisation results have been successfully validated using the finite element analysis (FEA). The 

computational cost of the proposed technique of optimisations based on SMs is lower than the 

conventional optimal design techniques based on an FEA, without sacrificing the precision of the 

SRM design. The 3 V-shape SynRM is evaluated in 2D FEA software and validated by experiments. 

A 2D FEA and experimental outcomes show that the SynRM direct-drive has better characteristics 

to replacement the conventional motor option in close-coupled centrifugal pumps.  

▪ Two design shapes (Square and Round) have been tested for the flux barriers in synchronous 

reluctance rotor. Under the same design constraints, the square shape gives 2%, 7% higher 

efficiency and torque respectively.   

▪ It has been observed that besides the design parameters, the slot filling factor has a great influence 

on machine performance in terms of efficiency, out torque and power. In the first optimisation 

process, the filling factor is kept 65% which gives 83.9% efficiency and 788.6Nm torque at 

10.32kW of power. If the slot filling factor is reduced by 52.9% then efficiency is reduced by 2.2% 

and approximately 13% of the machine torque is reduced. This should be noted that the above 

optimisation process is done on distributed winding, however fractional slot concentrated winding 

can be compared with distributed winding and efficiency analysis can be further explored.  

▪ For 10kW SynRM with 3 square shape flux barriers, under the same design parameters has 0.076% 

higher efficiency as compared to 4 flux barriers. Additionally, the torque is also improved by 3.37% 

with 4.22% higher power. In addition to this, synchronous reluctance motor comparison between 

single layer and double winding for Raymond Pulveriser should be done. If the number of poles is 

also considered into account, then this would be more effective design process.  

In chapter 4, the FEM simulation of all the three machines with symmetrical and asymmetrical rotor designs 

and their effects on energy efficiency and torque ripple has been analysed. In the asymmetrical rotor, as the 

flux barrier length is decreased then energy, torque, power, efficiency and torque ripple is varied. The 

different round and square stator slot shapes have been refined and numerically analysed.  
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▪ The rotor design method which is based on asymmetrical pole structure is presented in this study. 

As all the flux barriers have equal lines of symmetry and identical and allow a quarter section of 

this machine to be modeled on Infolytica magnet software. This effectively reduces the calculation 

and computational time and optimisation process as compare to complete the model design. 

Although the design strategy has proven to be effective in reducing torque ripple, but two different 

rotor geometries of flux barriers and carriers having different numbers can be optimised and then 

manufactured separately, which actually leads to an increase the calculation efforts and 

manufacturing expense, but also can increase the reliability of the design and characteristics of the 

machine. Thus, as per the requirement of this work, 2D FEM analysis is an effective tool for the 

optimisation of the rotor, care should be taken at a higher speed to make some allowance for a 3D 

effect.  

 

▪ It is should be noted that the increase in flux barrier width beyond limit reduces the efficiency and 

torque in the rotor design. An increase of 1.5mm flux barrier width may reduce 3.96% efficiency 

and 3.45% torque in the machine. The value of magnetic flux density is different during simulation 

running from 0 to 500 milliseconds. At the end of simulation the tesla value is lower than the starting 

value, this can be analysed more precisely in further research.  

 

▪ In asymmetrical rotor design, the 10.29% torque ripple can be minimised if the flux barrier length 

is reduced to 20mm. Additionally, 2.75% of efficiency is enhanced, In this way, 2.058% average 

torque is also enhanced whereas if the objective function is to increase the torque then decreased 

flux barrier at 12mm, can improve the torque at 0.36% more.  

 

In Chapter 5, a 24kW synchronous reluctance motor is prototyped and experimental results validate the 

numerical designs for a centrifugal pump. The manufacturing and assembling process has been described 

as step by step. The variable frequency drive and its setup of Siemens and ABB drives for the test machine 

are also described. Overall, the 3-phase synchronous reluctance motor design with three flux barriers design 

may offer low torque ripple, thermally stable and efficiency benefits. The Surrogate-based particle swarm 

optimisation technique is an efficient tool for the machine design and providing a suitable width of flux 

barriers, the barriers shapes, edge angle and shaft diameter for efficiency and torque improvement.  

▪ The proposed rotor has been tested on a distributed winding stator which relatively contains a high 

number of slots (36 slots in Cummins stator). Which achieved a fairly low value of torque ripple 

without skewing. This leads to additional savings in manufacturing costs and improves machine 
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performance. Whereas, additional rotor skewing, for concentrated winding machine torque ripple 

below 5% are obtainable. For improving the mechanical strength, flux barriers are filled with magic 

epoxy and polyvinylchloride was also successful, this overall increased the mechanical integrity of 

the rotor. 

 

▪ In the 72/48 SRM for mining applications, the proposed motor design could increase 7.28kNm 

torque and 90.19% efficiency, which is much higher than the existing IM drives (59.32%).  

Therefore, switched reluctance motor has a capability to be used as an alternative of induction 

motors in mining (Raymond Pulverising) direct-drive applications. The surrogate-based particle 

swarm optimisation technique is applied to a 10kW 12/8 SRM and SynRM, which can output 

694Nm Torque and 89.6% efficiency at 8052kW power output optimised with the same technique, 

the synchronous reluctance motor design has power output rating 9.6kW with 802Nm torque and 

91.01% efficiency. It may be concluded that the synchronous reluctance motor has better output 

than an equivalent switched reluctance motor, presumably due to the full-wave generating a field 

of three-phase in SynRM. Additionally, a comparison between 12/8 and 18/12 machine can be 

further explored and optimised under same machine dimensions and efficiency and torque can be 

enhanced for the application of Raymond Pulveriser.  

 

▪ The construction of the 3V-shaped flux barriers and 4 flux carriers synchronous reluctance rotor 

provided the validation of the FEM results. The electromagnetic performance of the assembled 

motor matches specifications. However, over this diameter of the constructed rotor’s performance 

was reduced due to the effect of machining. The machining process was essential to maintain the 

accurate outer diameter of the rotor but give rise to some power losses.  

6.2 Future Work 
Based on this work, a few areas can be further explored. 

▪ Although some FEM design investigation has been carried out in the symmetrical rotor design can 

be improved by a combination of conventional FEM and the proposed surrogate-optimization 

technique.  

▪ Hybrid rotor design may be developed to insert a small permanent magnet into 3 flux barriers. This 

will increase the flux density.  

▪ Comparison between SRM and SynRM using Magnet, Motor solver and Maxwell is useful for 

Raymond Pulveriser machine in terms of torque and efficiency.  



  

 189   
 

▪ In the place of the 55kW motor, the synchronous generator can be used to test the load torque of 

the machine.  

▪ In this thesis, the Reluctance machine (both SynRM and SrM) is compared for Raymond Pulveriser 

but for closed coupled centrifugal pump only the SynRM has been compared whereas, SRM needs 

to be compared as well.  

▪ Synchronous reluctance motor comparison between single layer and double layer winding for 

Raymond Pulveriser. 

▪ Synchronous reluctance motor comparison between different numbers of poles such as 4 poles, 6 

poles, and 8 poles through design in motor solver and imported into a magnet for Raymond 

Pulveriser.  
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Appendices 
Table 6-1 Initial 40 Latin Hypercube Samples with round slot shape for SynRM design 

S, 
No 

Air 
gap 
in 

mm 

Slot 
dept
h in 
mm 

Toot
h 

widt
h in 
mm 

Shaft 
diamet

er 

Flux 
Barrier 
width 
in mm 

Barri
er 

edge 
angle 
in º 

Flux 
carrie

r 
width 

in 
mm 

Slot 
openi
ngs 
in 

mm 

Torq: 
in 

Nm  

Eff: 
in 
% 

Powe
r in 
kW 

Fill 
facto
r in 
% 

1 0.93 50.3 15.4 111  11.6 34.4  14.6 7.22 7.22 794 88.9 9.82 
2 0.65 55.5 12.3 121 12.3  38.4 15.2 7.42 7.42 794 86.5 10.1 
3 0.78 52.5 13.3 127 12.7  40.8 15.6 7.54 7.54 827 87 10.4 
4 0.58 50.7 14.1 63 8.24  15.2 11.7 6.26 6.26 661 90 8.06 
5 0.72 51.7 16.6 77 9.21  20.8 12.6 6.54 6.54 684 91 8.25 
6 0.70 53.3 12.7 119 12.16  37.6 15.1 7.38 7.38 746 88 9.32 
7 0.80 56.9 16.3 101 10.90  30.4 14.0 7.02 7.02 701 89 8.64 
8 0.73 55.3 13.9 110 14.26  49.6 16.9 7.98 7.98 808 87 10.1 
9 0.77 58.9 13.8 120 13.56  45.6 16.3 7.78 7.78 777 86 9.83 
10 0.84 58.3 13.6 79 9.36  21.6 12.7 6.58 6.58 630 87 7.95 
11 0.63 54.5 15.8 71 8.80  18.4 12.2 6.42 6.42 660 90 8.0 
12 0.91 51.1 12.1 69 8.66  17.6 12.1 6.38 6.38 629 87 7.9 
13 0.82 58.7 15.3 145 13.98  48 16 7.9 7.9 772 87 9.7 
14 0.56 59.5 13.0 117 12.02  36.8 15.0 7.34 7.34 743 87 9.39 
15 0.51 55.9 15.6 123 12.44   39.2 15.3 7.46 7.46 805 88 10.0 
16 0.57 50.9 13.7 97 13.82  28.8 13.8 6.94 6.94 737 88.9 9.12 
17 0.90 55.1 13.5 95 13.7 28 13.7 6.9 6.9 688 88.7 8.53 
18 0.55 57.7 16.0 73 8.94  19.2 12.3 6.46 6.46 637 89 7.85 
19 0.53 59.9 16.4 57 7.82  12.8 11.4 6.14 6.14 593 90 7.18 
20 0.85 53.5 12.9 99 10.76  29.6 13.9 6.98 6.98 708 88 8.84 
21 0.54 52.7 16.8 51 7.40  10.4 11.0 6.02 6.02 584 91 7.04 
22 0.96 56.7 14.8 129 12.83 41.6 15.7 7.58 7.58 777 87 9.77 
23 0.52 57.3 14.9 53 7.54  11.2 11.1 6.06 6.06 564 89 6.91 
24 0.89 54.9 15.9 85 9.78  24 13.1 6.7 6.7 669 90.5 8.13 
25 0.74 58.1 12.4 125 13.14  43.2 15.9 7.66 7.66 778 86 8.55 
26 0.67 51.3 15.7 87 9.92  24.8 13.2 6.74 6.74 727 90.7 8.81 
27 0.92 57.1 15.0 89 10.06  25.6 13.3 6.78 6.78 663 89.8 7.3 
28 0.69 51.9 16.7 125 13.42  44.8 16.2 7.74 7.74 827 88 10.3 
29 0.60 53.9 16.2 103 11.04  31.2 14.1 7.06 7.06 742 88.4 8.39 
30 0.94 59.7 13.2 120 13.84  47.2 16.5 7.86 7.86 761 86.5 8.37 
31 0.97 54.1 14.4 107 11.28 32.8 14.4 7.14 7.14 745 88 9.31 
32 0.86 54.3 14.0 122  13  42.4 15.8 7.62 7.62 819 87 10.3 
33 0.61 51.5 12.8 67 8.52  16.8 12.0 6.34 6.34 643 88 7.96 
34 0.59 53.7 12.2 81 9.50   22.4 12.8 6.62 6.62 648 87 8.16 
35 0.50 54.7 12.0 115 11.88   36 14.9 7.3 7.3 762 86.4 9.69 
36 0.98 50.5 14.5 55 7.68  12 11.3 6.1 6.1 605 90.3 7.37 
37 0.71 57.5 13.4 93 10.34  27.2 13.5 6.86 6.86 670 88.6 8.31 
38 0.95 52.1 13.1 109 11.46  33.6 14.5 7.18 7.18 763 87 9.54 
39 0.66 56.3 15.1 113 11.74   35.2 14.7 7.26 7.26 762 88 9.49 
40 0.79 53.1 12.5 65 8.38  16 11.9 6.3 6.3 620 88 7.7 
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6.2.1 PSO optimised parameters by Surrogate 
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Table 6-2 rotor optimisation and turns with 3 flux barriers 

S, 
No 

Flux Barrier 
width in mm 

Flux 
carrier 

width in 
mm 

Flux 
barrier 

edge angle 
in º 

No: of 
turns 

Torque 
in Nm 

Efficiency 
in % 

Power 
in kW 

Fill 
factor 
in % 

01 39.79 63.00 45.79 61.26 715.7 92 8.5 67 
02 35.37 70.74 50.00 39.37 1644 88.9 20.33 42 
03 33.71 71.29 31.05 49.47 1004 92 11.97 54 
04 41.45 68.53 18.42 56.21 900.7 91.9 10.77 61 
05 33.16 66.87 20.53 52.84 835 93 9.18 57 
06 34.82 66.32 35.26 57.89 736.9 93 8.67 62 
07 32.05 67.97 33.16 37.68 1509 87 18.9 40 
08 31.50 64.11 28.95 46.11 1049 92 12.43 50 
09 40.89 63.55 24.74 51.16 1079 91.9 12.9 56 
10 42.00 71.84 39.47 54.53 1031 91.2 12.4 59 
11 35.92 69.63 26.84 64.63 638 92.6 7.5 70 
12 37.03 65.21 10.00 36.00 1652 86 20.90 39 
13 38.68 64.66 16.32 68.00 620 92.9 7.33 74 
14 40.34 72.39 14.21 66.32 675 91 8.09 72 
15 32.61 69.08 47.89 47.79 1074 92 12.79 51 
16 36.47 70.18 22.63 42.74 1481 90 18 46 
17 39.24 72.95 37.37 41.05 1695 89 20 45 
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18 34.26 65.76 12.11 62.95 619 92 7.35 68 
19 38.13 67.42 43.68 44.42 1509 96 17.26 47 
20 37.58 73.50 41.58 59.58 773 94.4 9 45 

 
Fig.  6.1 Latin Hypercube samples for 2nd optimisation 
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6.2.2 PSO optimised values No 1* 
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6.2.3 PSO optimised values No 2* 

 

6.2.4 PSO optimised values No 3* 
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Table 6-3 shows the 3 flux barriers and 4 flux carriers while considering only stable torque 

S, 
No 

Flux Barrier 
width in mm 

Flux 
carrier 

width in 
mm 

Flux 
barrier 

edge angle 
in º 

No: of 
turns 

Torque 
in Nm 

Efficiency 
in % 

Power 
in kW 

Fill 
factor 
in % 

01 39.79 63.00 45.79 61.26 463.9 88.8 5.74 67 
02 35.37 70.74 50.00 39.37 1636 88.8 20.24 42 
03 33.71 71.29 31.05 49.47 766 90.03 9.35 54 
04 41.45 68.53 18.42 56.21 900 91.9 10.76 61 
05 33.16 66.87 20.53 52.84 599.77 90.8 7.26 57 
06 34.82 66.32 35.26 57.89 543 91.4 6.53 62 
07 32.05 67.97 33.16 37.68 1570 88.24 19.57 40 
08 31.50 64.11 28.95 46.11 855 91.32 10.29 50 
09 40.89 63.55 24.74 51.16 815 89.56 10.1 56 
10 42.00 71.84 39.47 54.53 796.77 9.85 88.9 59 
11 35.92 69.63 26.84 64.63 408.24 89 5.04 70 
12 37.03 65.21 10.00 36.00 1726 87.4 21.71 39 
13 38.68 64.66 16.32 68.00 381.53 89.03 4.71 74 
14 40.34 72.39 14.21 66.32 431 87.7 5.41 72 
15 32.61 69.08 47.89 47.79 860 90.61 10.44 51 
16 36.47 70.18 22.63 42.74 1396 89.9 17.06 46 
17 39.24 72.95 37.37 41.05 1665 89.01 20.57 45 
18 34.26 65.76 12.11 62.95 390.69 87.40 4.91 68 
19 38.13 67.42 43.68 44.42 1408 90.05 17.19 47 
20 37.58 73.50 41.58 59.58 583 92.74 6.91 45 

Table 6-4 shows the data of 4 flux barriers and 5 flux carriers 

S, No 

Flux 
Barrier 
width in 

mm 
Flux carrier 
width in mm 

Flux barrier 
edge angle in 

º 

No: of 
turns 

Torque 
in Nm 

Efficiency 
in % 

Power 
in kW 

Fill 
factor 
in % 

01 9.94 12.6 45.79 61.26 884 92.5 10.5 67 
02 8.84 14.14 50.00 39.37 1844 86.4 23.45 42 
03 8.427 (14.25 31.05 49.47 1173 92.2 13.98 54 
04 10.36 13.70 18.42 56.21 958 91 11.57 61 
05 8.29 13.37 20.53 52.84 1016 92.9 12.02 57 
06 8.70 13.26 35.26 57.89 915.28 93.5 10.75 62 
07 8.01 13.54 33.16 37.68 1748 88.25 21.77 40 
08 7.875 12.82 28.95 46.11 1275 92.09 15.22 50 
09 10.22 12.71 24.74 51.16 1255 92.04 14.99 56 
10 10.5 14.368 39.47 54.53 908 91.9 9.1 59 
11 8.98 13.926 26.84 64.63 761 92.8 9.01 70 
12 9.25 13.04 10.00 36.00 1850 87.3 23.29 39 
13 9.67 12.93 16.32 68.00 759 92.6 9.015 74 
14 10.08 4.478 14.21 66.32 642 92.78 7.61 72 
15 8.15 13.816 47.89 47.79 1279 92.36 15.23 51 
16 9.11 14.03 22.63 42.74 1699 89.5 20.8 46 
17 9.81 14.59 37.37 41.05 1628 89.3 20.03 45 
18 8.56 13.152 12.11 62.95 805 93.35 9.48 68 
19 9.53 13.484 43.68 44.42 1734 89.7 21.24 47 
20 9.39 14.7 41.58 59.58 793 92.5 9.43 45 
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6.2.5 PSO optimised values for 4 flux barriers and 5 carriers and  

 

Table 6-5 square shape flux barrier design with stable torque data 
S, 
No 

Flux Barrier 
width in mm 

Flux 
carrier 

width in 
mm 

Flux 
barrier 

edge 
angle in º 

No: of 
turns 

Torque 
in Nm 

Efficiency 
in % 

Power 
in Kw 

Fill 
factor 
in % 

01 9.94 12.6 45.79 61.26 546 89.5 6.98 67 
02 8.84 14.14 50.00 39.37 1931 86.98 24.42 42 
03 8.427 (14.25 31.05 49.47 944 90.5 11.46 54 
04 10.36 13.70 18.42 56.21 668 87.7 8.38 61 
05 8.29 13.37 20.53 52.84 758 90.79 9.19 57 
06 8.70 13.26 35.26 57.89 611 90.7 7.41 62 
07 8.01 13.54 33.16 37.68 1829 88.7 22.67 40 
08 7.875 12.82 28.95 46.11 1213 91.7 14.54 50 
09 10.22 12.71 24.74 51.16 1034 90.5 12.56 56 
10 10.5 14.368 39.47 54.53 643 90.6 7.80 59 
11 8.98 13.926 26.84 64.63 548.91 90.32 6.68 70 
12 9.25 13.04 10.00 36.00 1943 87.8 24.32 39 
13 9.67 12.93 16.32 68.00 495 89.1 6.11 74 
14 10.08 4.478 14.21 66.32 438 89.7 5.36 72 
15 8.15 13.816 47.89 47.79 1111 91.3 13.38 51 
16 9.11 14.03 22.63 42.74 1734 89.77 21.24 46 
17 9.81 14.59 37.37 41.05 1634 89.4 20.09 45 
18 8.56 13.152 12.11 62.95 550 90.56 6.68 68 
19 9.53 13.484 43.68 44.42 1761 89.93 21.54 47 
20 9.39 14.7 41.58 59.58 559 89.68 6.85 45 
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6.2.6 PSO Optimisation for 4 square shape flux barriers 
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Table 6-6 shows 3 square shape flux carrier and 4 flux carriers data 

S, 
No 

Flux 
Barrier 
width in 

mm 

Flux 
carrier 

width in 
mm 

Flux 
barrier 

edge angle 
in º 

No: of 
turns 

Torque 
in Nm 

(Stable) 

Efficiency 
in % 

Power 
in kW 

Fill 
factor 
in % 

01 13.26 15.75 45.79 61.26 474 75.83 6.87 67 
02 11.79 17.685 50.00 39.37 1667 88.25 20.77 42 
03 11.23 17.822 31.05 49.47 802 90.54 9.74 54 
04 13.81 17.13 18.42 56.21 685 89.9 8.38 61 
05 11.05 16.717 20.53 52.84 617 89.9 7.53 57 
06 11.60 16.58) 35.26 57.89 521 90.73 6.31 62 
07 10.68 16.99 33.16 37.68 1591 87.4 20.02 40 
08 10.5 16.02 28.95 46.11 972 94.35 11.33 50 
09 13.63 15.88 24.74 51.16 841 89.86 10.29 56 
10 14 17.96 39.47 54.53 826 89.16 10.19 59 
11 11.97 17.40 26.84 64.63 401 88.69 4.9 70 
12 12.34 16.30 10.00 36.00 1739 86.85 22.01 39 
13 12.66 16.16 16.32 68.00 352 87.86 4.40 74 
14 13.44 18.09 14.21 66.32 425 93.38 5.00 72 
15 10.87 17.27 47.89 47.79 927 91.05 11.19 51 
16 12.15 17.54 22.63 42.74 1456 89.55 17.88 46 
17 13.08 18.23 37.37 41.05 1679 88.68 20.81 45 
18 11.42 16.44 12.11 62.95 392 90.03 4.78 68 
19 12.71 16.85 43.68 44.42 1465 89.74 17.95 47 
20 12.52 18.37 41.58 59.58 549 89.09 6.77 45 

 

6.2.7 PSO Optimisation for square shape 3 flux barrier and 4 flux carrier 

design. 
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Table 6-7 shows  round stator slots shape with 4 round flux carrier and 5 flux carriers data 

S, No 

Flux 
Barrier 
width in 

mm 

Flux 
carrier 

width in 
mm 

Flux 
barrier 

edge angle 
in º 

No: of 
turns 

Torque 
in Nm 

(Stable) 

Efficiency 
in % 

Power 
in kW 

Fill 
factor 
in % 

01 13.26 15.75 45.79 61.26 546 89.5 6.98 67 
02 11.79 17.685 50.00 39.37 1931 86.98 24.42 42 
03 11.23 17.822 31.05 49.47 944 90.5 11.46 54 
04 13.81 17.13 18.42 56.21 668 87.7 8.38 61 
05 11.05 16.717 20.53 52.84 758 90.79 9.19 57 
06 11.60 16.58) 35.26 57.89 611 90.7 7.41 62 
07 10.68 16.99 33.16 37.68 1829 88.7 22.67 40 
08 10.5 16.02 28.95 46.11 1213 91.7 14.54 50 
09 13.63 15.88 24.74 51.16 1034 90.5 12.56 56 
10 14 17.96 39.47 54.53 643 90.6 7.80 59 
11 11.97 17.40 26.84 64.63 548.91 90.32 6.68 70 
12 12.34 16.30 10.00 36.00 1943 87.8 24.32 39 
13 12.66 16.16 16.32 68.00 495 89.1 6.11 74 
14 13.44 18.09 14.21 66.32 438 89.7 5.36 72 
15 10.87 17.27 47.89 47.79 1111 91.3 13.38 51 
16 12.15 17.54 22.63 42.74 1734 89.77 21.24 46 
17 13.08 18.23 37.37 41.05 1634 89.4 20.09 45 
18 11.42 16.44 12.11 62.95 550 90.56 6.68 68 
19 12.71 16.85 43.68 44.42 1761 89.93 21.54 47 
20 12.52 18.37 41.58 59.58 559 89.68 6.85 45 

 

Table 6-8 square slot design with 24 slots LHS samplings points at 100 turns 

S, 
No 

Airga
p in 
mm 

Slot 
dept
h in 
mm 

Toot
h 

widt
h in 
mm 

Shaft 
diamete
r in mm 

Flux 
Barri

er 
width 

in 
mm 

Barri
er 

edge 
angle 
in º 

Flux 
carri

er 
width 

in 
mm 

Slot 
open
ings 
in 

mm 

Torq
: in 
Nm 

Eff: 
in 
% 

Powe
r in 
kW 

Fill 
facto
r in 
% 

1 0.66 52.7 20.8 106.88 9.60 21.00 17.13 15.88 862.0 90.9 10.43 54.0 

2 0.51 56.2 25.7 64.63 7.51 35.00 19.88 10.03 755.7 92.2 9.01 61.6 

3 0.81 57.7 18.5 100.38 11.70  41.00 15.88 14.98 789.0 87.3 9.93 44.0 

4 0.94 58.7 19.0 80.88 13.46 45.00 16.13 12.28 718.0 95.6 8.26 44.0 

5 0.56 51.2 21.2 58.13 8.21 15.00 17.38 9.13 482.8 96.7 5.49 57.0 

6 0.59 54.2 17.6 103.63 (8.558  27.00 15.38 15.43 531.5 97.0 6.03 46.0 

7 0.71 53.7 20.3 77.63 10.30 25.00 16.88 11.83 573.5 95.9 6.57 52.0 

8 0.89 55.2 23.0 61.38 12.76 31.00 18.38 9.58 684.9 95.0 7.86 56.0 

9 0.76 57.2 23.5 67.88 11.01 39.00 18.63 10.48 435.4 96.0 4.95 54.0 

10 0.91 55.7 25.3 80.25 13.11 33.00 19.63 16.33 717.0 95.0 8.23 60.0 

11 0.69 56.7 18.1 51.63 9.96 37.00 15.63 8.23 508.8 96.0 5.78 45.0 

12 0.79 51.7 24.8 97.13 11.36 17.00 19.38 14.53 649.7 96.0 7.42 65.0 
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13 0.96 50.2 22.1 74.38 13.81 11.00 17.88 11.38 722.9 96.0 8.27 61.0 

14 0.84 50.7 23.9 54.88 12.06 13.00 18.88 8.68 648.0 96.0 7.13 66.0 

15 0.86 52.2 19.9 87.38 12.41 19.00 16.63 13.18 668.2 96.0 7.65 53.0 

16 0.54 59.2 19.4 71.13 7.86 47.00 16.38 10.93 464.5 96.0 5.27 45.0 

17 0.74 59.7 24.4 93.88 10.66 49.00 19.13 14.08 609.8 95.0 6.99 53.0 

18 0.64 53.2 22.6 84.13 9.26 23.00 18.13 12.73 560.1 95.0 6.45 58.0 

19 0.61 54.7 21.7 113.38 8.91 29.00 17.63 16.78 545.0 96.0 6.22 53.0 

20 0.99 58.2 17.2 90.63 14.16 43.00 15.13 13.63 723. 94.0 8.40 42.0 

 

Table 6-9 square slot design with 24 slots LHS samplings points at 50 turns 

No 
 
 
 
 

Airga
p in 
mm 

Slot 
dept
h in 
mm 

Toot
h 

widt
h in 
mm 

Shaft 
diamete
r in mm 

Flux 
Barri

er 
width 

in 
mm 

Barri
er 

edge 
angle 
in º 

Flux 
carri

er 
width 

in 
mm 

Slot 
open
ings 
in 

mm 

Torq
: in 
Nm 

Eff: 
in 
% 

Powe
r in 
kW 

Fill 
facto
r in 
% 

1 0.66 52.7 20.8 106.88 9.60 21.00 17.13 15.88 862 90.9 10.4 54 

2 0.51 56.2 25.7 64.63 7.51 35.00 19.88 10.03 755.7 92.2 9.01 61.6 

3 0.81 57.7 18.5 100.38 11.70 41.00 15.88 14.98 789 87.3 9.933 44 

4 0.94 58.7 19.0 80.88 13.46 45.00 16.13 12.28 998 89 12.34 44 

5 0.56 51.2 21.2 58.13 8.21 15.00 17.38 9.13 775 90.2 9.45 57 

6 0.59 54.2 17.6 103.63 (8.558  27.00 15.38 15.43 770 85 9.953 46 

7 0.71 53.7 20.3 77.63 10.30 25.00 16.88 11.83 875 89.9 10.70 52 

8 0.89 55.2 23.0 61.38 12.76 31.00 18.38 9.58 960 90.9 11.62 56 

9 0.76 57.2 23.5 67.88 11.01 39.00 18.63 10.48 918 91 11.00 54 

10 0.91 55.7 25.3 80.25 13.11 33.00 19.63 16.33 885 90.1 10.80 60 

11 0.69 56.7 18.1 51.63 9.96 37.00 15.63 8.23 793 86 10.03 45 

12 0.79 51.7 24.8 97.13 11.36 17.00 19.38 14.53 892 91 10.75 65 

13 0.96 50.2 22.1 74.38 13.81 11.00 17.88 11.38 962 89 11.8 61 

14 0.84 50.7 23.9 54.88 12.06 13.00 18.88 8.68 932 91 11.22 66 

15 0.86 52.2 19.9 87.38 12.41 19.00 16.63 13.18 951 89 11.73 53 

16 0.54 59.2 19.4 71.13 7.86 47.00 16.38 10.93 711.9 87.2 8.97 45 

17 0.74 59.7 24.4 93.88 10.66 49.00 19.13 14.08 883.6 91 10.66 53 

18 0.64 53.2 22.6 84.13 9.26 23.00 18.13 12.73 876.5 92 10.4 58 

19 0.61 54.7 21.7 113.38 8.91 29.00 17.63 16.78 841 91 10.16 53 

20 0.99 58.2 17.2 90.63 14.16 43.00 15.13 13.63 990 86 12.53 42 
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6.2.8 PSO generated optimised variables for 24 square stator slots 
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Fig.  6.2 Latin Hypercube Samples for 24 square shaped stator slots 

Table 6-10 round slots design with 24 slots LHS samplings points 

No 
 
 

Airga
p in 
mm 

Slot 
depth 

in 
mm 

Toot
h 

width 
in 

mm 

Shaft 
diamete
r in mm 

Flux 
Barrie

r 
width 
in mm 

Barrie
r edge 
angle 
in º 

Flux 
carrie

r 
width 
in mm 

Slot 
openi
ngs in 
mm 

Torq: 
in Nm 

Eff: 
in 
% 

Power 
in kW 

Fill 
facto
r in 
% 

1 0.66 52.7 20.8 106.88 9.60 21.00 17.13 15.8 886 90 10.7 58 

2 0.51 56.2 25.7 64.63 7.51 35.00 19.88 10.0 770 92 9.17 66 

3 0.81 57.7 18.5 100.38 11.70 41.00 15.88 14.9 827 87 10.3 48 

4 0.94 58.7 19.0 80.88 13.46 45.00 16.13 12.2 1019 88 12.6 47 

5 0.56 51.2 21.2 58.13 8.21 15.00 17.38 9.13 806 90 8.87 62 

6 0.59 54.2 17.6 103.63 8.55 27.00 15.38 15.4 799 85 10.2 50 

7 0.71 53.7 20.3 77.63 10.30 25.00 16.88 11.8 902 90 11 56 

8 0.89 55.2 23.0 61.38 12.76 31.00 18.38 9.58 840 80 10.2 60 

9 0.76 57.2 23.5 67.88 11.01 39.00 18.63 10.4 940 91 11.3 58 

10 0.91 55.7 25.3 80.25 13.11 33.00 19.63 16.3 904 90 11.0 64 

11 0.69 56.7 18.1 51.63 9.96 37.00 15.63 8.23 844 87 10.5 48 

12 0.79 51.7 24.8 97.13 11.36 17.00 19.38 14.5 913 91 10.9 71 

13 0.96 50.2 22.1 74.38 13.81 11.00 17.88 11.3 984 89 12.0 66 

14 0.84 50.7 23.9 54.88 12.06 13.00 18.88 8.68 948 91 11.4 70 

15 0.86 52.2 19.9 87.38 12.41 19.00 16.63 13.1 972 89 10.6 57 
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16 0.54 59.2 19.4 71.13 7.86 47.00 16.38 10.9 758 87 9.56 48 

17 0.74 59.7 24.4 93.88 10.66 49.00 19.13 14.0 907 90 10.9 57 

18 0.64 53.2 22.6 84.13 9.26 23.00 18.13 12.7 892 91 10.6 62 

19 0.61 54.7 21.7 113.38 8.91 29.00 17.63 16.7 867 91 10.4 57 

20 0.99 58.2 17.2 90.63 14.16 43.00 15.13 13.6 1005 86 12.7 45 

6.2.9 PSO generated optimised variables for 24 round stator slots 
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Fig.  6.3 Initial 100 Latin Hypercube samples for 12/8 SRM design 

Table 6-11 12/8 Switched Reluctance Motor (10Kw; 105 rpm) achieved parameters of 12/8 SRM 
Dimensions Value Range 

Length of Motor [Lstck] (mm) 200 Fixed 
Stator outer dia [Dso] (mm) 500 Fixed 

Stator Inner Dia [Dsi]   (mm) 301.2 fixed 
Pole arc of Stator[βs] (deg) 16 15        to  18 

Pole a width of Stator (mm) 41.918 39.31 to  47.11 
Yoke Thickness of Stator (mm) 27.9 26.20 to  31.4 

Pole length of Stator (mm) 71.5 68        to  73.2 

Air gap (mm) 0.6 0.5       to   1 
Outer Diameter of Rotor [Dro]  (mm) 300 299.2   to 300.2 

Pole arc of Rotor [βr] (deg) 16.8 15         to 20 
Pole a width of Rotor (mm) 43.82 39. 15   to   52.12 

Yoke Thickness of Rotor (mm) 29.21 26.1       to   34.7 
Pole length of Rotor(mm) 45.79 41          to    48 

Shaft Diameter [Dsh]  (mm) 150 fixed 
Efficiency (%) 87.5 
Speed in rpm 105 
Torque in Nm 903.3 
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Table 6-12 variable range selection for Latin Hypercube Samples for 12/8 SRM 

Dimensions The initial value of design 1 The initial value of design 2 
Length of Motor (mm) 200 200 

Stator outer dia in (mm) 500 500 
Stator inner dia in (mm) 300.2 in range of                

(280 to  320) 
361 in range of (340 to 380) 

Yoke Thickness of Stator (mm) 29 
(25   to   35) 

32 
(27 to 37) 

Pole length of Stator (mm) 71 
(65 to 75) 

62.5 
(60 to 65) 

Pole arc of Stator (deg) 14.7                                      
(14.25 to 15.6) 

14.7                                         
(14.25 to 15.6) 

Pole a width of Stator (mm) 38.48 
(37.23 to 40.74) 

46.20 
(43.5 to  49.5) 

Air gap (mm) 0.6 
(0.5 to 0.75) 

0.6                                              
(0.5 to 0.75) 

Outer Diameter of Rotor (mm) 299 
(279 to 318.5) 

359.8                                      
(338.8  to 378.8) 

Yoke Thickness of Rotor (mm) 34.92 
(28 to 36) 

33 
(27 to 37) 

Pole length of Rotor (mm) 49.79 
(49  to 53) 

56.9 
(53 to 60) 

Pole arc of Rotor (deg) 16.04                                    
(15.65 to 16.6) 

15.75                                      
(15.65 to 16.6) 

Pole a width of Rotor (mm) 41.71                                    
(40.7 to 43.2) 

49.30 
( 45.5  to  51.5 ) 

Shaft Diameter (mm) 130 
(120 to 140) 

180                                            
(170 to 190) 

Number of Turns per Pole 74 
(68 to 76) 

109 
(105  to 110) 

Slot Fill Factor (%) 73.08 71.82 
Efficiency (%) 84.83 87.11 

Rated Speed (rpm): 105 105 
Rated Torque (N.m): 902.42 902.87 

Table 6-13 12/8 SRM parameters for the 100 Latin Hypercube samples 

S, No 
Stator 

pole arc 
in º 

Stator 
Yoke in 

mm 

Stator 
inner 

diameter 
in mm 

Air gap 
in mm 

Rotor 
Yoke 

thickness 
in mm 

Rotor 
pole arc 

in º 

Shaft 
diameter 

in mm 

Eff: in 
% 

Torque 
in Nm 

 
1.0 15.2 29.1 295.6 0.5 28.4 15.3 130.5 84.5 1010.0 
2.0 17.7 31.0 294.6 0.8 33.9 19.4 142.1 88.3 631.4 

3.0 15.8 29.5 309.6 0.7 29.8 16.4 137.1 86.3 926.2 

4.0 17.4 28.5 295.9 0.8 33.3 19.0 143.5 87.8 658.9 

5.0 16.8 31.1 299.1 1.0 32.1 18.1 148.9 86.4 736.0 

6.0 17.8 29.1 303.6 0.7 34.2 19.6 138.3 89.7 630.7 
7.0 15.3 29.6 308.4 0.6 28.6 15.4 135.9 84.8 1014.0 

8.0 15.6 28.0 305.9 0.5 29.4 16.0 130.3 86.7 955.7 

9.0 17.9 27.4 286.4 0.8 34.4 19.8 143.7 87.8 581.5 

10.0 16.8 27.5 308.1 0.8 31.9 17.9 142.3 87.6 776.6 
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11.0 16.3 26.9 285.6 0.8 30.9 17.2 140.5 85.5 770.7 

12.0 17.8 27.7 285.1 1.0 34.3 19.7 148.1 87.0 581.6 
13.0 15.9 30.5 296.1 0.9 29.9 16.4 145.1 83.7 855.1 

14.0 15.5 27.4 298.6 0.9 29.2 15.9 144.5 83.5 906.8 

15.0 15.4 30.8 286.1 0.5 28.8 15.6 131.1 84.7 944.7 

16.0 15.7 28.6 302.9 0.5 29.6 16.2 130.7 86.7 935.6 

17.0 15.3 28.5 292.6 0.8 28.7 15.5 141.9 82.8 920.9 
18.0 16.5 28.9 308.9 0.7 31.4 17.5 136.1 87.6 815.8 

19.0 15.8 30.0 300.9 0.7 29.8 16.3 137.3 85.6 891.1 

20.0 17.6 27.8 291.6 0.8 33.8 19.3 140.1 88.1 638.3 

21.0 17.2 28.7 301.4 0.7 32.9 18.6 136.7 88.6 711.2 
22.0 15.6 26.6 293.1 0.6 29.3 16.0 133.5 84.8 899.9 

23.0 15.7 28.3 298.4 0.6 29.6 16.2 134.9 85.8 904.1 

24.0 15.4 27.2 307.4 0.8 29.0 15.7 143.9 83.7 948.4 

25.0 15.7 29.8 287.6 0.6 29.5 16.1 133.1 84.3 883.1 

26.0 15.8 27.9 309.4 0.9 29.7 16.3 144.9 84.5 894.2 
27.0 17.0 29.0 288.4 0.8 32.5 18.3 140.7 86.8 692.8 

28.0 16.2 27.2 289.1 0.9 30.7 17.0 146.7 84.7 777.9 

29.0 15.6 27.9 291.1 0.7 29.4 16.1 136.5 84.9 894.8 

30.0 15.6 30.6 296.6 0.9 29.2 15.9 146.1 83.4 907.6 

31.0 15.4 31.3 293.9 0.9 28.9 15.7 144.1 82.7 908.6 
32.0 15.0 30.5 289.6 0.8 28.0 15.0 143.3 80.7 932.4 

33.0 15.5 30.1 301.6 1.0 29.1 15.8 149.9 82.5 906.2 

34.0 17.7 28.8 308.6 0.9 34.0 19.5 147.9 88.5 652.2 

35.0 16.0 31.1 289.9 0.7 30.3 16.7 137.7 85.2 826.4 

36.0 17.0 30.9 294.9 1.0 32.4 18.3 148.7 86.5 705.7 
37.0 15.2 30.4 295.4 1.0 28.4 15.3 148.3 81.1 921.8 

38.0 17.6 30.2 293.4 0.6 33.9 19.4 132.1 89.0 646.8 

39.0 16.1 29.9 288.6 0.8 30.4 16.8 141.1 84.9 809.0 

40.0 17.1 27.1 286.6 0.6 32.7 18.5 135.5 87.8 674.9 

41.0 16.6 29.2 295.1 0.7 31.5 17.6 137.5 87.1 775.4 
42.0 16.5 30.4 292.9 0.8 31.5 17.6 141.3 86.3 757.8 

43.0 17.1 30.1 300.4 0.8 32.7 18.5 142.7 87.6 712.3 

44.0 15.3 31.4 299.4 0.9 28.6 15.5 147.7 81.9 931.3 

45.0 17.1 29.6 290.1 0.9 32.6 18.4 146.9 86.6 685.2 
46.0 17.8 30.2 303.4 0.9 34.3 19.7 147.3 88.7 625.3 

47.0 16.9 26.6 306.9 0.7 32.2 18.1 137.9 87.5 755.2 

48.0 17.3 28.2 302.6 1.0 33.1 18.8 149.7 87.3 673.4 
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49.0 15.5 29.0 305.1 0.7 29.0 15.8 138.1 85.0 967.3 

50.0 16.1 27.5 303.9 0.5 30.5 16.9 131.7 87.4 864.8 
51.0 18.0 28.4 294.1 0.6 34.6 19.9 134.7 89.7 594.2 

52.0 16.6 30.9 301.1 0.9 31.7 17.7 144.3 86.7 766.7 

53.0 16.1 26.7 289.4 0.8 30.4 16.8 141.7 84.9 806.6 

54.0 17.7 28.1 306.1 0.7 34.1 19.6 139.5 89.4 642.9 

55.0 15.2 30.3 291.4 0.5 28.5 15.4 130.9 84.1 971.0 
56.0 16.6 27.6 292.4 0.7 31.6 17.7 139.9 86.2 749.5 

57.0 16.3 29.8 296.4 0.5 30.8 17.1 131.5 87.5 821.8 

58.0 16.0 27.6 306.6 0.5 30.2 16.6 130.1 87.3 898.0 

59.0 16.5 28.9 287.1 0.8 31.2 17.4 142.5 85.6 748.6 
60.0 17.9 28.4 298.1 0.8 34.5 19.8 140.9 89.2 611.7 

61.0 16.2 29.9 287.9 0.9 30.6 16.9 147.5 83.7 784.4 

62.0 17.1 31.2 307.1 0.9 32.8 18.6 145.5 88.2 723.1 

63.0 16.4 28.6 297.6 0.6 31.2 17.4 135.3 86.9 798.5 

64.0 17.5 26.8 302.4 0.5 33.5 19.1 131.3 89.9 673.2 
65.0 15.9 29.4 290.6 0.6 30.0 16.5 135.1 85.7 857.4 

66.0 16.4 31.2 298.9 0.6 31.0 17.3 134.3 87.5 814.9 

67.0 15.1 27.3 305.4 0.6 28.2 15.2 132.9 83.5 1010.0 

68.0 16.2 27.0 303.1 0.7 30.8 17.1 138.5 86.4 826.4 

69.0 17.3 30.6 297.4 1.0 33.2 18.9 149.5 87.1 670.0 
70.0 15.1 27.0 299.6 0.8 28.3 15.2 143.1 82.3 960.2 

71.0 16.9 26.7 307.6 0.9 32.3 18.2 147.1 87.1 741.1 

72.0 17.9 27.1 285.9 0.9 34.5 19.9 146.5 87.4 576.6 

73.0 16.2 31.0 290.9 0.7 30.6 17.0 139.3 85.6 813.4 

74.0 16.0 29.3 297.9 0.6 30.2 16.7 133.7 86.6 872.0 
75.0 15.1 26.5 304.1 0.7 28.2 15.1 136.3 83.4 1019.0 

76.0 16.7 27.7 296.9 0.9 31.9 17.9 145.7 86.3 736.5 

77.0 17.4 29.7 309.1 0.5 33.3 18.9 131.9 89.8 714.3 

78.0 17.5 30.7 293.6 0.9 33.7 19.2 145.9 87.6 644.6 

79.0 15.9 27.7 286.9 1.0 30.1 16.6 148.5 82.6 803.1 
80.0 16.3 29.5 302.1 0.7 31.0 17.2 139.7 86.5 816.4 

81.0 16.5 29.3 300.6 0.7 31.3 17.5 139.1 87.1 799.6 

82.0 17.7 28.8 304.4 0.7 34.1 19.5 138.9 89.5 646.2 

83.0 17.2 26.9 285.4 0.8 33.0 18.7 140.3 87.1 659.9 
84.0 17.2 28.3 309.9 0.8 32.9 18.7 142.9 88.5 712.1 

85.0 16.9 30.2 300.1 0.6 32.3 18.2 135.7 88.1 741.8 

86.0 17.5 28.1 290.4 0.6 33.6 19.2 133.9 89.0 636.9 
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87.0 17.4 28.0 294.4 0.7 33.4 19.0 136.9 88.6 668.5 

88.0 17.0 30.8 304.6 1.0 32.5 18.4 149.3 87.2 715.8 
89.0 16.4 26.8 304.9 0.9 31.1 17.3 145.3 86.3 805.5 

90.0 15.9 30.0 307.9 1.0 30.0 16.5 149.1 84.5 879.4 

91.0 16.7 28.7 301.9 0.8 31.8 17.8 141.5 87.0 766.5 

92.0 18.0 28.2 292.1 0.6 34.7 20.0 132.7 89.7 596.5 

93.0 15.3 31.3 297.1 0.6 28.8 15.6 132.3 85.1 979.6 
94.0 17.3 30.7 288.9 0.7 33.1 18.8 138.7 87.4 668.9 

95.0 16.7 30.3 287.4 0.6 31.7 17.8 132.5 87.4 753.9 

96.0 17.6 27.8 306.4 0.6 33.7 19.3 134.1 89.9 670.5 

97.0 16.8 29.4 305.6 0.6 32.0 18.0 133.3 88.4 781.4 
98.0 16.8 29.2 291.9 0.6 32.1 18.0 134.5 87.7 733.7 

99.0 17.4 27.3 288.1 0.9 33.5 19.1 146.3 86.8 634.5 

100.0 15.0 29.7 299.9 0.9 28.1 15.1 144.7 81.4 971.4 

6.2.10 1st PSO optimisation variable for 12/8 SRM design with 100 samples 
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12/8 SRM 60 LHS Sample Points 

 
Fig.  6.4 Initial 60 Latin Hypercube samples for 12/8 SRM design 

Table 6-14 12/8 SRM parameters for the 60 Latin Hypercube samples 

S, No 
Stator 

pole arc 
in º 

Stator 
Yoke in 

mm 

Stator 
inner 

diameter 
in mm 

Air gap 
in mm 

Rotor 
Yoke 

thickness 
in mm 

Rotor 
pole arc 

in º 

Shaft 
diameter 

in mm 

Eff: in 
% 

Torq: in 
Nm 

 
1.00 15.72 29.80 301.87 0.69 29.62 16.21 137.50 85.49 916.60 

2.00 16.07 28.17 285.20 0.85 30.40 16.79 143.83 83.50 795.67 

3.00 15.87 30.78 287.29 0.59 29.95 16.46 133.50 85.37 848.22 
4.00 16.57 29.15 309.79 0.70 31.52 17.63 138.16 87.91 814.94 

5.00 17.42 27.60 299.79 0.73 33.42 19.04 139.16 88.72 673.55 

6.00 16.97 30.54 297.29 0.80 32.41 18.29 141.83 88.57 734.06 

7.00 17.87 29.39 300.20 0.95 34.42 19.79 148.16 88.32 614.87 

8.00 16.72 27.11 289.37 0.78 31.85 17.88 141.16 88.69 737.52 
9.00 17.62 27.68 292.70 0.61 33.86 19.38 134.50 89.05 635.53 

10.00 17.32 29.48 286.87 0.64 33.19 18.88 135.50 88.18 665.05 

11.00 16.37 31.35 304.79 0.55 31.07 17.29 132.16 88.27 843.79 

12.00 16.02 28.99 291.04 0.76 30.29 16.71 140.50 85.33 829.56 

13.00 16.27 27.43 308.54 0.63 30.85 17.13 135.16 87.58 845.56 
14.00 15.32 28.82 298.95 0.51 28.73 15.54 130.50 85.11 984.68 

15.00 17.57 27.52 308.95 0.56 33.75 19.29 132.50 90.26 671.95 



  

 224   
 

16.00 16.52 27.27 299.37 0.80 31.41 17.54 142.16 85.99 769.48 

17.00 17.17 30.95 293.95 0.67 32.86 18.63 136.83 88.14 697.27 
18.00 17.52 30.46 290.62 0.71 33.64 19.21 138.50 88.54 646.14 

19.00 17.47 30.21 304.37 0.90 33.53 19.13 145.83 88.35 667.88 

20.00 17.27 27.35 309.37 0.83 33.08 18.79 143.16 88.25 702.74 

21.00 15.22 26.62 307.29 0.84 28.50 15.38 143.50 83.00 972.94 

22.00 17.07 28.58 288.54 0.65 32.63 18.46 136.16 87.48 693.71 
23.00 15.17 26.86 301.45 0.60 28.39 15.29 133.83 84.23 1008.80 

24.00 16.32 28.25 295.20 0.66 30.96 17.21 136.50 88.35 667.07 

25.00 15.37 30.29 300.62 0.75 28.84 15.63 140.16 87.12 825.06 

26.00 16.42 30.86 296.45 0.79 31.18 17.38 141.50 86.13 788.50 
27.00 17.22 28.74 285.62 0.52 32.97 18.71 130.83 88.66 663.26 

28.00 16.82 29.31 296.87 0.74 32.08 18.04 139.50 87.40 736.58 

29.00 17.77 26.70 306.04 0.50 34.20 19.63 130.16 90.66 630.15 

30.00 17.97 29.07 305.62 0.95 34.64 19.96 147.83 88.82 610.83 

31.00 15.27 26.78 290.20 0.62 28.61 15.46 134.83 84.05 954.87 
32.00 16.77 27.19 306.87 0.60 31.96 17.96 134.16 88.76 781.18 

33.00 16.67 27.03 301.04 0.57 31.74 17.79 132.83 88.32 781.97 

34.00 15.47 31.19 286.04 0.91 29.06 15.79 146.50 85.69 863.68 

35.00 16.17 26.54 303.12 0.97 30.62 16.96 148.83 85.08 810.56 

36.00 15.77 30.70 306.45 0.93 29.73 16.29 147.16 83.86 945.96 
37.00 17.82 26.94 298.12 0.65 34.31 19.71 135.83 89.29 623.97 

38.00 17.92 29.23 305.20 0.75 34.53 19.88 139.83 89.71 622.72 

39.00 15.97 28.33 292.29 0.58 30.18 16.63 133.16 86.01 846.64 

40.00 15.57 27.76 286.45 0.72 29.28 15.96 138.83 84.87 867.12 

41.00 17.37 29.56 287.70 0.89 33.30 18.96 145.50 88.06 639.46 
42.00 15.82 28.41 291.87 0.85 29.84 16.38 144.16 84.01 847.53 

43.00 15.42 30.13 307.70 0.55 28.95 15.71 131.83 85.73 990.51 

44.00 17.02 29.64 288.12 0.94 32.52 18.38 147.50 86.03 685.65 

45.00 15.62 30.37 294.79 0.99 29.40 16.04 149.50 83.10 874.30 

46.00 15.07 28.66 303.95 0.98 28.17 15.13 149.16 81.63 974.00 
47.00 15.92 31.27 303.54 0.87 30.07 16.54 144.83 85.36 877.01 

48.00 16.62 29.88 296.04 0.53 31.63 17.71 131.16 87.97 775.53 

49.00 15.12 28.50 291.45 0.92 28.28 15.21 146.83 81.26 921.25 

50.00 17.72 28.01 293.12 0.77 34.09 19.54 140.83 88.22 623.24 
51.00 15.67 31.11 298.54 0.81 29.51 16.13 142.50 84.02 891.29 

52.00 16.12 28.90 295.62 0.54 30.51 16.88 131.50 86.92 842.58 

53.00 16.47 29.72 293.54 0.86 31.29 17.46 144.50 85.77 770.21 
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54.00 17.12 27.84 294.37 1.00 32.75 18.54 149.83 86.45 683.63 

55.00 15.02 30.62 297.70 0.70 28.06 15.04 137.83 82.24 985.54 
56.00 16.87 31.03 302.70 0.82 32.19 18.13 142.83 87.50 745.78 

57.00 16.92 28.09 288.95 0.68 32.30 18.21 137.16 87.30 702.87 

58.00 16.22 27.92 302.29 0.90 30.74 17.04 146.16 85.07 812.53 

59.00 17.67 29.97 289.79 0.96 33.97 19.46 148.50 87.22 605.92 

60.00 15.52 30.05 308.12 0.88 29.17 15.88 145.16 84.12 939.60 
 

   

 

Table 6-15  7 Variables Global Optimisation Latin Hypercube Sampling Points of 12/8 SRM 

Models Stator 
pole arc in 

º 

Stator 
yoke in 

mm 

Stator 
inner dia 

in mm 

Airgap 
in mm 

 

Rotor 
yoke 

thickness 
in mm 

Rotor 
pole arc 

in º 
 

Shaft 
Dia 
in 

mm 

Eff: 
in 
% 

Torq: 
in Nm 

Sample row 
15 

17.5 27.5 308.958 0.5625 33.75 19.29 132.5 90 671.9 

Modified 
sample row 

15 

17.1 27.5 306.958 0.5 33 18 150 89.3 747 

Sample for 
row 29 

17.775 26.704 306.04 0.504 34.19 19.62 130.1 90.6 630.1 
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Modified 
sample for 

row 29 

15.9 27 303 0.5 34.19 17.325 130 90 728 

Table 6-16 More variables Global Optimisation Latin Hypercube Sampling Points of 12/8 SRM 

Models Input 
current in 

Amps 

Resistance 
(ohms) 

Slot fill 
factor 
in % 

Current 
density 
A/mm2 

Copper 
loss in w 

Iron 
loss in 

w 

Total 
loss (w) 

flux 
density 

in T 
Sample row 

15 
22.266 0.3306 75.52 2.640 889.34 83.9 1077 1.91 

Modified 
sample row 15 

25.71 0.3306 72.5 2.931 1096.94 82.9 1293 1.91 

Sample for 
row 29 

20.95 0.33 73.43 2.50 798.77 85.57 984 1.915 

Modified 
sample for 

row 29 

24.09 0.352 71.79 2.72 1007 73.40 1186 1.897 

 

 

Table 6-17 (New) 6 Variables Global Optimisation Latin Hypercube Sampling Points of 12/8 SRM. 

S, No 
Stator 

pole arc 
in º 

Stator 
Yoke 

thickness 
in mm 

Air gap 
in mm 

Rotor 
Yoke 

thickness 
in mm 

Rotor 
pole arc 

in º 

Shaft 
diameter 

in mm 

Torque in 
Nm 

Efficiency 
in % 

 
1 16.13 26.24 0.85 30.47 17.54 100.83 829.00 82.83 

2 16.43 29.19 0.87 34.63 19.96 149.17 674.86 85.02 

3 15.83 26.68 0.99 32.91 18.96 129.17 759.72 83.13 

4 17.38 29.54 0.61 31.33 18.04 110.83 729.35 85.49 

5 17.63 28.32 0.72 28.61 16.46 79.17 804.14 83.63 

6 17.98 28.84 0.79 27.75 15.96 69.17 822.73 83.44 

7 17.28 29.71 0.55 28.90 16.63 82.50 819.08 84.57 

8 17.88 27.28 0.80 33.77 19.46 139.17 629.18 85.76 

9 16.33 29.02 0.98 33.48 19.29 135.83 714.68 84.07 

10 16.53 28.06 0.92 32.05 18.46 119.17 755.06 83.95 

11 16.88 28.50 0.65 30.04 17.29 95.83 793.10 84.14 

12 16.93 28.41 0.60 32.62 18.79 125.83 727.53 86.13 

13 17.03 31.36 0.69 26.17 15.04 50.83 926.16 81.63 

14 15.38 29.80 0.88 27.89 16.04 70.83 953.92 80.24 

15 16.08 28.15 0.75 32.77 18.88 127.50 766.84 84.68 

16 17.18 27.46 0.93 30.76 17.71 104.17 740.27 82.96 

17 16.03 31.18 0.81 29.18 16.79 85.83 870.89 81.80 

18 17.23 27.02 0.51 31.05 17.88 107.50 749.04 85.46 

19 16.28 30.06 0.54 30.33 17.46 99.17 850.43 84.99 

20 17.53 27.11 0.85 28.47 16.38 77.50 803.27 83.03 
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21 15.88 29.10 0.58 31.62 18.21 114.17 820.89 84.87 

22 15.33 29.36 0.71 30.90 17.79 105.83 874.37 83.45 

23 15.68 27.80 0.96 30.19 17.38 97.50 855.22 81.69 

24 17.13 27.98 0.83 27.61 15.88 67.50 848.57 81.30 

25 15.28 31.01 0.82 31.19 17.96 109.17 874.57 83.37 

26 16.78 28.67 0.97 27.32 15.71 64.17 883.95 81.24 

27 16.98 29.45 0.94 26.46 15.21 54.17 908.13 80.99 

28 17.68 30.84 0.70 26.89 15.46 59.17 864.84 83.04 

29 15.53 27.20 0.89 27.03 15.54 60.83 920.20 78.33 

30 15.18 27.72 0.74 29.76 17.13 92.50 919.38 82.28 

31 17.93 30.92 0.70 29.90 17.21 94.17 746.79 84.55 

32 16.48 28.24 0.86 28.18 16.21 74.17 869.20 81.27 

33 16.73 29.28 0.78 31.76 18.29 115.83 759.81 84.13 

34 15.48 29.62 0.57 28.32 16.29 75.83 951.82 81.89 

35 17.48 26.94 0.77 26.60 15.29 55.83 872.26 81.72 

36 16.58 26.85 0.76 29.61 17.04 90.83 817.62 82.92 

37 17.78 26.42 0.56 33.05 19.04 130.83 659.11 86.35 

38 15.08 27.63 0.55 32.19 18.54 120.83 847.51 84.47 

39 16.63 26.76 0.60 27.46 15.79 65.83 903.21 83.07 

40 17.33 28.93 0.53 33.91 19.54 140.83 656.28 87.07 

41 15.93 31.10 0.95 27.18 15.63 62.50 925.25 79.52 

42 15.63 28.58 0.75 34.49 19.88 147.50 730.13 84.24 

43 15.78 27.89 0.50 34.20 19.71 144.17 738.98 86.46 

44 16.18 29.88 0.68 29.33 16.88 87.50 867.39 82.70 

45 15.98 30.58 0.64 32.34 18.63 122.50 790.61 85.16 

46 15.03 30.40 0.73 26.32 15.13 52.50 1025.78 78.66 

47 15.13 30.32 1.00 31.91 18.38 117.50 837.81 82.30 

48 15.43 27.54 0.84 31.48 18.13 112.50 838.87 82.92 

49 16.68 29.97 0.66 34.34 19.79 145.83 687.18 86.37 

50 15.58 30.75 0.90 33.63 19.38 137.50 764.52 83.92 

51 17.83 30.14 0.62 34.06 19.63 142.50 635.64 86.98 

52 15.23 27.37 0.65 28.04 16.13 72.50 973.81 81.63 

53 15.73 26.50 0.67 30.62 17.63 102.50 854.49 83.69 

54 16.83 30.66 0.80 33.34 19.21 134.17 707.18 85.08 

55 17.08 30.49 0.95 29.04 16.71 84.17 806.57 81.77 

56 17.43 31.27 0.90 32.48 18.71 124.17 690.72 84.63 

57 16.23 26.59 0.63 33.20 19.13 132.50 737.61 85.44 

58 16.38 26.33 0.91 28.75 16.54 80.83 841.65 80.83 
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59 17.58 30.23 0.59 26.75 15.38 57.50 894.07 83.64 

60 17.73 28.76 0.52 29.47 16.96 89.17 771.08 85.53 
 

6.2.11 2nd PSO Optimisation from 60 samples while varying inner rotor 
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Fig.  6.5 60 samples of LHS samples 

 
Fig.  6.6 40 LHS samples for constant speed and constant power analysis 

Table 6-18 Global optimisation sample for 170mm at constant speed 105rpm 

No Stator 
Yoke 

Rotor 
Yoke 

Fill 
fact
or 

No: of 
Turns 

Stator 
pole 
arc 

Stator 
pole 
length 

Rotor 
pole 
arc 

Rotor 
pole 
lengt
h 

Eff: Torq: speed 

01 35.6 29.4 51.8 98.3 15.7 46.9 16.2 77.8 82 793 105 
02 29.9 35.4 47.3 90.1 14.6 52.9 15.7 72.3 79 985 105 
03 31.6 30.1 50.8 86.7 14.9 47.6 16.1 70.0 79 1070 105 
04 30.9 31.1 57.8 92.3 14.8 48.6 16.8 73.8 81 916 105 
05 28.9 35.1 51.3 89.7 14.4 52.6 16.1 72.0 79 1034 105 
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06 32.1 28.6 45.3 96.8 15.0 46.1 15.5 76.8 80 899 105 
07 28.4 28.1 56.8 95.7 14.3 45.6 16.7 76.0 81 959 105 
08 29.1 35.9 59.8 99.1 14.4 53.4 17.0 78.3 82 828 105 
09 33.6 33.1 50.3 97.9 15.3 50.6 16.0 77.5 81 828 105 
10 29.4 34.1 58.8 90.4 14.5 51.6 16.9 72.5 80 966 105 
11 35.9 31.6 52.3 85.6 15.8 49.1 16.2 69.3 79 971 105 
12 27.1 34.6 42.8 94.2 14.0 52.1 15.3 75.0 78 1009 105 
13 35.4 33.6 40.8 88.2 15.7 51.1 15.1 71.0 79 990 105 
14 30.6 32.1 58.3 88.9 14.7 49.6 16.8 71.5 80 978 105 
15 33.4 34.4 48.8 93.8 15.3 51.9 15.9 74.8 80 885 105 
16 33.9 28.9 53.8 88.6 15.4 46.4 16.4 71.3 80 969 105 
17 34.4 37.1 52.8 99.8 15.5 54.6 16.3 78.8 81 847 105 
18 34.9 32.6 57.3 94.9 15.6 50.1 16.7 75.5 81 821 105 
19 36.6 33.4 42.3 94.6 15.9 50.9 15.2 75.3 80 859 105 
20 34.6 36.6 55.8 87.8 15.5 54.1 16.6 70.8 79 906 105 
21 27.9 36.9 55.3 95.3 14.2 54.4 16.5 75.8 80 930 105 
22 30.1 30.4 44.3 91.6 14.6 47.9 15.4 73.3 78 1014 105 
23 36.4 29.6 40.3 93.1 15.9 47.1 15.0 74.3 80 915 105 
24 36.1 32.4 43.3 93.4 15.8 49.9 15.3 74.5 80 876 105 
25 28.6 33.9 49.8 98.7 14.3 51.4 16.0 78.0 79 946 105 
26 31.9 37.9 59.3 90.8 15.0 55.4 16.9 72.8 81 895 105 
27 33.1 29.9 41.3 89.3 15.2 47.4 15.1 71.8 78 1007 105 
28 29.6 34.9 43.8 87.1 14.5 52.4 15.4 70.3 78 1048 105 
29 27.4 36.1 54.8 99.4 14.1 53.6 16.5 78.5 81 876 105 
30 32.6 29.1 53.3 86.3 15.1 46.6 16.3 69.8 79 1031 105 
31 32.9 35.6 44.8 87.4 15.2 53.1 15.5 70.5 77 994 105 
32 32.4 31.9 41.8 92.7 15.1 49.4 15.2 74.0 79 972 105 
33 27.6 31.4 48.3 96.1 14.1 48.9 15.8 76.3 80 984 105 
34 35.1 32.9 56.3 91.2 15.6 50.4 16.6 73.0 81 869 105 
35 31.4 28.4 49.3 97.2 14.9 45.9 15.9 77.0 81 890 105 
36 30.4 37.6 45.8 91.9 14.7 55.1 15.6 73.5 79 988 105 
37 36.9 36.4 54.3 85.9 16.0 53.9 16.4 69.5 78 903 105 
38 28.1 30.9 46.3 96.4 14.2 48.4 15.6 76.5 79 977 105 
39 31.1 30.6 47.8 97.6 14.8 48.1 15.8 77.3 81 898 105 
40 34.1 37.4 46.8 85.2 15.4 54.9 15.7 69.0 75 976 105 

 

6.3 Constant power analysis at 170mm and 10kW 
Air gap = 0.6 mm; Length= 170 mm *constant power 10kW 

Table 6-19 Global optimisation sample for 170mm at constant power 10kW 

No Stator 
Yoke 

Rotor 
Yoke 

Fill 
fact
or 

No: of 
Turns 

Stator 
pole 
arc 

Stator 
pole 
length 

Rotor 
pole 
arc 

Rotor 
pole 
lengt
h 

Eff: Torq: speed 

01 35.6 29.4 51.8 98.3 15.7 46.9 16.2 77.8 73 1223 78 
02 29.9 35.4 47.3 90.1 14.6 52.9 15.7 72.3 83 745 128 
03 31.6 30.1 50.8 86.7 14.9 47.6 16.1 70.0 85 687 139 
04 30.9 31.1 57.8 92.3 14.8 48.6 16.8 73.8 81 894 107 
05 28.9 35.1 51.3 89.7 14.4 52.6 16.1 72.0 84 726 132 
06 32.1 28.6 45.3 96.8 15.0 46.1 15.5 76.8 79 930 103 
07 28.4 28.1 56.8 95.7 14.3 45.6 16.7 76.0 83 831 115 
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08 29.1 35.9 59.8 99.1 14.4 53.4 17.0 78.3 77 1090 88 
09 33.6 33.1 50.3 97.9 15.3 50.6 16.0 77.5 76 1111 86 
10 29.4 34.1 58.8 90.4 14.5 51.6 16.9 72.5 83 812 117 
11 35.9 31.6 52.3 85.6 15.8 49.1 16.2 69.3 82 799 119 
12 27.1 34.6 42.8 94.2 14.0 52.1 15.3 75.0 82 748 127 
13 35.4 33.6 40.8 88.2 15.7 51.1 15.1 71.0 82 773 123 
14 30.6 32.1 58.3 88.9 14.7 49.6 16.8 71.5 82 792 121 
15 33.4 34.4 48.8 93.8 15.3 51.9 15.9 74.8 79 959 99 
16 33.9 28.9 53.8 88.6 15.4 46.4 16.4 71.3 83 809 118 
17 34.4 37.1 52.8 99.8 15.5 54.6 16.3 78.8 78 1043 92 
18 34.9 32.6 57.3 94.9 15.6 50.1 16.7 75.5 74 1144 84 
19 36.6 33.4 42.3 94.6 15.9 50.9 15.2 75.3 77 1025 93 
20 34.6 36.6 55.8 87.8 15.5 54.1 16.6 70.8 79 915 104 
21 27.9 36.9 55.3 95.3 14.2 54.4 16.5 75.8 82 871 110 
22 30.1 30.4 44.3 91.6 14.6 47.9 15.4 73.3 83 741 78 
23 36.4 29.6 40.3 93.1 15.9 47.1 15.0 74.3 80 897 129 
24 36.1 32.4 43.3 93.4 15.8 49.9 15.3 74.5 78 983 106 
25 28.6 33.9 49.8 98.7 14.3 51.4 16.0 78.0 81 843 97 
26 31.9 37.9 59.3 90.8 15.0 55.4 16.9 72.8 80 938 113 
27 33.1 29.9 41.3 89.3 15.2 47.4 15.1 71.8 82 746 102 
28 29.6 34.9 43.8 87.1 14.5 52.4 15.4 70.3 83 701 128 
29 27.4 36.1 54.8 99.4 14.1 53.6 16.5 78.5 79 978 136 
30 32.6 29.1 53.3 86.3 15.1 46.6 16.3 69.8 84 729 98 
31 32.9 35.6 44.8 87.4 15.2 53.1 15.5 70.5 82 763 131 
32 32.4 31.9 41.8 92.7 15.1 49.4 15.2 74.0 82 802 125 
33 27.6 31.4 48.3 96.1 14.1 48.9 15.8 76.3 83 795 119 
34 35.1 32.9 56.3 91.2 15.6 50.4 16.6 73.0 79 994 120 
35 31.4 28.4 49.3 97.2 14.9 45.9 15.9 77.0 80 950 96 
36 30.4 37.6 45.8 91.9 14.7 55.1 15.6 73.5 82 780 100 
37 36.9 36.4 54.3 85.9 16.0 53.9 16.4 69.5 78 926 122 
38 28.1 30.9 46.3 96.4 14.2 48.4 15.6 76.5 82 798 103 
39 31.1 30.6 47.8 97.6 14.8 48.1 15.8 77.3 80 932 120 
40 34.1 37.4 46.8 85.2 15.4 54.9 15.7 69.0 80 776 102 

 

6.4 Constant speed analysis at 200mm and 105rpm 
Air gap = 0.6 mm; Length= 200 mm *constant speed 105 

Table 6-20 Global optimisation sample for 200mm at constant speed 105rpm 

S, 
No 

Stator 
Yoke 
thickn
ess in 
mm 

Rotor 
Yoke 
thickn
ess in 
mm 

Fill 
fact
or in 
% 

No: of 
Turns 

Stator 
pole 

arc in 
º 

Stator 
pole 

length 
in mm 

Rotor 
pole 

arc in 
º 

Rotor 
pole 

length 
in mm 

Eff: 
in % 

Torq: in 
Nm 

Speed 
in 

rpm 

01 35.6 29.4 51.8 98.3 15.7 46.9 16.2 77.8 36 714 105 
02 29.9 35.4 47.3 90.1 14.6 52.9 15.7 72.3 30 916 105 
03 31.6 30.1 50.8 86.7 14.9 47.6 16.1 70.0 32 965 105 
04 30.9 31.1 57.8 92.3 14.8 48.6 16.8 73.8 31 828 105 
05 28.9 35.1 51.3 89.7 14.4 52.6 16.1 72.0 29 934 105 
06 32.1 28.6 45.3 96.8 15.0 46.1 15.5 76.8 32 815 105 
07 28.4 28.1 56.8 95.7 14.3 45.6 16.7 76.0 28 858 105 
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08 29.1 35.9 59.8 99.1 14.4 53.4 17.0 78.3 29 742 105 
09 33.6 33.1 50.3 97.9 15.3 50.6 16.0 77.5 34 746 105 
10 29.4 34.1 58.8 90.4 14.5 51.6 16.9 72.5 29 872 105 
11 35.9 31.6 52.3 85.6 15.8 49.1 16.2 69.3 36 881 105 
12 27.1 34.6 42.8 94.2 14.0 52.1 15.3 75.0 27 914 105 
13 35.4 33.6 40.8 88.2 15.7 51.1 15.1 71.0 35 896 105 
14 30.6 32.1 58.3 88.9 14.7 49.6 16.8 71.5 31 886 105 
15 33.4 34.4 48.8 93.8 15.3 51.9 15.9 74.8 33 801 105 
16 33.9 28.9 53.8 88.6 15.4 46.4 16.4 71.3 34 874 105 
17 34.4 37.1 52.8 99.8 15.5 54.6 16.3 78.8 34 960 105 
18 34.9 32.6 57.3 94.9 15.6 50.1 16.7 75.5 35 742 105 
19 36.6 33.4 42.3 94.6 15.9 50.9 15.2 75.3 37 777 105 
20 34.6 36.6 55.8 87.8 15.5 54.1 16.6 70.8 35 825 105 
21 27.9 36.9 55.3 95.3 14.2 54.4 16.5 75.8 28 835 105 
22 30.1 30.4 44.3 91.6 14.6 47.9 15.4 73.3 30 920 105 
23 36.4 29.6 40.3 93.1 15.9 47.1 15.0 74.3 36 828 105 
24 36.1 32.4 43.3 93.4 15.8 49.9 15.3 74.5 36 794 105 
25 28.6 33.9 49.8 98.7 14.3 51.4 16.0 78.0 29 853 105 
26 31.9 37.9 59.3 90.8 15.0 55.4 16.9 72.8 32 807 105 
27 33.1 29.9 41.3 89.3 15.2 47.4 15.1 71.8 33 916 105 
28 29.6 34.9 43.8 87.1 14.5 52.4 15.4 70.3 30 949 105 
29 27.4 36.1 54.8 99.4 14.1 53.6 16.5 78.5 27 788 105 
30 32.6 29.1 53.3 86.3 15.1 46.6 16.3 69.8 33 931 105 
31 32.9 35.6 44.8 87.4 15.2 53.1 15.5 70.5 33 905 105 
32 32.4 31.9 41.8 92.7 15.1 49.4 15.2 74.0 32 880 105 
33 27.6 31.4 48.3 96.1 14.1 48.9 15.8 76.3 28 882 105 
34 35.1 32.9 56.3 91.2 15.6 50.4 16.6 73.0 35 783 105 
35 31.4 28.4 49.3 97.2 14.9 45.9 15.9 77.0 31 802 105 
36 30.4 37.6 45.8 91.9 14.7 55.1 15.6 73.5 30 891 105 
37 36.9 36.4 54.3 85.9 16.0 53.9 16.4 69.5 37 824 105 
38 28.1 30.9 46.3 96.4 14.2 48.4 15.6 76.5 28 880 105 
39 31.1 30.6 47.8 97.6 14.8 48.1 15.8 77.3 31 808 105 
40 34.1 37.4 46.8 85.2 15.4 54.9 15.7 69.0 34 896 105 

 

6.5 Constant speed analysis at 200mm and 10kW 
Air gap = 0.6 mm; Length= 200 mm *constant power 10 kW 

Table 6-21 Global optimisation sample for 200mm at constant power 10kW 

S, 
No 

Stato
r 

Yoke 
thick
ness 
in 

mm 

Rotor 
Yoke 
thick
ness 
in 

mm 

Fill 
fact
or 
in 
% 

No: of 
Turns 

Stato
r pole 
arc in 

º 

Stator 
pole 

length 
in mm 

Rotor 
pole 

arc in 
º 

Rotor 
pole 
lengt
h in 
mm 

Eff: 
in 
% 

Torq: 
in Nm 

Speed 
in rpm 

01 35.6 29.4 51.8 98.3 15.7 46.9 16.2 77.8 36 714 105 
02 29.9 35.4 47.3 90.1 14.6 52.9 15.7 72.3 69 1510 63 
03 31.6 30.1 50.8 86.7 14.9 47.6 16.1 70.0 81 895 107 
04 30.9 31.1 57.8 92.3 14.8 48.6 16.8 73.8 83 825 116 
05 28.9 35.1 51.3 89.7 14.4 52.6 16.1 72.0 79 1081 88 
06 32.1 28.6 45.3 96.8 15.0 46.1 15.5 76.8 82 868 110 
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07 28.4 28.1 56.8 95.7 14.3 45.6 16.7 76.0 76 1130 85 
08 29.1 35.9 59.8 99.1 14.4 53.4 17.0 78.3 81 996 96 
09 33.6 33.1 50.3 97.9 15.3 50.6 16.0 77.5 74 1334 72 
10 29.4 34.1 58.8 90.4 14.5 51.6 16.9 72.5 72 1369 70 
11 35.9 31.6 52.3 85.6 15.8 49.1 16.2 69.3 80 980 97 
12 27.1 34.6 42.8 94.2 14.0 52.1 15.3 75.0 80 963 99 
13 35.4 33.6 40.8 88.2 15.7 51.1 15.1 71.0 80 901 106 
14 30.6 32.1 58.3 88.9 14.7 49.6 16.8 71.5 80 933 102 
15 33.4 34.4 48.8 93.8 15.3 51.9 15.9 74.8 81 953 100 
16 33.9 28.9 53.8 88.6 15.4 46.4 16.4 71.3 76 1166 82 
17 34.4 37.1 52.8 99.8 15.5 54.6 16.3 78.8 81 973 98 
18 34.9 32.6 57.3 94.9 15.6 50.1 16.7 75.5 75 1276 75 
19 36.6 33.4 42.3 94.6 15.9 50.9 15.2 75.3 70 1411 68 
20 34.6 36.6 55.8 87.8 15.5 54.1 16.6 70.8 73 1251 76 
21 27.9 36.9 55.3 95.3 14.2 54.4 16.5 75.8 76 1112 86 
22 30.1 30.4 44.3 91.6 14.6 47.9 15.4 73.3 79 1054 91 
23 36.4 29.6 40.3 93.1 15.9 47.1 15.0 74.3 81 888 107 
24 36.1 32.4 43.3 93.4 15.8 49.9 15.3 74.5 78 1087 88 
25 28.6 33.9 49.8 98.7 14.3 51.4 16.0 78.0 75 1198 80 
26 31.9 37.9 59.3 90.8 15.0 55.4 16.9 72.8 79 1019 94 
27 33.1 29.9 41.3 89.3 15.2 47.4 15.1 71.8 77 1137 84 
28 29.6 34.9 43.8 87.1 14.5 52.4 15.4 70.3 80 897 107 
29 27.4 36.1 54.8 99.4 14.1 53.6 16.5 78.5 82 843 113 
30 32.6 29.1 53.3 86.3 15.1 46.6 16.3 69.8 76 1190 119 
31 32.9 35.6 44.8 87.4 15.2 53.1 15.5 70.5 83 870 110 
32 32.4 31.9 41.8 92.7 15.1 49.4 15.2 74.0 80 918 104 
33 27.6 31.4 48.3 96.1 14.1 48.9 15.8 76.3 79 967 99 
34 35.1 32.9 56.3 91.2 15.6 50.4 16.6 73.0 81 955 100 
35 31.4 28.4 49.3 97.2 14.9 45.9 15.9 77.0 76 1208 79 
36 30.4 37.6 45.8 91.9 14.7 55.1 15.6 73.5 77 1148 83 
37 36.9 36.4 54.3 85.9 16.0 53.9 16.4 69.5 80 939 101 
38 28.1 30.9 46.3 96.4 14.2 48.4 15.6 76.5 75 1127 85 
39 31.1 30.6 47.8 97.6 14.8 48.1 15.8 77.3 80 963 99 
40 34.1 37.4 46.8 85.2 15.4 54.9 15.7 69.0 78 1130 84 

 

Table 6-22 Design Specifications of the 24kW SynRM. 

Parameter Symbol Value Units 

Rated power P 24 kW 

Phase Voltage Vdc 380 V 

Rated current I 26 Amps 

Shaft diameter dsh 50 mm 

Number of turns Np 12 turns 

Stator dia ds 310 mm 

Rotor dia dr 188 mm 

Air gap g 1 mm 

Stack length l 200 mm 
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Stator poles Ns 4 - 

Rotor flux barriers  3 - 

Rotor flux barrier edge angle deg 4 o 

Number of phases m 3 - 

Synchronous speed nN 1500 rpm 

Average torque Tav 154 Nm 

Saliency ratio  0.7  

frequency f 50 Hz 

 

Table 6-23 Design Specifications of the SynRM rotor 

Item Value Item Value 

Rotor OD in mm 188 mm Flux barrier edge angle 3 and 4 deg 

Flux carrier total width in mm 42.17 Flux barrier total width 26.822 

Each Flux carrier width in 
mm 

12.06, 9.92,9.97,10.21 Each flux barrier width 9.02, 8.97, 8.81 

Rotor Material M350-50Amp   

1st flux barrier length (start from Rotor outer diameter) 

Upper line 36mm Lower line 35.9mm 

2nd flux barrier length 

Upper line 36mm Lower line 36mm 

3rd flux barrier length 

Upper line 35.91mm Lower line 35.63mm 

Note: All the above dimension are clearly mentioned in the 4th quadrant view of the rotor. 

Table 6-24 Design specifications 

Item Value Item Value 
Phase Voltage 310V AC supply Rated Frequency 50 Hz 

Power 24.23kW Rated Synchronous Speed 1500 rpm 
Airgap thickness 1mm Stator Winding Arrangement Double-Layer 

Rated Current 26.51 Amp Rated torque 154.27Nm 
Waveform AC Sinusoidal Stator Winding Arrangement Double-Layer 
Efficiency 89% Flux density 2.1 Tesla 

Shaft Diameter 50mm Stack Length 200 mm 
Pole Numbers 4 Number of phases 3 

Number of slots 36   
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Table 6-25 rotor dimensions 

Item Value Item Value 
Rotor OD 188 mm Flux barrier edge angle 3 and 4 deg 

Flux carrier total width 42.17 Flux barrier total width 26.822 
Each Flux carrier width 12.06, 9.92,9.97,10.21 Each flux barrier width 9.02, 8.97, 8.81 

Rotor Material M350-50Amp   
1st flux barrier length (start from Rotor outer diameter) 

Upper line 36mm Lower line 35.9mm 
2nd flux barrier length 

Upper line 36mm Lower line 36mm 
3rd flux barrier length 

Upper line 35.91mm Lower line 35.63mm 
Please note: All the above dimension are clearly mentioned in the 4th quadrant view of the rotor below. 

Table 6-26 stator dimensions of 8.58kW direct drive SynRM 
Item Value Item Value 

Stator OD 500 mm Stator ID 300 mm 
Slot depth 51.3 Tooth width 15.75 

Slot opening width 6.74 Tooth tang angle 10.8 
Tooth tip thickness 3.97 Slot openings 6.74 

Stator core thickness 49.76 Stator material M-19 29 Ga 
Table 6-27 rotor dimensions of the 8.85kW motor for direct drive 

Item Value Item Value 
Rotor OD 299.33 mm Flux barrier edge angle 49 

Flux carrier total width 70.59 Flux barrier total width 41.30 
Each Flux carrier width 14.11 Each flux barrier width 10.33 

Rotor Material M-19 29 Ga   
1st flux barrier length (start from Rotor outer diameter) 

Upper line 65.6mm Lower line 91.3mm 
2nd flux barrier length 

Upper line 114.42mm Lower line 128.31mm 
3rd flux barrier length 

Upper line 133.49mm Lower line 144.18mm 
4th flux barrier length 

Upper line 45.52mm Lower line 72.59 
Please note: All the above dimension are clearly mentioned in the 4th quadrant view of the rotor below. 

Table 6-28 3-phase Winding specifications of 8.85kW rotor design 

Item Value Item Value 
Bare slot area 718.9mm2 Slot Fill factor 52% 

Number of Turns 53 Stranded conductor area 7mm 
End winding resistance 2.835Ω End winding inductance 12.57mH 

Number of parallel paths 1 Coil placement method Over-under 
Slot liner thickness 0.741 Coil separator thickness 0.741 

Winding type Lap Number of coils per set 1 
Coil span 9 Number of layers 2 

Coil material Copper: 100% IACS   
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Table 6-29 asymmetrical rotor design parameters when length decreased (from the right side) and angle increased. 
Decrease

d mm 
Barrier 1 

in mm 
Barrier 2 

in mm 
Barrier 3 

in mm 
Barrier 4 

in mm 
Torqu
e Nm 

Efficienc
y % 

Powe
r kW 

Energ
y J 

T-
Rippl
e % 

2 30.
7 

43.
5 

55.
2 

62.
1 

64.
8 

70.
0 

20.
7 

34.3 809 91.22 9.76 339 57 

4 28.
7 

41.
5 

53.
2 

60.
1 

62.
8 

68.
0 

18.
7 

32.3 816 91.58 9.81 335 64 

6 26.
7 

39.
5 

51.
2 

58.
1 

60.
8 

66.
0 

16.
7 

30.3 821 91.77 9.84 331 78 

8 24.
7 

37.
5 

49.
2 

56.
1 

58.
8 

64.
0 

14.
7 

28.3 825 92.30 9.83 327 88 

10 22.
7 

35.
5 

47.
2 

54.
1 

56.
8 

62.
0 

12.
7 

26.3 827 92.67 9.82 322 100 

12 20.
7 

33.
5 

45.
2 

52.
1 

54.
8 

60.
0 

10.
7 

24.3
6 

829 93.07 9.80 317 110 

14 18.
7 

31.
5 

43.
2 

50.
1 

52.
8 

58.
0 

8.7 22.3 829 93.29 9.67 312 121 

16 16.
7 

29.
5 

41.
2 

48.
1 

50.
8 

56.
0 

6.7 20.3 829 93.40 9.75 307 125 

18 14.
7 

27.
5 

39.
2 

46.
1 

48.
8 

54.
0 

4.7 18.3 828 93.44 9.75 302 130 

20 12.
7 

25.
5 

37.
2 

44.
1 

46.
8 

52.
0 

2.7 16.3 826 93.8 9.68 297 128 

Note: torque ripple is increasing with decreasing length.  

Table 6-30 parameters when length decreased and angle length remain the same 
Decrease

d mm 
Barrier 1 

in mm 
Barrier 2 

in mm 
Barrier 3 

in mm 
Barrier 4 

in mm 
Torqu
e Nm 

Efficienc
y % 

Powe
r kW 

Energ
y J 

T 
Rippl
e % 

2 30.
7 

43.
5 

55.
2 

62.
1 

64.
8 

70.
0 

20.
7 

34.
3 

776 91.3 9.34 326 57 

4 28.
7 

41.
5 

53.
2 

60.
1 

62.
8 

68.
0 

18.
7 

32.
3 

747 91.4 8.97 309 66 

6 26.
7 

39.
5 

51.
2 

58.
1 

60.
8 

66.
0 

16.
7 

30.
3 

733 92.0 8.76 296 77 

8 24.
7 

37.
5 

49.
2 

56.
1 

58.
8 

64.
0 

14.
7 

28.
3 

697 92.4 8.29 277 88 

10 22.
7 

35.
5 

47.
2 

54.
1 

56.
8 

62.
0 

12.
7 

26.
3 

671 92.8 7.95 262 99 

12 20.
7 

33.
5 

45.
2 

52.
1 

54.
8 

60.
0 

10.
7 

24.
3 

644 93.3 7.58 247 105 

14 18.
7 

31.
5 

43.
2 

50.
1 

52.
8 

58.
0 

8.7 22.
3 

615 93.3 7.24 234 108 

16 16.
7 

29.
5 

41.
2 

48.
1 

50.
8 

56.
0 

6.7 20.
3 

588 93.5 6.90 220 106 

18 14.
7 

27.
5 

39.
2 

46.
1 

48.
8 

54.
0 

4.7 18.
3 

559 93.7 6.55 207 103 

20 12.
7 

25.
5 

37.
2 

44.
1 

46.
8 

52.
0 

2.7 16.
3 

532 94.0 6.22 194 101 

Note torque ripple is increasing with decreasing length.  
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Table 6-31 The equipment used in the experiment 

Equipment Items PICs 
(1) Multi-meters V and I measurement (0.2% accuracy) 

 
(2) Siemens Drive MICROMASTER 440. Frequency 

inverter range is covered 0.12- 22kW for 
constant torque.  

 
(3) Torque 
measurement 
 

Torque measuring instrument (±0.2% 
accuracy) 

 
(4) Frequency and 
speed measurement 

1 rev/min accuracy  

 



  

 238   
 

(5) Temperature 
measurement 

5 thermocouple used for the temperature 
measurement and each thermocouple 
gives its own reading and temperature 
meter  

 
(6) Oscilloscope Toruque, and frequency measurement 

with Oscilloscope.   

 
(7) The 55kW 
motor used as a load 
machine 
 

Permanent magnet machine with ABB 
drive speed control. 1480Rpm152Nm 
maximum torque.  

 
(8) ABB Drive Frequency converter ABB EN_AC800 

standard control 

 
(9) Vibration meter To measure the vibration of the motor. 

 
(10) Proposed rotor 
design 

Solid Synchronous reluctance rotor 3V-
shaped flux barrier shape 
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 Material polyvinyl chloride inserted into 
the flux barriers. With both solid and 
liquid material. 

 
(11) Assembled 
rotor without shaft 

After the insertion of polyvinyl chloride 
material, the rotor is mechanically fitted 
with nuts and bolts with an outer cover 
plate.  

 
(12) Symmetrical 
rotor for test 

Rotor assembled with shaft and fan after 
machining. 

 
(13) Two rotors of 
Synchronous 
machine 

First the symmetrical  

 
(14) Power 
Analyser (3- phase)  

For measuring power and harmonics 

 
(15) Digital 
Tachometer 

For contactless speed measurement 
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(16) Winding 
resistance 
measurement meter 

Three phases winding insulation testing. 
To check the stator winding is not 
touching the body 

 
(17) Three phase 
winding 
connections 

Red, yellow and blue phase terminal. 

 
(18) Carbon 
Brushes 

Assembly of carbon brushes attached with 
the spring.  

 

 
a 
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(b) 

 
(c) 
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(d) 

Fig.  6.7 Photographs of duplicate Cummins stator (PI-144F) (a-d) 
 

Table 6-32 Results of No-load test  

Hz T1 T2 T3 T4 T5 Rpm I V P P.f Harmonics 

5Hz 31.9 33.8 39.0 29.3 28.9 140 19.9 134 0.24 0.09 87% THD 
6Hz 35.7 38.0 44 31.3 32.6 154 22 136 0.34 0.10 87% THD 
7Hz 41.9 44.2 51.8 35.2 36.2 210 20 138 0.34 0.13 86% THD 

8.2Hz 47 50 55.3 45 43.7 242 17.6 141 0.31 0.11 86% THD 
10Hz 47.2 49 55 44.8 44.1 300 18.0 145 0.28 0.10 86% THD 
12Hz 45.5 47 53.4 42 41 362 18.5 149 0.28 0.10 84% THD 

14.30Hz 44.5 46.1 51.2 41.8 40.1 429 17.6 155 0.29 0.12 84% THD 
16.10Hz 43.5 45 50.4 39.7 38.8 482 16.8 159 0.36 0.13 82% THD 

17Hz 42.1 44.2 49.2 38.8 37.3 508 18.5 164 0.49 0.11 72% THD 
20Hz 40.1 42 48.3 37.1 36.2 602 18.7 169 0.48 0.11 47% THD 

21.5Hz 39.5 41.4 47.3 36.7 35.3 647 18.2 174 0.48 0.11 43.3% THD 
24Hz 39.2 41.3 46.9 36.1 34.8 719 17.6 179 0.39 0.12 17.8% THD 
26Hz 38.8 40.7 45.7 35 33.3 786 18.5 183 0.39 0.13 16.8% THD 
28Hz 38.2 40.1 45 33.8 32.1 840 19.1 188 0.39 0.12 15.5% THD 
30.30 37.9 39.3 44.1 32.6 29.2 909 18.2 193 0.38 0.10 7.9% THD 

32 33.6 35.4 31 31 27 961 18.9 198 0.42 0.11 13.6% THD 
 

Table 6-33 No-load test data while coupling the shaft with 55kW load motor or No-load experimental data of 

temperature, speed, current, voltage, power, power factor, harmonics and vibration from 0-50Hz frequency. 

Frequenc
y 

T1 T2 T3 T4 T5 Spee
d in 
rpm 

Curre
nt in 
Amp 

Voltag
e in 
volts 

Powe
r in 
kW 

P.f Harmon
ics in % 

Vibration 
micro 
m2/Hz 

5Hz 26.
1 

27.
7 

29.
9 

25.
7 

26 150 17.8 155 0.28 0.0
8 

36/2.4/1
1.2 

102.1 

10Hz 32 33.
9 

38.
6 

30 30.
8 

299 18.3 163.5 0.29 0.0
9 

28.9/8.7/
1.2 

99.9 
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15Hz 31.
9 

33.
8 

37.
3 

30.
8 

31.
1 

452 18.2 172.9 0.36 0.1
0 

21.2/0.8/
4.3 

98 

20Hz 31.
5 

33.
4 

36.
3 

31.
0 

31.
3 

600 18 182 0.34 0.0
9 

18.3/1.6/
0.7 

99.6 

25Hz 31.
3 

32.
9 

35.
5 

30.
9 

31.
3 

752 18 190 0.36 0.1
0 

16.7/0.4/
5.3 

98.5 

30Hz 30.
9 

31.
8 

34.
6 

31.
6 

31.
4 

900 18.1 196.2 0.36 0.1
0 

9.2/6.7/0
.3 

100 

33Hz 30.
9 

31.
4 

34.
4 

31.
7 

31.
6 

995 19.7 199 0.38 0.1
1 

13.6/2.4/
14.7 

97.2 

35Hz 30.
6 

31.
5 

34 31.
4 

31.
8 

1052 18.2 202 0.40 0.1
1 

8.5/7.5/0
.4 

97.7 

38Hz 30.
7 

32.
1 

34 31.
7 

31.
8 

1140 18.4 208 0.42 0.1
1 

14.5/12.
4/7.1 

97.9 

40Hz 30.
3 

31.
9 

33.
9 

31.
9 

32.
4 

1200 18.4 213 0.45 0.1
2 

14.3/11.
2/6.5 

96 

42Hz 30.
8 

31.
7 

33.
9 

31.
9 

32.
3 

1260 18.8 217.4 0.52 0.1
3 

8.26/12.
1/6.9 

91.5 

43.80Hz 31.
1 

32 33.
7 

32.
5 

32.
4 

1314 21.7 221 0.53 0.1
3 

8.3/13.7/
0.9 

91 

45Hz 27.
8 

27.
6 

30.
3 

24.
5 

28.
8 

1350 18.4 229 0.52 0.1
3 

6.7/4./0.
8 

92 

47.80Hz 30.
9 

31.
5 

34.
1 

32.
5 

33.
1 

1433 18.0 236 0.55 0.1
3 

8.3/13.7 93 

50Hz 31 31.
6 

33.
9 

32.
4 

33.
2 

1500 18.4 249 L 
to N 

0.56 0.1
4 

6.4/5.1/0
.6 

93 

 

Table 6-34 low slip test data while connecting 55kW motor as a load 
Frequ
ency 

T1 T
2 

T
3 

T
4 

T
5 

RP
M 

Curr
ent 
in 
Amp 

Volt
age 
in 
volts 

Powe
r in 
kW 

P.f Harmo
nics in 
% 

Tor
que 
Nm 

 ABB 
drive 
referen
ce 
settings 
Hz/Rp
m 

ABB 
Drive 
curre
nt 

5Hz 29.
3 

30 31
.9 

32 27
.6 

15
0 

18 139 0.22 0.0
9 

512% 0.2  0.1Hz/  

17Hz 32.
3 

34
.1 

37
.2 

30 31
.4 

51
3 

18.2 163 0.36 0.1
2 

44.7% 0.42  0.6/-9.8 2.4 

25Hz 32.
3 

34 36
.6 

31
.3 

31
.8 

75
0 

17.8 181    0.5  0.6/-9.8 2.9 

 Not Torque applied by ABB at 50Hz 
25Hz 32.

8 
34
.5 

36
.8 

33 32
.7 

75
0 

18 181 0.51 0.1
6 

14.5/4.
9/0.4 

  0.8/-
11.7/-
52% 

45/6.3 

30Hz 32.
8 

34
.2 

36
.7 

33
.2 

33
.2 

89
9 

18 192 0.54 0.1
7 

8.3/3.0/
0.5 

0.9  0.8/-
11.7 

45/6.3 

 Now Torque Applied on the machine 
30Hz 32.

7 
34
.1 

36
.7 

33
.4 

33
.6 

90
0 

18.2 191 0.68/
0.76 

0.2
1 

8.5/3.3/
0.2 

1.4  1/68% 68/10.
1 

35Hz 33 34
.5 

37
.1 

33
.6 

34
.1 

10
50 

19 312 0.85 0.2
24 

7.5/4.8/
0.3 

1.7  1.1/-
77% 

67/11.
4 

 Now Torque Applied on the machine 
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35Hz 33.
5 

34
.9 

37
.5 

34
.3 

34
.6 

10
50 

18.8 200   7.4/4.2/
0.2 

1.7  1.2/-
16rpm/-
84% 

72/15 

40Hz 34.
1 

35
.2 

37
.9 

34
.8 

35
.7 

12
00 

18.9 211 1.10 0.2
6 

12/8.2/
2 

2.3  Same as above 

 Now Torque Applied on the machine 
Same 
all 

             1.4/-
19/99 

86/19 

45Hz 35.
4 

36
.2 

39
.5 

36
.2 

36
.8 

13
56 

20.7 227 1.17 0.2
8 

7.2/6.3/
0.2 

2.9  1.4/19.6 84/11.
8 

 Now Torque Applied on the machine 
45Hz 36.

1 
37 40

.2 
37
.1 

37
.8 

13
50 

20.7 226 1.76 0.3
7 

7.2/6.2/
0.3 

3.4  1.7/-
23.8/11
7.74T 

102.8
4/12 

50Hz 36.
6 

37
.7 

41
.1 

37
.6 

38
.3 

15
00 

23.8 239 2.29 0.4
1 

5.9/6.1/
0.3 

3.9  1.7/-
24.7rpm
/-113T 

99.74/
18 

 

Table 6-35 List of Equipment used in the experimental setup 

Proposed Rotor 

Stamford stator 

55kW motor 

ABB Drive 

ABB Load resistor 

Siemens Drive 

Siemens Resistor 

Ammeter 

Voltmeter 

Fluke meter 

Torque transducer 

Torque measurement meter JN-338 

5 PT100 Temperature sensor (Thermocouple) 

Oscilloscope Tektronix TDS 2024B 

Vibration meter EMT290 (Machin checker) 

Siemens circuit breaker CDM10-100/3300 Delixi 

12V Battery (Black) 

Megger testing meter 
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Table 6-36 Magnetic Flux density of 3 flux barrier synchrnous reluctance motor 

S,No Magnetic Flux density in Tesla 
1 2.17 
2 2.18 
3 2.20 
4 2.20 
5 2.21 
6 2.25 
7 2.24 
8 2.21 
9 2.24 
10 2.20 
11 2.16 
12 2.18 
13 2.20 
14 2.20 
15 2.21 
16 2.25 
17 2.24 
18 2.24 
19 2.24 
20 2.20 
21 2.17 
22 2.18 
23 2.20 
24 2.20 
25 2.21 
26 2.25 
27 2.24 
28 2.21 
29 2.24 
30 2.20 
31 2.16 
32 2.18 
33 2.20 
34 2.20 
35 2.21 
36 2.25 
37 2.24 
38 2.22 
39 2.24 
40 2.20 
41 2.17 
42 2.18 
43 2.20 
44 2.20 
45 2.21 
46 2.25 
47 2.24 
48 2.21 
49 2.24 
50 2.20 

 


