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PEMODELAN BERANALISIS DAN PENGOPTIMUMAN KECEKAPAN  

MESIN SEGERAK MAGNET KEKAL  

DENGAN MENGGUNAKAN PENGOPTIMUM KERUMUNAN ZARAH 

ABSTRAK 

Reka bentuk mesin biasanya merupakan proses yang rumit dengan pembolehubah yang 

saling berkait dan juga bergantung pada faktor-faktor lain seperti hubungan tak linear antara 

parameter, sifat bahan, batas rekabentuk dan keperluan aplikasi. Pemodelan beranalisis masih 

diperbaiki secara berterusan untuk menghasilkan ramalan  yang menyerupai analisis unsur 

terhingga (FEA) dan operasi mesin masa-nyata. Akan tetapi, kedua-dua pemodelan beranalisis 

serta FEA tidak dapat mengenal pasti parameter mesin diperlukan untuk pengoptimuman 

kecekapan mesin yang berbeza. Pemilihan pembolehubah secara stokastik juga tidak cekap 

dalam pengoptimuman mesin kerana hubungan-hubungan tak linear antara pembolehubah mesin 

PMSM. Lantaran itu, penyelidikan ini tertumpu kepada penggunaan pemodelan subdomain 

beranalisis medan magnetik dan sifat-sifat berkaitan untuk pengoptimuman tiga-fasa, 12-lubang 

alur/8-kutub PMSM lekap permukaan dengan topologi pemutar luaran. Teknik ini telah 

digunakan dengan mengubah nilai-nilai pembolehubah mesin terpilih seperti lengkuk kutub 

magnet, ketebalan magnet, kelebaran sela udara, dan bukaan lubang alur. Selepas itu, suatu 

algoritma berkomputer pintar  Pengoptimum Kerumunan Zarah (PSO) digunakan untuk 

mengubah pembolehubah mesin yang terpilih secara serentak, bagi mencari penyelesaian 

optimum berkrompomi untuk prestasi mesin yang tertinggi.  Hasil prestasi mesin yang terbaik 

adalah berdasarkan indeks prestasi yang terpilih – kecekapan dan THDv. Hasil yang didapati 

daripada pemodelan beranalisis dan Pengoptimum Kerumunan Zarah (PSO) telah dsahkan dan 

dipersetujui dengan FEA. Daripada hasil penyelesaian PSO, keempat-empat pembolehubah reka 

bentuk mesin yang dioptimumkan berjaya mengoptimumkan prestasi mesin. Hasil penyelidikan 

ini menunjukkan gabungan pemodelan beranalisis dan PSO dapat memudahkan kaedah jangkaan 

stokastik dalam pembolehubah mesin serta menjadikan proses reka bentuk dan pengoptimuman 

reka bentuk mesin yang lebih cekap.  
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ANALYTICAL MODELLING AND EFFICIENCY OPTIMISATION OF 

PERMANENT MAGNET SYNCHRONOUS MACHINE USING PARTICLE 

SWARM OPTIMISATION 

ABSTRACT 

Machine design has always been a comprehensive process with inter-dependant variables 

that are subjected to many factors such as non-linear relationship between parameters, material 

properties, design limitations and application-dependant requirements. While analytical 

modelling has been continuously developed to predict as closely as possible to resemble the finite 

element analysis (FEA) and real-time machine operation, but analytical modelling as well as 

FEA are unable to pin-point specific machine variables required to be optimised for a particular 

design. Furthermore, stochastically choosing machine variables is not efficient in machine 

optimisation as there are complicated non-linear relationships between machine parameters in 

PMSM. Therefore, this research focuses on the usage of subdomain modelling for analytical 

prediction of magnetic field and other attributes to optimise a three-phase, 12slot/8pole surface 

mounted PMSM with external rotor topology, by varying selected machine variables - magnet 

pole arc, magnet thickness, air-gap width and slot opening individually. Subsequently, an 

intelligent computational algorithm -  Particle Swarm Optimization (PSO) was later applied to all 

the machine variables simultaneously to find the optimal solution for a compromised optimal 

machine performance. The improved machine performace are based on the chosen performance 

indexes – efficiency and THDv. The results obtained from the analytical prediction and particle 

swarm PSO were compared with FEA for verification and was found to be in good agreement. 

From PSO study, the four machine design variables has been simultaneously optimised and 

successfully produced parameters for a performance-optimised machine. The research results has 

also demonstrated that by simplifying traditional stochastic methods in the targeted machine 

variables, a combination of analytical modelling and PSO allows a more efficient machine design 

and optimisation process. 
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1 

CHAPTER ONE 

INTRODUCTION 

1.1 Background 

Electrical machines have ineradicably integrated into our daily lives. From 

fundamental energy conversion in power generation industry, right to the miniature 

motorized high speed fan in a hair-dryer, electrical machines have become an indispensible 

component in the modern day industries and daily routines. At the same time, with rising 

awareness on conservation and preservation of the environment, the importance of a greener 

approach to the existing electric machines applications has been given much attention to. 

Electrical machines driven systems (EMDS) account for 43-46% of the global energy 

consumption, and produce 6040 Mt carbon dioxide emissions (IEA, 2011). By making the 

existing electrical machines work more efficiently, there will be huge economic and 

environmental impact. An improved electrical machine saves about 4% to 5% energy 

consumption. If these machines are linked to an equally-optimised electromechanical 

application, they will save another 15% to 20% on the energy consumption, in which leads to 

an effective enhancement on the energy efficiency of 20% to 30%. This ultimately reduces 

global electricity demand by 11% (IEA, 2011). With this reason, the global demand for 

electrical machines with higher efficiency has seen increasing growth since year 1995. The 

sales of these electrical machines are further stimulated by the enforcement of Minimum 

Energy Performance Standards (MEPS) in many developing countries, allowing 

benchmarking and comparison of electrical machines and EMDS performance standards 

(IEA, 2015). Thus, the designers of electrical machines have continuously sought methods to 

improve the existing machine designs and technology to deliver machines with better 

performance in terms of torque and efficiency profiles, in the face of fast-growing high-

efficiency demand.  
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1.2 Permanent Magnet Synchronous Machines Development 

Permanent magnet synchronous machines (PMSM) are one of the few that offers 

higher efficiency compared to other available electrical machine technologies, albeit not 

widely distributed in the market compared to its counterparts.  Due to its high power density, 

low torque ripple and low acoustics noise feature, PMSM is widely used and in high-demand 

for renewable and green energy conversion systems, such as wind turbines as well as the 

automotive industry. With the emerging of electric vehicles (EV) and hybrid electric vehicles 

(HEV), PMSM with better performance indexes has been prioritised and rigorously being 

developed to enhance their automotive applications. There have been many machine design 

techniques which were experimented to develop more efficient PMSMs, as presented in the 

literature. These techniques include skewing, auxiliary tooth, dummy sots and PM shape 

modifications (Jahns and Soong, 1996).  

All these efforts were meant to minimise torque pulsation and improving machine 

performance, which are some of the common problems faced by a PMSM. Nonetheless, 

designers may come across the need for various design trade-offs in performance aspects 

such as magnetic and electrical traits when coming to producing electrical machines catered 

for high-performance applications.  

Fortunately, with advanced and sophisticated technology development, finite element 

analysis (FEA) allows high accuracy and versatility in the modern machine designing 

processes. By using commercially available FE software such as Cobham Vector Field 

Opera 2D, an electrical machine’s performance can be simulated under various conditions 

and environments such as static analysis and rotating machine analysis. These softwares 

allow conceptual designs to be tested, hence eliminating the traditional need of fabricating 

and testing the prototypes, and eventually reducing preliminary design costs and timescales. 

By defining the analysis domains into elementary regions known as finite elements, FEA is 

able to capture accurate, detailed and individualised aspects of many machine operational 
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properties such as electromagnetic characteristics and behaviour, air gap flux density, 

cogging torque and induced back-electromotive force (back-EMF). 

Over the decades, FEA has progressed with advanced computer processing capabilities, 

hence allows FEA to be an essential integral in the modern machine design processes. But 

FEA only serves as a performance estimation tool for the electrical machine under specific 

configurations. Further experiences in dealing with real-time electrical machines operational 

conditions are required to adjust correction factors in FEA to allow a more accurate 

simulated performance for a satisfactory final design. On the other hand, FEA takes a 

substantially long computational time to generate simulation results. Furthermore, FEA is 

subjected to computational capabilities of the processor used. Likewise, one would need to 

sacrifice finer discretion of geometry in finite element to reduce computational time, which 

directly affects the level of accuracy.  

Analytical modelling has been developed to serve as an alternative in machine design 

process to predict and estimate machine performance. Analytical modelling is continuously 

adapting to more machine related parameters and behaviours into consideration to improve 

the accuracy of solution in comparison to the FEA. While the introduction of various 

improved analytical modelling is helpful in machine design processes, modifications have to 

be done with consideration of other machine aspects such as machine design limitations, 

fabrication tolerances and material properties, hence becoming tediously long, resulting in a 

not optimal design as expected. Further elaboration on analytical modelling is discussed in 

the next chapter. 

The implementation of evolutionary computation allows a more comprehensive 

solution to multi-dimensional engineering design problem, such as machine designing which 

encompasses many interrelating design variables. Particle Swarm Optimisation (PSO) is one 

of such computational methods where an optimal solution to a non-linear function is sought 

in a defined real number search space. Inspired by biological organisms’ social behaviourism 

and some animal species working as a whole to locate the most desirable location of an area 



4 

for living (Kennedy and Eberhart, 1995), the basic PSO algorithm allows the particles to 

search the space by adjusting the trajectories in a multi-dimensional space. Predefined in an 

objective function, these particles moves towards to the best solution that they have 

independently found, and would eventually flock or converge towards the best solution that 

has been found by other particles in the search space. As to other available computational 

methods, PSO algorithm offers easier and simpler search mechanism, consisting 

comprehensive mechanism which allows particles to move at a predefined acceleration 

towards personal best and global best. With this reason, PSO is an excellent tool for 

designers to utilise in searching for the optimal multi-variables for the best performance 

achievable in an electrical machine. This leads to a more efficient and time-saving initial 

design stage. 

1.3 Problem Statement 

Machine design is a comprehensive process with inter-dependant parameters, which 

are subjected to several factors such as material properties, machine design limitations and 

other application-dependant requirements. Therefore, it is difficult to pin-point specific 

machine variables to improve certain machine performance indexes such as torque profile 

and efficiency. While FEA allows an accurate prediction with flexible individualised settings, 

FEA software still rely on the computer processing capabilities to generate results within a 

considerable amount of time. Furthermore, accuracy depends on more refined geometry 

discretion in finite element, but consumes computational time. Analytical modelling was first 

developed to overcome the FEA’s shortcomings, but still takes considerably long repetitive 

stochastic cycles of designing process to get to relatively better machine variables 

accounting other performance indexes of a machine. In this thesis, after determining the 

machine variables adjustments that improves a machine’s performance, the utilisation of 

advanced computational methods such as PSO allows a faster computation of optimised 

variables for the required improved machine performance indexes.  
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