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ABSTRACT

Magnetic gear (MG) is an attractive option to mechanical gear due to its contactless
nature, which contributes to lower losses and higher efficiency. Different types of MG,
differs in physical construction. Concentric magnetic gear (CMG) exhibits the highest
torque production compared with other MGs. Yet, CMGs are generally analysed in
low-speed applications due to eddy current loss from the permanent magnet (PM)
during high-speed operations. This loss leads to decrease in output torque and gear
efficiency. To overcome these in high-speed applications, as in electric vehicles (EVS),
a different CMG topology known as rotating-pole-piece magnetic gear (RPMG) is
more practical. RPMGs have fewer number of poles and hence higher transmitted
torque and efficiency, although claimed to cause higher torque ripple than CMGs in
some pole pair combinations. Therefore, in this work, torque characteristics were
evaluated in RPMGs for several pole pair combinations and compared with the CMG
topology. The second combination of gear ratio 7.66 was found to be the most practical
option due to its lower number of pole pairs and 1% of torque ripple produced. Next,
to improve gear efficiency, three strategies are considered and compared with the
original RPMG. The strategies are lowering PM residual magnetic flux density level,
performing rotor skewing and employing second flux source to the RPMG, which then
transformed the RPMG into a hybrid-excited magnetic gear (HMG). Results gathered
reveals that the HMG strategy produced the best improvement. To optimize the gear
efficiency produced further, stator slot and tooth design of the HMG structures is
improved, thus producing two other different variants; HMG C1 and HMG C5 and
analysed using 2D finite element method. Gear efficiency achieved by the proposed
HMG structures were above 96%. Meanwhile, the torque densities are above 200
kN.m/m?3. These numbers are the highest if compared with previous studies. The newly
proposed HMG structure has shorter flux path to the air gap and utilised smaller PM
volume. It is hoped that the torque density and gear efficiency produced will elevate

the overall performance of the drive system in EVs.
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ABSTRAK

Gear magnetik (MG) ialah pilihan menarik berbanding gear mekanikal kerana sifat
tanpa sentuhannya, menyumbang kepada kehilangan yang rendah dan kecekapan yang
tinggi. Jenis MG berbeza dalam binaan fizikalnya. Gear magnetik sepusat (CMG)
mempamerkan pengeluaran daya kilas tertinggi berbanding dengan MG lain. Namun,
ia biasanya dianalisa pada aplikasi berkelajuan rendah kerana kehilangan arus pusar
daripada magnet kekal (PM) semasa berkelajuan tinggi. Kehilangan ini menyebabkan
penurunan daya kilas dan kecekapan gear. Untuk mengatasi kehilangan ini, seperti
pada kenderaan elektrik (EV), topologi CMG berbeza, dikenali sebagai gear magnet
kutub berputar (RPMG) adalah lebih praktikal. RPMG mempunyai bilangan kutub
yang lebih sedikit, daya kilas dan kecekapan yang dihantar juga lebih tinggi. Namun
ia didakwa menyebabkan riak daya kilas lebih tinggi dari CMG pada sesetengah
kombinasi kutub. Dalam kerja ini, ciri daya kilas dinilai dalam RPMG pada beberapa
kombinasi kutub dan dibandingkan dengan CMG. Kombinasi kedua gear nisbah 7.66
didapati paling praktikal kerana bilangan pasangan kutub yang lebih rendah, hanya 1%
riak daya kilas yang dihasilkan. Untuk meningkatkan kecekapan gear, tiga strategi
dibandingkan dengan RPMG asal. Strateginya adalah menurunkan tahap ketumpatan
fluks magnet sisa, pencongan rotor dan menambah sumber fluks kedua pada RPMG,
mengubahnya kepada gear magnetik hibrid (HMG). Hasil simulasi mendedahkan
strategi HMG adalah yang terbaik. Bagi meningkatkan kecekapan gear yang
dihasilkan, struktur HMG ditambahbaik, menghasilkan dua varian; HMG C1 dan
HMG C5, dan dianalisis menggunakan kaedah unsur terhingga 2D. Kecekapan gear
yang dicapai oleh struktur yang dicadangkan adalah melebihi 96% manakala
ketumpatan daya kilas melebihi 200 kN.m/m®. Jumlah ini adalah yang tertinggi
dibandingkan dengan kajian-kajian lepas. Struktur HMG yang baru dicadangkan
mempunyai laluan fluks yang lebih pendek ke jurang udara dan menggunakan isipadu
PM yang lebih kecil. Ketumpatan daya kilas dan kecekapan gear yang dihasilkan
diharap dapat meningkatkan prestasi keseluruhan sistem pemacu dalam EV.
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CHAPTER 1

INTRODUCTION

1.1 Research background

Electric vehicles (EVs) offer a promising solution for a sustainable future, but
EV advancement is restrained by a variety of technological demands, such as extra
driving range, competitive costs, battery reliability and charging infrastructures [1].
EV penetration has been growing rapidly over the past 12 years, with the global stock
of electric passenger cars surpassing the five-million mark in 2018, an increase of 63%
from the previous year. China presents the highest EVs on the road of around 45%
compared with 39% in 2017. Elsewhere, in the same year, Europe and the United
States registered 24% and 22% of EVs on the road, respectively [2]. Figure 1.1 shows
the number of electric cars in circulation in selected countries between 2013-2017.

The range capability of an electric vehicle is subjected to load capacity and
energy storage capability, influenced by the car’s total weight and the efficiency of the
propulsion [3]. Thus, a closer look at the drive system should be carried out. As shown
in Figure 1.2, the loss in the drive system contributes to 72% of total energy losses
compared with losses in the battery at 9% and in the converter at 19%. Hence,
improving the efficiency and power density of the drive system, such as the
transmission system, power electronics and drives, could elevate the overall
performance of EVs [3]-[4].



million

]

2013 2014 2015 2016 2017

Figure 1.1: Number of electric cars in circulation in selected countries, 2013-2017 [2]
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Figure 1.2: Losses in drive system, converter and battery of EVs [3]

Mechanical gears are among the major components in a transmission system.
A mechanical gear can produce a high gear ratio and torque density, but it suffers from
inherent problems, such as friction, noise, heat, vibration and reliability problems [5].
It requires contact to transmit torque and motion. Due to the engagement of the toothed
gears, regular maintenance is required, especially on the lubrication, to reduce the wear
and tear. Manual differential gears in a transmission system are recommended to
undergo a lubricant change at least once every two years. For automatic transmission
and continuous variable transmission (CVT) systems, the lubricant has to be changed
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