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FFT : Fast Fourier transform
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DESIGN AND ANALYSIS OF INTERIOR PERMANENT MAGNET
MACHINES EQUIPPED WITH NOVEL SEMI-OVERLAPPING WINDINGS
FOR ELECTRIC VEHICLE APPLICATIONS

SUMMARY

In this thesis, to meet the key expectations of the 21 century from electrical machines
such as cost-effectiveness, higher power and/or torque density, efficient energy
consuptions, a novel winding topology comprising semi-overlapped windings has
been proposed. In addition, single-excited synchronous machines having novel
winding topology is investigated with specific relations to the short end-winding
length with low magnetomotive force (MMF) harmonics, improved torque density and
efficiency, and flux-weakening (FW) capability topics.

Because of the major advantages of fractional-slot concentrated windings (FSCWs)
over integer-slot distributed windings (ISDWSs), such as very short-end winding
length, high slot fill factor, good field weakening and better fault-tolerant capabilities,
etc., an interior permanent magnet (IPM) machine equipped with FSCWs is designed
and investigated, comprehensively. It has been validated that the significantly high
level of MMF harmonics of FSCW configuration causes a substantial increase in the
rotor losses. To reduce these losses, different MMF harmonic reduction methods,
including phase-winding coils with a different number of turns, multilayer winding
with phase shifting, and stator with flux barriers have been implemented. However, it
has been revealed that the influence of these methods on the MMF harmonic reduction
is insignificant. Therefore, a novel semi-overlapping winding (NSW) topology having
concentric windings with a different number of turns per coil arm is introduced. The
major advantages of such winding over ISDWs (overlapping) and FSCWSs (non-
overlapping) are having very short-end winding lengths and significantly low MMF
harmonic content, respectively. It has been demonstrated that the proposed winding
topology promises significant superiorities such as improved efficiency with
substantially reduced total axial length, low eddy current losses, and low risk of
irreversible magnet demagnetisation over overlapping and non-overlapping winding
topologies.

The effectiveness of the proposed NSW topology by demonstrating its implemention
into different synchronous machine technologies, namely IPM, synchronous
reluctance machine (SynRM), permanent-magnet assisted SynRM (PMaSynRM), and
double salient reluctance machine (DSRM) is investigated. It is found that the
electromagnetic performance characteristics of these machines with the proposed
NSW topology are comparable to design with ISDW and FSCW topologies. Moreover,
it has also been revealed that the implementation of proposed NSWs into the reluctance
machines results with higher torque and power output than that of FSCWs.

To be able to increase the torque density, reduce the torque ripple, and improve the
efficiency, a systematic design optimization approach compromising single-objective
individual and multi-objective global optimization methods is also proposed. Thanks
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to the proposed optimization approach, more sensitive geometry parameters to the
torque and torque ripple are identified and the optimal solutions is reached much more
quickly.

Finally, a systematic analysis on the sole impact of key design parameters, including
number of turns, stack length, distance and angle between V-shaped magnets, rotor
yoke thickness, magnetic bridge width and thickness, and number of magnet segments,
on the FW capability of NSW IPM machines is performed. It has been revealed that
number of turns per phase, stack length, and width of main magnetic bridge have a
significant effect on the FW capability while distance between magnets has a trivial
effect.

It has been concluded that thanks to the proposed NSW topology, electrical machines
having a shorter end-winding length (compact structure), higher torque density, higher
efficiency, low torque ripple, good FW capability and low risk of irreversible magnet
demagnetization can be designed.
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ELEKTRIKLI ARAC UYGULAMALARI ICIN YENIi YARI KESISEN
SARGILARLA DONANIMLI GOMULU KALICI MIKNATISLI
MAKINALARIN TASARIMI VE ANALIZi

OZET

Bu tezde, 21. yiizyilin elektrik makinelerinden beklentileri arasinda yer alan; maliyet
etkinligi, yliksek glic ve/veya moment yogunlugu, ve verimli enerji tiiketimini
karsilamak i¢in; yar1 kesisen sargilardan olusan yeni bir sargi teknigi Onerilmistir.
Ayrica, yeni sargi topolojisinin uygulandig elektrik makinasina kazandirmis oldugu
avantajlar arasinda yer alan; diisiik manyetomotor kuvvet (MMK) harmonikleri,
gelistirilmis moment yogunlugu, yiiksek verimlilik, ak1 zayiflatma yetenegi ve kisa
sargl sonu uzunlugu gibi konular detayl bir sekilde incelenmistir.

Diinya genelinde {iretilen elektrik enerjisinin %65’inden fazlasi elektrik motorlari
tarafindan tiiketilmektedir. Ulkemizde ise bu oran %70’e tekabiil etmektedir. Ote
yandan, diinya genelinde iiretilen elektrik enerjisinin 93%’linden fazlas1 elektrik
generatdrleri tarafindan iiretilmektedir. Bu nedenle, doner elektrik makinalarinin
verimliliklerindeki iyilestirmeler, gii¢ tiiketiminin azaltilmasinda ve dolayisiyla
ilkelerin ekonomik biiyiimesine biiyiik katki saglamaktadir. Ayrica, verimli enerji
tiketiminin 21. ylizyilin kiiresel iklim degisikligiyle ilgili sorunlarin ¢dziilmesinin
anahtart oldugu son zamanlarda fark edilmistir. Ozellikle karayolu ulasimimin
elektrifikasyonu; sera etkisine katkida bulunan CO2 emisyonunun azaltilmasinda en
onemli katkiyr saglayacagi anlagilmistir. Bu yiizden, karayolu tagimaciliginda enerji
kullaniminin 2050 yilina kadar, elektrifikasyonun hakim olacag: sonucu, BP Enerji
sirketi tarafindan 6n goriilmiistiir. Sonug olarak, kiiresel 1sinma, yenilenemeyen enerji
kaynaklarimin ayristirilmasi ve ekonomik biiyiime sorunlar ile ilgili artan endiseler
nedeniyle, elektrik makinalarinin enerji verimliligi tasarimi, 6nemli bir arastirma alani
olarak ortaya ¢ikmaktadir.

Kesirli oluklu konsantre sargilarin (ISDW), klasik oluklu dagitilmig sargilara (FSCW)
gore sahip oldugu; oldukca kisa sargi sonu uzunlugu, daha yiiksek oluk doldurma
faktorti, daha 1yi alan zayiflatma kapasitesi ve daha iyi hata toleransi gibi avantajlardan
dolayi, bu sargi teknigi kullanilarak tasarlanmig; 12-oluk/8-kutup (12S/8P)
kombinasyonuna sahip gémiilii miknatisli senkron (IPM) makinanin elektromanyetik
performans karakteristikleri ayrintili bir sekilde incelenmistir. Burada, tasarimlarin
dogrulugunu kontrol edebilmek i¢in, tasarim ve isletme spesifikasyonlar1 2010 Toyota
Prius IPM makinasi ile ayni sec¢ilmistir. FSCW ailesine ait 12S/8P kombinasyonunun
altharmonigi bulunmamasina ragmen, bu sargi yapisina sahip makinalarinin, oldukca
yiiksek MMK harmonikleri nedeniyle, rotor kayiplarinda 6nemli bir artis oldugu
dogrulanmistir. Bu kayiplar1 azaltmak i¢in, farkli tur sayisina sahip faz bobinleri,
fazlar1 kaydirilmis ¢ok tabakali sargi yapisi, stator aki bariyerleri gibi farkli MMK
harmonik azaltma yontemleri uygulanmistir. Ancak, kullanilan bu yontemlerin, MMK
harmoniklerini azaltmakta oldukca yetersiz oldugu ortaya ¢ikmistir. Bu sebeple, diisiik
MMK harmonik ve kisa sargi sonu uzunlugu talebini karsilamak i¢in; her bir bobin
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kolunda farkli tur sayisina sahip konsantirik tip yar1 kesisen sargi (NSW) topolojisi
gelistirilmistir. Bu sargi modelinin temel yapisal 6zellikleri su sekilde siralanabilir: (a)
yeni bir stator yapisina gerek duymaz (ISDW topolojisine sahip bir sarginin yerine
stator geometrisinde bir degisiklige gidilmeden kullanilabilir); (b) bobin ve faz
adimlarin1 herhangi bir stator olur ve kutup sayisina gore hesap etmek oldukga
kolaydir; (c) sargi tabaka sayisini oluk ve kutup sayisina bagli olarak elde etmek
miimkiindiir. Optimum sarg1 yapisini belirlemek i¢in yapilan ¢aligmalar sonucunda,
oluk sayisi, tabaka sayisi ve bobin kollar1 arasindaki tur sayilari arttik¢a, hava aralig
harmoniklerinin azaldigi ve hava araligi akisinin temel bilesen degerinin arttig1
gozlemlenmistir. Gelistirilen sarg1 yapisinin kesisen sargi (ISDW) teknigine gore ¢ok
daha kisa sargi sonu uzunlugu ve kesismeyen sargi (FSCW) teknigine gore ¢ok daha
az MMK harmonikleri bulunmaktadir. Onerilen sargi topolojisinin, kesisen ve
kesigsmeyen sargi topolojilerine gore; biiyiik 6l¢iide azaltilmis toplam eksenel uzunluk,
diisiik girdap akimi kayiplari, diisiik geri miknatis demanyetizasyon riski ve arttirillmis
verimlilik gibi 6nemli stiinliikler vaat ettigi gosterilmistir.

Onerilen YKS topolojisinin IPM makinasi, senkron reliiktans makinasi (SynRM),
kalic1 miknatis destekli SynRM (PMaSynRM) ve ¢ift ¢cikintili reliiktans makinalari
(DSRM) gibi farkli tiplerdeki senkron makinalara uygulanmasindaki etkinligi
arastirilmistir. Bu arastirma igin kesisen ve kesismeyen sargi yapilariin etkisi de
hesaba katilmistir. Dolayisi ile ayni tasarim ve isletme spesifikasyonlarina fakat farkl
sargt ve rotor topolojilerine sahip toplamda 12 adet senkron makinanin,
elektromanyetik performans kiyaslamasi ayrinrili bir sekilde yapilmistir. Kesisen ve
yar1 kesigen sargilar i¢in 24S/4P ve kesismeyen sargi sargi i¢cin 6S/4P oluk/kutup
kombinasyonlar1 secilmistir. Yapilan analizler sonucu; ele alinan makinalarin; sargi
endiktanslari, aki yogunlugu ve aki c¢izgi dagilimlari, sargilarda endiiklenen
gerilimler, hava aralig1 aki yogunluklari, miknatis demayetizasyon riskleri, moment,
moment dalgaliligl, moment yogunlugu, giic kayiplari, ¢ikis giicleri, ve verim
degerleri kiyaslanmistir. Onerilen sargi teknigi ile tasarlanan bu makinalarm,
elektromanyetik performans karakteristiklerinin, ISDW ve FSCW teknikleri ile
tasarlanmis senkron makinalar ile karsilagtirilabilir oldugu bulunmustur. Dahasi,
onerilen NSW ile tasarlanmis reliiktans makinalarinin, FSCW tasarimlarina gore daha
yiiksek moment ve gii¢ ¢ikisi verdigi ortaya ¢ikmuistir.

Yiiksek hizlardaki dayanikliligindan ve iyi bir alan zayiflatma karakteristigine sahip
oldugundan secilen IPM rotor topolojisi Onerilen NSW yapisi ile tasarlanmis ve
akabinde ¢ikis performans parameterelerini gelistirebilmek i¢in optimize edilmistir.
Burada, tek amach bireysel ve ¢ok amagli kiiresel optimizasyon ydntemlerinin
sistematik bir sekilde uygulanmasi ile optimizasyon gergeklestirilmistir. Yapilan
optimizasyonun amacit moment yogunlugunu ve verimi en iist seviyeye c¢ikarmak,
moment dalgaliligin1 ise en diisiik seviyeye indirmek olarak belirlenmistir. Genetik
algoritma, optimizasyon algoritmasi olarak secilmistir. Hassiyet analizleri sonucunda,
stator bolme oranu, stator dis genislik orani, stator oluk yiiksekligi, rotor i¢ ve dis koprii
caplari, aki bariyer kalinligi, miknatis genislik ve kalinliklari, stator oluk ag¢ikliginin
yiikseklik ve genislik parametreleri; optimize edilecek tasarim parametreleri olarak
secilmistir. Onerilen optimizasyon yaklasimi sayesinde, maksimum verim kosulunda
elde edilebilecek maksimum moment ve minimum moment dalgalilig1 hizl bir sekilde
(klasik optimizasyon yontemlerine gore daha az iterasyon ile) elde edilmistir.

Son olarak, onerilen sargt yapisi ile tasarlanan bir IPM makinanin alan zayiflatma
karakteristikleri ayrintili bir sekilde incelenmistir. Ayrica, faz basina tur sayisi, istif
uzunlugu, miknatislarin konumu, rotor boyunduruk kalinligi, aki bariyer kdpriistiniin
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boyutlari, miknatis segment sayisi gibi temel tasarim parametrelerinin, alan zayiflatma
karakterisigine olan etkileri arastirilmistir. Alan zayiflatma performansindaki
degisimlerinin sebebini aciklayabilmek i¢in: (a) miknatis aki katsayisi; (b) ters ¢ikinti
orant; (c) manyetik doyma seviyeleri incelenmistir. Moment bilesenlerinden reliiktans
momentinin, alan zayiflatma performansit ile dogru orantili bir iligkiye sahip oldugu
belirlenmistir. Yani, eger incelenen parametere reliiktans momentini arttiriyorsa, alan
zayiflatma karakteristiginin daha iyi olacagi tahmin edilebilir sonucuna varilmstir.
Yapilan ¢alismalar sonucunda, sargi tur sayisi, istif uzunlugu ve ana manyetik koprii
genisliginin alan zayiflatma kapasitesi tizerinde dnemli bir etkiye sahip oldugu, mile
yakin ugtaki miknatislar arasindaki mesafenin ise onemsiz bir etkiye sahip oldugu
ortaya ¢ikmistir. Ayrica, prototipi iiretilen makina i¢in kayip ve verim haritalari ile
birlikte moment ve giic—hiz egrileri elde edilmistir.

Onerilen NSW topolojisi sayesinde, daha kisa sarg1 sonu uzunluguna (kompakt yapi),
daha yiiksek moment yogunluguna, daha yiiksek verime, diisik moment
dalgalanmasina, iyi bir alan zayiflatma kapasitesine ve dilisiik miknatis
demanyetizasyon riskine sahip elektrik makinelerinin tasarlanabilecegi sonucuna
varilmigtir.
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1. GENERAL INTRODUCTION

More than 65% of the world’s generated electrical power is consumed by electric
motors [1]. This percentage corresponds to 70% in Turkey [2]. On the other hand,
more than 93% of the world’s generated electrical power is generated by electric
generators [3]. Therefore, improvements in the efficiency of electric motors make
significant imprints on reduction of power consumption and hence provides a great
contribution to the economic growth of nations. Furthermore, it has recently been
realized that efficient energy consumption is the key to solve the 21% century global
issues on climate change. Particularly, electrification of road transportation makes the
most significant imprints on reduction of CO2 emission contributing to the greenhouse
effect. Thus, it has been concluded that the use of energy in road transport is dominated
by electrification by 2050 [4]. Consequently, due to the increasing concerns on the
global warming, non-renewable energy sources sortage and economic growth issues,
the energy efficiecnt design of electrical machines emerging as important area of

research.

Electric machines have gained more and more interest with the emergence and
evolution of renewable energy and automation technologies. They play critically
important roles in several applications, such as electric vehicles (EVs), rail
transportation, drones, wind power generation, aerospace, industrial robots, etc [5]-
[11]. Conventional electrical machines having either permanent-magnets (PMs) or
conductors on their rotors have been extensively used to satisfy the requirements for
high torque/power density and efficiency in these applications. As investigated in this
thesis, to further increase the power density and cost-effectiveness of electrical
machines without sacrificing or even improving the efficiency is one of the main

research topics of recent years.

1.1 Introduction

With growing concerns of the shortage of global fossil fuels, energy efficiency, and

environmental impacts, the conventional vehicles having internal combustion engines



are likely to be eliminated in future transportation as reported in BP energy outlook
report 2020 edition [4]. EVs have the ability to provide an ultimate solution for
sustainable transportation, particularly if they can be powered by electricity generated
from renewable energy sources. Figure 1 and 2 illustrate that the road transport will be
dominated by EVs and correspondily the global CO2 emission level will be decrease
significantly by 2050. Detailed describtions of the legents of the figures (scenarios)

are given in Table 1.1.
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Figure 1.1 : Share of car, bus, and truck vehicle kilometres electrified [4].
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Figure 1.2 : Share of car, bus, and truck vehicle kilometres electrified [4].



Table 1.1 : Descriptions of scenarios for Figures 1 and 2.

Scenario Description
Rapid  Transition includes a number of policy initiatives, accompanied by a

Scenario (Rapid) substantial rise in carbon prices and assisted by more concrete
measures in the industry, which bring about a 70 per cent
decrease in carbon emission from energy consumption by

2050.
Net Zero Scenario assumes that the policy steps included in Rapid are both
(Net Zero) complementary and enhanced by substantial changes in the

behaviour and expectations of society, which further

accelerate the reduction in carbon emissions.
Business-as-usual ~ assumes assumes that public policies, innovations and social
Scenario (BAU) preferences continue to change.

In [4], it has been predicted that energy use in road transport is dominated by two major
trends: (a) increasing electrification and (b) improving vehicle -efficiency.
Concequently, the global CO2 emissions from energy use fall by more than 95% by
2050, mainly in line with a number of scenarios consistent with limiting temperature
rises to 1.5° Celsius. Although EVs for road transportation have already been available

on the market, EV research and development remain faced with many challenges.

1.2 Electrical Machines Used in EV Applications

For many years, the research on investigation of cost-effective electric traction
machines having higher power density and efficiency has been going on. Many electric
machine types having different design topologies have been proposed and successfully
applied to EVs as shown in Table 1.2 [12]-[20]. The interior permanent-magnet (PM)
machine (IPM) and induction machine (IM) are two types of machines used widely in
EV propulsion systems as summarised in Table 1.2. The PM machines equipped with
high-energy rare earth permanent magnets (SmCo or NdFeB) have been the first
choice for high performance traction machines because of their high torque and/or

power densities and power characteristic over a wide speed range.

IM is favourable because of its simplicity, robustness and mature manufacturing
technology and control method. Further, IM is cheaper than PM machines, which
makes it popular in the market. However, because the magnetic field of IM is
established by the magnetizing part of stator current, the power factor is not as high as



PM machines, which leads to lower power density. Further, the constant power region
of IM is not as wide as IPM and SPM, although usually up to 4:1 constant power region
can be realized. The overall efficiency of IM is usually lower than IPM, except in the
high speed region, which is due to no need of large stator current to counteract PM
magnetic field. There are several comparison studies on the traction machines used in
EV applications in the existing literature [21]-[23].

(e) EESM (H IM
Figure 1.3 : Machine topologies mainly used in the EV Marked.

The vast majority of these studies have been compared three major machine topologies
namely, IPM, IM, and switched reluctance machines (SRMs) (see Figure 1.3). SRMs
has different stator and rotor topologies such as synchronous reluctance Machine
(synRM), double-stator SRM (DSSRM), and electrically excited synchronous



machine (EESM). However, among these topologies, synRM and SRM are more

frequently used in the EV applications. There are several good candidates for PM-less

machines for EVs, and no clear winner among them.

All topologies presented here have some advantages to highlight, but also

disadvantages that makes the special requirements for each application crucial for
where the choice falls [21]-[23].

A

When low cost, simple control and efficiency is preferred over torque and
power density, the synRM could be a good option. The main challenges are in
the design, balancing between air gap channel design and solidity, and between
rotor to stator air gap size and manufacturing cost.

When robustness, high speeds, low cost and manufacturability is preferred over
efficiency, smoothness and silence, the SRM could be a reliable option. The
main challenges are to minimize torque ripple, vibrations and noise with design
and current control, as well as optimizing performance with materials and

design.

With less vibrations and noise, but a slightly more complicated structure, the
DSSRM is an interesting option to the SRM.

For high controllability over a wide operation range, but lower torque density
and higher losses, the EESM is an alternative to consider. Some of the main
challenges are cooling the rotor windings or otherwise manage the thermal
constraints, and supplying the rotor current with as little extra volume and
maintenance needed as possible.

When reliability, robustness, low cost is preferred over efficiency and
controllability, the IM is a good choice. Among the challenges are improving

the control and balancing between peak torque and speed range.

Some of the topologies are mature and widely used, some are barely more than
concepts in its cradle. They are all promising in their own ways, but they are

also all in need of more research and development.

In [23], an IPM, SRM, and IM with the same outer-diameter, stack length, and pole

number have been quantitatively compared. The 2-D cross-sections of the compared



machines are illustrated in Figure 1.4. Obtained results are summarized in Table 1.3.

Among the compared machines, it is clear that the IPM machine has the highest

efficiency in all different torque levels. On the other hand, IM has higher efficiency

than the SRM machine in all different torque levels except for the highest torque case.

Since the flux weakening performance of the SRM machine with fractional-slot

concentrated windings (FSCW) is better than the IM, the SRM has higher power

density at high speeds. Since the overall performance of IPM machines are satisfactory

in the EV applications, more attention has been given to design and optimization of

IPM machines [21].

Table 1.2 : Top 20 EV sales in the world in 2015 and machine topologies [20].

Manuf. Model Sales Share Topology
1 Tesla Model S 50366 9.2% IM
2 Nissan Leaf 43870 8.0% PM
3 Mitubishi Outlander 43259 7.9% PM
4 BYD Qin 31898 5.8% PM
5 BMW i3 24089 4.4% PM
6 Kandi K11 Panda 20390 3.7% PM
7 Renault Zeo 18846 3.4% EE
8 BYD Tang 18375 3.4% PM
9 Chevrolet Volt 17508 3.2% PM
10 VW Golf GTE 17282 3.2% PM
11 BAIC E-Series 16488 3.0% PM
12 Zoyte Cloud 100 15467 2.8% IM
13 A e-Golf 15356 2.8% PM
14 Audi A3 e-Tron 11962 2.2% PM
15 Roewe 550 10711 2.0% PM
16 JAC i EV 10420 1.9% PM
17 Ford Fusion Energi 9894 1.8% PM
18 Ford C-Max Energi 9643 1.8% PM
19 Kandi K10 7665 1.4% PM
20 Kia Soul 7510 1.4% PM
21+ Rest 147217 26.9%
Total 548210 100%




Table 1.3 : Comparison of loss and efficiency at typical operating points [23].

48/8 IPMSM
Torque Speed Ll Core PM Copper Effi
(Nm) (rpm) (A) loss (W) loss (W) loss (W) (%)
30 3000 -20.5/20.9 173.0 0.098 96.04 97.14
50 1000 -18.7/36.3 52.7 0.012 186 95.51
50 5000 -80.2/21.1 552.4 1.328 766.6 95.06
300 1500 -184.8/151.6 185.7 5.7 6376.7 87.43
12/8 IPMSM
Torque Speed L1, Core PM Copper Effi
(Nm) (rpm) (A) loss (W) loss (W) loss (W) (%)
30 3000 -21/16.2 161.3 374 61.4 97.23
50 1000 -10.2/30.1 65.5 4.2 87.9 96.99
50 5000 -65.4/23 298.5 651 418.1 94.89
300 1500 -149.2/222.4 2214 182.3 6238 87.31
48/36 IM
Torque Speed Ll (1:;);: clég:)(;rr cscz?)t;::r Effi
0,
i B &) (W) loss(W) _loss(w) %)
30 3000 16.2/34.2 97.6 95.1 121.5 96.83
50 1000 24.2/51.3 359 214.9 273.8 91.04
50 5000 ILY/75 110.8 458.1 488.7 96.25
300 1500 108.2/44.6 74.2 5019.1 6083.1 79.02
12/8 SRM
Turn
Torque Speed Tpeak ONOS;m Core Copper Effi
(Nm) (rpm) (A) alsctii loss (W)  loss (W) (%)
angle

30 3000 60 0-120 886.2 163.6 90.99
50 1000 80 0-120 379.1 282.9 88.47
50 5000 80 18-138 1346.2 296 93.8
300 1500 350 25-145 1019.2 6222.7 86.13




Figure 1.4 : Cross-section view of: (a) 48/8 IPMSM; (b) 12/8 IPMSM; (c) 48/36 1M;
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and (d) 12/8 SRM [23].

1.2.1 PM machines used in EV applications

In the early 19" century, the first PM excitation mechanisms were intrroduced to
electrical machines [24]. However, as a result of using very poor performance hard
magnetic materials and not utilization of variable frequency power supplies, the use of
PM machines was very limited. The invention of Alnico in 1930s, and than the
availability of high energy density rare earth SmCo in the 1970s and NdFeB since
1983 was a breakthrough in PM machine technology and their performance. Moreover,
by the advancement of the elementary technologies, including electromagnetic
material technology, computer-aided design technology, control and drive circuit

technologies, etc., the performance of PM machines continues to improved rapidly.

The PM machines offer substantial advantages as listed follows.

Simple contraction and very low maintenance requirement;

Quite high power and/or torque densities;

Good dynamic performance and robustness against the enviroment;

High controllability;

High efficiency;



. High power factor.

In general, the PM machines for continuos operation are catagorized into three groups
as (1) DC commutator; (2) DC brushless; and (3) AC synchronous. The construction
of a PM DC commutator motor is similar to a DC motor with the electromagnetic
excitation system replaced by PMs. The only difference between DC and AC PM
machines is in the control and shape of the excitation voltage. DC PM machines have
square or trapezoidal shaped excitation waveform while AC PM machines have
sinusoudal excitation waveform. In this thesis, AC PM (PMSM), currently the most

preffered topology, will be investigated.

The PMSMs are classified by the location, position, and shape of the PMs in the rotor.
In addition, the stator windings can be designed as eighter overlapping or non-

overlapping as illustrated in Figure 1.5.
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Figure 1.5 : PMSM topologies.
1.2.2 Stator structure and wires

The stators of PMSMs are occupied either overlapping or non-overlapping windings
as shown in Figure 1.6. Each winding topology has its own advantages and
disadvantages as shown. The integer slot distributed winding (ISDW) topology is the
most preferred one because of the low MMF harmonic content, low rotor losses and
very low risk of irreversible demagnetization issues. On thee other hand, as

consequenece of excessive rotor losses, particularly magnet losses induced by eddy



currents, the fractional slot concentrated windings (FSCWSs) mostly are not preferred
in EV applications. Because, since the FSCWSs are characterized by high MMF
harmonic content, the resultant eddy current losses in PMs can be significant. Hence,
these losses cause a significant temperature rise and may result in irreversible
demagnetization of PMs, particularly in applications requiring high electric loading
and/or high speed. Therefore, design of stator windings having very short end-
windings with low MMF harmonics is very favorable for electrical machines used in

EV applications.

(125/8P-2L with y, = 1)

C Conventional Windings ) )
[
! l

Low MMF harmonics Fractional Slot * High MMF harmonics
) o Integer Slot )
Overlapping winding = pistributed Winding Concentrated = *+ Non-overlapping
Long end-winding Winding + Short end-winding
High stator copper loss * High rotor losses

Figure 1.6 : The key properties of conventional windings employed in electrical
machines.

In recent years, the demand for cost-effective and high-power density EVs has grown
although the electric drive represents only 5% of the EV’s overall cost [25]. A simple
way to reduce the size of the machine is to increase the rated rotor speed and hence the
fundamental frequency [26], [27]. In addition, the common approach to increase power
density is to optimize the slot filling factor, in order to reduce copper loss and improve
the thermal conductivity [28]. The rectangular conductors or hairpin winding
technologies providing a high slot fill factor can be implemented. Rectangular
conducters, however, have an inherent drawback in high-speed applications. As a
consequence of having large size, they generate excessive AC losses at high-
frequencies. Thus, the large solid conductors are typically split into smaller strands
and connected in parallel. To be able to reduce the AC losses in windings, transposition
of the strands in the bundle along the length of the slot and implementation of Litz
wire is proposed [29]-[35]. However, transposition of the strands, in order words,
“twisting the strands” results with reduced slot fill factor, increased DC resistance and
hence DC copper loss. In addition, the termal performance and mechanical stability of
the strands are adversely affected by transposition [36]-[38]. Moreover, the Litz wire
suffers from lower copper fill factor and reduced effective thermal conductivity [29],
[39].
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1.2.3 Rotor structure

Basically, there exists three groups of rotor structure for PMSMs as: surface mounted
PM (SPM), inset PM, and buried or interior PM (IPM) as shown in Figure 1.7. The

SPM and inset PM structures have PMs exposed to the air-gap and they usually have

high reluctance torque component. The IPM structure has its PMs buried inside the

rotor with a higher capability for flux-weakening as a result of having much higher g-

axis inductance than d-axis inductance.

(L)
R

Figure 1.7 : The most common rotor types of PMSMs.

The key characteristics and properties of the most common rotor types illustrated in

Figure 1.7 are summarized as follows.

1.

2.

SPM: non-salient strucutre, usually used in diversity of arrangements;
Inset PM: iron poles between magnets, offers useful reluctance torque;

Spoke: the flux concentration enhances PM flux with ferrite magnets, very low

reluctance torque;

Single-barrier IPM: the simplest IPM rotor type ensuring very wide flux-

weakening performance characteristics;

Multiple-barrier IPM: improved reluctance torque and saliency ratio but has
increased manufacturing costs, more barriers gives higher saliency but more

complex construction;

11



6. Axially-laminated PM: the highest possible saliency ratio but difficult to

construct commercially.

In the existing literature, many researchers have been investigated the performance
characteristics of PMSMs having different rotor topologies. In [21], four different rotor

topologies whose structures are illustrated in Figure 1.8 have been investigated.
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Figure 1.8 : Four IPM machine rotor configurations [21].

From the results of the compartive study, the following conclusions for large pole-

pairs and fractional slots IPM machines have been obtained.

e For non-overlapping winding, V-type and U-type rotor configurations exhibit

better torque and power capabilities.

e For overlapping winding, although the torque capability is a little lower,

circumferential rotor configuration has better flux-weakening capability.

o Radial rotor configuration exhibits better demagnetization capability under the
condition that different configurations have the same volume of permanent

magnets.

In a similar study, the SPM machines have also been considered and its
electromagnetic performance has been compared with the IPM machines with different
rotor topologies [22]. The considered rotor topologies are shown in Figure 1.9. This
paper compares the calculated performance of one SPM and four IPM machines for
an EV traction application using the same distributed-winding stator and rated voltage

and current.

12



(d) (e)

Figure 1.9 : Different IPM machine rotor configurations [22].

It was found that the V-shape PM rotor has the lowest magnet mass. The W-shape PM
rotor has the largest d- and g-axis inductances, followed by the V-shape PM, and the
surface PM rotor has the lowest inductance. The segmented PM motor has a wider
range of constant power speed operation than the conventional PM motor since its
capacity for flux weakening is increased because of the greater leakage inductance
produced by the path between the two permanent magnets. The W—shape PM machine
has excellent flux-weakening performance and has high efficiency over a wide speed
range, so it is a good candidate for electric-vehicle applications. By optimizing the
shape and position of the PMs in the rotor, the performance of the PMSM has been
further improved, making it more suitable for hybrid electric traction applications. On
the other hand, some of the commercial traction machines used in the EV applications,
are illustrated in Figure 1.10 [40]-[43]. As clearly seen in the figure, the most famous
manufacturers prefer IPM machine topologoies. Since the IPM topology is the most
favourable topology for EV applications, it has been chosen as to be studied machine

topology in the thesis.
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(d) 2010 Toyota Prius V-shaped IPM rotor ~ (e) 2017 Toyota Prius double-U IPM rotor
Figure 1.10 : Various commercial EV traction machines [40]-[43].
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1.3 Scope and Contributions of the Thesis

1.3.1 Scope and scientific innovation

As explained in the Introduction Section;

v" Cost-effectiveness;

v"Higher power and/or torque density;

v' Efficient energy consuptions;

are the keys to solve the 21% century global issues on CO, emmision and hence climate

change. Therefore, design of novel electrical machines for EV applications having the

above characteristics is of great importance.

In this thesis, the research focuses primarily on developing a novel stator winding for

rotating electrical machines used in EV applications having low MMF harmonic

content and also short end-winding length in order to increase the torque and/or power

density and efficiency, and reduce the cost, simultaneously. The concerned main five

topics of the PhD reseach are summarized as follows.

Investigation of well-known MMF harmonic reduction methods;
Development of novel windings;

Investigation of effectiness of proposed windings for different machine

tecnologies;
Systematic desgin optimization;

Investigation of influence of design parameters on flux-weakening

performance characteristics.

The research on the development of novel winding topology is presented in Chapters

2-6 and principally divided into the following steps:

Step 1: Chapter 2. Investigation of winding MMF harmonic reductuion methods has

been examined overy IPM machine having FSCWs. Effect of
MMF harmonics on rotor losses has been demonstrated. Influence
of five different winding MMF harmonic reduction methods on

rotor losses has been reported.
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Step 2: Chapter 3.

Step 3: Chapter 4.

Step 4: Chapter 5.

A novel winding topology comprising semi-overlapped windings
(NSWs) has been developed. The key design rules, basic
properties, and other merits and demerits of the proposed novel

winding topology are justified.

The compatibleness/effectiveness of the proposed novel semi-
overlapping winding (NSW) topology has been investigated by
implementing into different synchronous machine technologies,
namely interior permanent-magnet machine, synchronous
reluctance machine (SynRM), permanent-magnet assisted SynRM,

and double salient reluctance machine.

A systematic approach to achieve optimized design of interior
permanent magnet machine (IPM) having novel semi-overlapping
windings (NSWs) is conducted. The optimization parameters have
been determined individually by performing sensitivity analyses
and subsequently a multi-objective global optimization by genetic

algorithm (GA\) is performed.

Step 5: Chapter 6. A design and parametric study of IPM machines equipped with

NSWs is performed. The influence of the key design parameters on
the flux-weakening (FW) performance characteristics are

evaluated in detail.

¢ Investigation of MMF harmonic reduction methods

¢ Development of novel non-overlapping winding

¢ Investigation of compatibleness with different synchronous
machines

v

¢ Global optimization of design for maximum moment and efficienq;
and minimum torque ripple

¢ Flux-weakening performance analyses

Figure 1.11 : Demonstration of research scope, contributions, and the

relationshipbetween chapters.
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Moreover, the reseach scope, contributions, and the relationship between each chapter
have been illustrated as shown in Figure 1.11.

1.3.2 The topics covered in the publications derived from the thesis

As demonstrated in Figure 1.11, each chapter of the thesis consists of a journal paper.
The topics covered in the publications have been summurized chaperter by chapter as
follows.

Chapter 2

Since the influence of the MMF harmonic reduction investigated in Chapter 2 is
insignificant, the invention of a new winding structure having low MMF harmonics
with short end-winding length has resulted. This chapter investigates the
implementation of both ISDW (48S/8P) and FSCW (12S/8P) into an IPM machine,
designed by using the same geometrical and operational specifications as Toyota Prius
2010 IPM machine in order to reveal the key advantages and disadvantages of FSCW
and ISDW topologies. The Toyota Prius's IPM equipped with ISDWs has been
considered as a reference machine. Then the geometry of the stator has been
adequately modified in other five models to equip FSCWs and adopt different
magnetomotive force (MMF) reduction methods. It has been validated that the
significantly high level of MMF harmonics causes an increase in the rotor losses. To
reduce the effect of these harmonics, different MMF harmonic reduction methods
including phase-winding coils with different number of turns, multilayer winding with
phase shifting, and stator with flux barriers have been investigated. To reveal the
effectiveness of the investigated MMF harmonic reduction methods, the key thermal
and electromagnetic performance characteristics including torque, torque ripple,
power losses, and efficiency have been numerically calculated by finite element
analyses (FEA) and have eventually been compared. The aim of the study presented
in this chapter is to reveal the effectiveness of some well-known MMF harmonic
reduction methods, particularly for S/P combinations having no sub-harmonics in the

MMF waveform.

Chapter 3

Since the influences of the MMF harmonic reduction methods investigated in Chapter

2 are insignificant, the invention of a new winding structure having low MMF
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harmonics with short end-winding length has resulted. A novel winding topology
comprising semi-overlapped windings has been proposed in this chapter. The main
advantages of such winding over conventional-distributed (overlapping) and
fractional-concentrated (non-overlapping) windings are having very short-end
winding lengths and significantly low magnetomotive force harmonic content,
respectively. The key design rules, basic properties, and other merits and demerits of
the proposed novel winding topology are justified. The key performance
characteristics of the proposed winding topology are disclosed through an IPM
machine. The obtained electromagnetic analysis results are compared with those of
other IPM machines having conventional-distributed and fractional-concentrated

windings.

Chapter 4

This chapter investigates the compatibleness/effectiveness of the proposed novel semi-
overlapping winding (NSW) topology by demonstrating its implemention into
different synchronous machine technologies, namely IPM, synchronous reluctance
machine (SynRM), permanent-magnet assisted SynRM (PMaSynRM), and double
salient reluctance machine (DSRM). In order to reveal the merits/demerits of the
proposed winding topology, IPM, SynRM, PMaSynRM, and DSRM having 4-poles
with conventional windings, i.e. ISDW with 24S/4P, proposed novel windings with
24S/4P, and FSCW with 6S/4P have been designed and the obtained key steady-state
(constant torque operating region) electromagnetic performance characteristics
including the torque, torque ripple, power losses, efficiency, total axial length, risk of

irreversible magnet demagnetisation, etc. have been quantitatively compared.

Chapter 5

In this chapter, a systematic approach to achieve optimized design of IPM machine
having NSWs is presented. The optimization parameters have been determined
individually by performing sensitivity analyses. Multi-objective global optimization is
subsequently performed. Genetic algorithm (GA) approach, which is also known as
“random search with learning algorithm” and an effective optimization tool used for
design optimization of electric machines, is employed. In order to reveal the
effectiveness and rapidity of the multiobjective global optimization, a comprehensive

electromagnetic performance comparison between the original (with ISDWSs), initial
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and optimal designs (with NSWs) is presented. The aim of this chapter is to propose
an advanced state of the art in the multi-objective design optimization of NSW IPM
machines by performing sensitivity analyses to reach the optimal solution quickly and
to determine the most sensitive design parameters affecting the key performance

characteristics.

Chapter 6

In order to investigate the influence of design parameters on the flux-weakening (FW)
performance characteristics, a design and parametric study of IPM machines equipped
with NSWs is performed in this chapter. The influence of the key design parameters
including; number of turns per phase, stack length, distance and angle between V-
shaped magnets, rotor yoke thickness, magnetic bridge width and thickness, and
number of magnet segments on the FW performance characteristics are evaluated in
detail. The influence of material of segmentation (material of bridge namely, air or
iron) is also considered. A combination of analytical calculation-based program and a
time-stepping 2-D finite-element analysis (FEA) based program are employed to
evaluate the FW characteristics. The electromagnetic torque, torque ripple, output
power and FW capability are investigated by parametric analyses. Moreover, the
power losses and efficiency maps together with the FW curves are calculated for the
optimal NSW IPM machine. The major objectives of this study are to (i) reveal the
FW ability of IPM machine designed with proposed NSWs and determine the most
dominant parameters on FW capability by explaining the reasons underling; (ii) fulfil
the gap in literature on the impact of both excitation and geometric design parameters
of IPM machines used in EV applications on both low- and high-speed performance

characteristics.

Chapter 7

This chapter presents the general discossions and findings of the theses and the
potential future work for the advancement of IPM machines for EV applications.
1.3.3 Thesis contribution to the current state of knowledge

The main contributions are summarised as follows:

v Reveal the effectiveness of some well-known MMF harmonic reduction
methods.
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Reveal the FW ability of IPM machine designed with proposed NSWs and
determine the most dominant parameters on FW capability by explaining the
reasons underling. Fulfil the gap in literature on the impact of both excitation
and geometric design parameters of IPM machines used in EV applications on

both low- and high-speed performance characteristics.

J5. Gundogdu, T. and Komurgoz, G. (2020) Influence of design parameters on flux-
weakening performance of interior permanent magnet machines with novel semi-
overlapping windings, IET Elect. Power Appl., 14(13), 2547-2563.
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2. INVESTIGATION OF WINDING MMF HARMONIC REDUCTION
METHODS IN IPM MACHINES EQUIPPED WITH FSCWS!

In this section, implementation of fractional-slot concentrated windings (FSCWs) into
an interior permanent magnet machine (IPM), designed by using the same geometrical
and operational specifications as Toyota Prius 2010 IPM machine, has been presented.
In detail, the Toyota Prius’s IPM equipped with integer-slot distributed windings
(ISDWs) has been considered as a reference machine. Then, the geometry of the stator
has been adequately modified in other 5 models to equip FSCWs and adopt different
MMF reduction methods. It has been validated that the FSCW technique causes a
significant increase in the rotor losses due to increase in the rate of the THD of the
MMF harmonics. In order to reduce the effect of these harmonics, different MMF
harmonic reduction methods, including phase winding coils with different number of
turns, multi-layer winding with phase shifting, and stator with flux barriers have been
investigated. In order to reveal the effectiveness of the investigated MMF harmonic
reduction methods, the key thermal and electromagnetic performance characteristics
including torque, torque ripple, power losses, and efficiency have been numerically

calculated by finite-element method (FEM) and have eventually been compared.

2.1 Introdution

The internal combustion engine has dominated the automotive market over the last
century. However, with ever-increasing ecological awareness, such as climate change,
air pollution, public health, and the shortage of fossil-fuel resources, the focus on
automotive electrification has dramatically increased in the last decade. Nowadays,
with more recent improvements in electric machines, battery technology and power
electronics it is possible to develop more efficient vehicles, with lower or no fuel

consumption without reducing driving comfort and with zero emission [44-54].

1 This chapter is based on the paper: Gundogdu, T. and Komurgoz, G. (2019) Investigation Of
Winding MMF Harmonic Reduction Methods in IPM Machines Equipped With FSCWs, Int. Trans.
Elect. Energy Syst, 29(1), e2688, 1-27.
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Permanent magnet (PM) machines, particularly interior-PM (IPM) machines, have
been widely adopted as traction electrical machine in the EV applications [44-54]. This
is because of their excellent properties, including high torque density and high

efficiency over a wide operation range [44, 45, 47].

The FSCWs exhibit many merits such as short end-winding length, high copper
packing factor, good field weakening capability owing to relatively large d-axis
inductance, better fault tolerant capability due to low mutual inductance, etc. compared
to the ISDWs. On the other hand, FSCWs are characterized with highly distorted MMF
waveform. The high amplitudes of these space harmonics cause a significant increase
in the eddy current losses in the rotor. In addition, these MMF harmonics result in
other undesirable effects, including acoustic noise, vibrations, and localized core
saturation which tend to reduce reluctance torque. It is shown that the FSCWs can be
utilized to increase the d-axis inductance and thus improve the field weakening
capability of PM machine [55]. The performance of PM machine with FSCWs is
compared with PM machines with the ISDWs [56]. It is shown that by using the
FSCSW configuration, the copper loss can be reduced considerably owing to both the
short end-winding length and the high copper packing factor (if the segmented stator
structure is employed). Furthermore, the cogging torque can also be significantly
reduced when the least common multiple of the slot number and the pole number
increases. However, by employing FSCW configurations in PM machines, the rotor
PMs are subjected to a large amount of stator MMF harmonics and consequently incur
high eddy current loss [57, 58]. This can further lead to a high rotor temperature
particularly at high speeds, and hence the rotor magnets will suffer from a high risk of
irreversible demagnetization. On the other hand, compared to the FSCW
configurations, the ISDW configurations have lower copper packing factor (slot fill
factor), longer end-winding length, higher cogging torque, and less fault tolerant owing
to higher mutual inductance and winding overlapping [59-62]. Thus, the FSCW
configurations are of potential to be employed in IPMs, given that the lower and higher
order space harmonics in the stator MMF can be suppressed to a desirable level. This
can increase IPM machines’ reluctance torque production, reduce the eddy-current

losses in both rotor magnets and rotor iron.

To be able to reduce the MMF harmonics some other studies have been proposed

different methods such as adopting asymmetrical windings [63], applying a new vector
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control schema observing the back-EMF waveform [64], and adopting axial flux
modular structure with straight slots and concentrated windings [65]. The importance
and effect of MMF harmonics on the performance characteristics of various machines

form induction machine to reluctance machine has also been emphasized [66, 67].

In this study, influence of FSCWs on the electromagnetic and thermal performance of
an IPM machine, designed by using the same specifications as Toyota Prius 2010 IPM
machine, has been investigated. It has been validated that the significantly high level
of MMF harmonics causes an increase in the rotor losses. In order to reduce these
losses, different MMF harmonic reduction methods, including phase winding coils
with different number of turns, multi-layer winding with phase shifting, and stator with
flux barriers have been utilized for a 12-slot/8-pole (12S/8P) IPM machine. It has been
revealed that the influence of these methods on the MMF harmonic reduction is

insignificant.

2.2 MMF Harmonic Analysis and Investigated Harmonic Reduction Methods

In this section, the following topics have been covered.
l. Design of Toyota Prius 2010 IPM machine (with ISDW);

. Determination of slot/pole number (S/P) combination suitable for FSCW
technique;

II. Design of IPM machine with FSCW technique [54-61];

V. Implementation of different number of turns per coil side method [68, 69];
V. Implementation of multi-layer winding with phase shifting method [70-73];
VI. Implementation of flux-barrier method [74-77];

VII. Electromagnetic performance comparison between IPM machines designed
with the ISDW technique and the FSCW technique combined with

one/some of the utilized methods.

VIIl.  Thermal analysis by using the total loss distributions of IPMs obtained by

electromagnetic analyses.
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2.2.1 MMF harmonic analysis

The MMF distribution of any 3-phase machine with any feasible slot/pole combination

due to unit current, known as the winding function, can be expressed as Fourier series

givenin (2.1).
(14(6m) = ) [Ny cOS(h0m + )]
h
I np(6,) = Z[Nh c0s(hby, + B — hOonm)] @.1)
h
an(em) - Z[Nh c0s(hby, + B + hOonm)]

where h indicates the harmonic order, Ny, By, Ophm, and 6,, are the amplitude of the
h™ order harmonic, phase angle of the h" order harmonic, mechanical angular
displacement, and the space angle at a point of interest in the air-gap with respect to
A-axis as illustrated in Figure 2.1, respectively. Because of the symmetrical
distribution of the 3-phase winding, 6,p,, = 120° or — 120°, depending on the
direction of rotation of the MMF working harmonic. Assuming the current amplitudes

in all the phases are identical, the phase currents are expressed by (2.2).

Current vector

MMF
distribution

Figure 2.1 : Current vector diagram in dq0 and ABC frames.

(. p
iy =1Icos (E wyt + yd)

P
{ig =1Icos (E Wt +yg— 120°) (2.2)

P
\ic = [ cos (E wt+yg+ 120°)
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where I, P, w,, t, and y, are the current amplitude, the pole number, the rotor angular
speed, the time, and the phase angle between the current vector and the rotor d-axis as
shown in Figure 2.1, respectively. The combined MMF of all the 3 phase windings is
given in (2.3). The forward and backward rotating MMF harmonics can be derived by
substituting (2.1) and (2.2) into (2.3) as given in (2.4) and (2.5), respectively.

FS = nAiA + nBiB + ncic (23)

1
Fr = Ez{Nhl[l +2 Cos(hgphm —120°)] (2.4)

cos[ha, + (h —plwt —yg + ﬁh]}

1
F, = EZh:{Nhlh + 2 cos(hBppm + 120°)] 25)
- cos[hay, + (h + p)w,t +v4 + Brl}

where a,,, = 6,, — w,t. The periodicity r for an electrical machine having S slots and
P poles is subject to the greatest common divider between S and P as expressed in
(2.6) [78].

r= GCD{S, g} (2.6)

The expressions given from (4) to (6), any stator MMF harmonic of a conventional 3-
phase winding configuration can be predicted. The magnitude of the A" order winding
function harmonic N, can be obtained by Fast Fourier Transform (FFT) of the winding
function waveform of a given winding configuration. For example, in a double layer
winding with even S/r rate, the orders of harmonics for the single phase winding
function are odd numbers (2h — 1)r except for the integer multiplies of S. This is
because the even S /r can form a symmetric pattern with opposite phasors. In addition,
since a 3-phase windings are uniformly displaced in space with respect to each other
by 120° electrical degrees all the triplen MMF harmonics are eliminated. This can also
be observed in (2.4) and (2.5), where the terms [1 + 2 cos(h6pp, — 120°)] and
[1+ 2 cos(hBpnm + 120°)] are derived. Furthermore, the orders of MMF harmonics

for a double layer 3-phase winding with an even S/r are odd numbers (2h — 1)r

except for the triplen multiplies of r.
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The above technique can be used to analyse the MMF harmonic distributions of any
kind of 3-phase winding, including the multi-layer winding configurations with shifted
winding coils adopted to reduce the MMF harmonics which will be discussed in the

following section.

2.2.2 Investigation of MMF harmonic reduction methods

The IPM machine, which has the high-power density and efficiency and the most
preferable traction machine by the EV/HEV manufacturers, has been determined as
the best candidate to be improved. To be able to improve the electromagnetic

performance characteristics, improvement methods are summarized as follows.
e Determination of the best slot number/pole number combination;

e Utilization of FSCW topology;

e Utilization of winding coils with different number of turns (uneven turn

numbers);
e Adaptation of the multi-layer winding with phase shifting method;

e Utilization of the stator flux barriers;

As seen above, all these methods are applicable for the stator part. In order to improve
the torque density and torque quality, the improvement methods applicable for the

rotor part will also be investigated in future study.

2.2.2.1 Winding coils with different number of turns

A 12-slot/10-pole winding configuration with uneven number of turns is developed.
The uneven number of turns differ only by one turn from the neighbour coil side
(n, = n, — 1) [74, 75]. Thus, the slot with less turn number should not complete the

last turn. The ratio of n, to n, determines the MMF harmonic cancellation effect.

This technique restricts the difference in the uneven turn numbers to be only one turn.
Therefore, the ability to reduce MMF harmonics by this technique is quite limited
when the turn number has to be designed high. On the other hand, it is not practical to
have the difference in the number of turns on two sides of a coil being greater than

one. Further, uneven Ampere turn distribution in slots lead to less effective utilization
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of the slot areas and localized saturation in the stator teeth, compromising the

electromagnetic performances.

2.2.2.2 Phase shifted multi-layer windings

The multi-layer winding method is proposed to be able to reduce the effect of the MMF
harmonics. The concept is to split the phase windings into two sets of windings and
shift one set by one or more slots, whilst maintaining the same number of slot for a
given number of pole pairs [76-79]. Initially, two layers of windings are created. Then,
by splitting all the coils into two, a four-layer winding configuration has been
developed. In addition, the number of turns per coil can be adjusted to reduce the most
MMF harmonics. The multi-layer winding configurations increases the complexity of
the winding structure and results in lower fundamental winding factor and hence low
torque generating capability. Moreover, the most detrimental harmonic whose order is

close to that of the working harmonic is not significantly reduced.

2.2.2.3 Stator flux barriers

In order to reduce the amplitude of the MMF harmonics flux barriers located at the
stator back-iron is proposed [71-77]. The introduced flux barriers significantly
increase the reluctance to the 1% order MMF harmonic while the reluctance to other
higher order harmonics are less affected. Consequently, the air-gap flux density due to
the 15 MMF harmonic is reduced. As will be shown, these flux barriers can be in radial
or tangential direction and can be located at the stator back-iron or stator tooth part. In
addition, the sizes of these flux barriers can be optimized to obtain the best harmonic
cancellation effect. While the concept is simple to be implemented there a number of
disadvantages associated with this technique. The harmonic cancellation effects may
be compromised at heavy load condition since the saturation in the stator core affects
the reluctance in the magnetic circuit. The fundamental winding factor and torque
production may be compromised without careful design. In addition the flux linkages
generated by permanent-magnets are slightly reduced due to higher reluctances caused
by the flux barriers in the stator, and thus the magnetic loading is reduced with the

same amount of PMs.
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2.2.3 Implementation of the MMF harmonic reduction methods

The MMF reduction methods explained above have been implemented by sequence as
illustrated in Figure 2.2. Firstly, the original Toyota Prius 2010 IPM machine with
ISDW configuration has been designed. Secondly, the FSCW configuration has been
utilized. Note that, the same outer diameter, stack length, and operation specifications
such as phase voltage, phase current, rated speed, etc. has been used for the design of
FSCW IPM machine. Multi-layer winding technique has been utilized as a third step.
Finally, flux-barrier method has been adopted. The influence of each method on the
performance characteristics of the IPM machine has been investigated in the following

section.

Figure 2.2 : Sequence of implementation of the MMF harmonic reduction
methods.

2.2.3.1 Determination of slot/pole number combination

In order to determine the proper S/P combination, the winding factor and MMF
harmonics are very important parameters which should be taken into consideration.
Since the pole number of the original ISDW IPM machine is 8, only the 8-pole

combinations have been considered for a fair comparison.

28



m 485/8P 15 4 m 485/8P
0.8 A 16
5 1.4
S 0.6 =12
L
2 < 1
5 04 1 %o.e .
s 0.6 A
02 - | | 04 -
0.2 |
(JpiNN SN DN UNUNN BNNNN SN NN N E— A — | SN | I S
1 4 7 1013161922252831343740434649525558616467 1 4 71013161922252831343740434649525558616467
Harmonic Order Harmonic Order
(@) Winding factor harmonics (b) MMF spectrum
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Figure 2.4 : Comparison of the winding factors of the various winding
figurations with different slot/pole numbers.

The winding factor and MMF harmonics of the 48-slot/8-pole (48S/8P) ISDW IPM
machine with single-layer 5-slot pitch winding configuration is shown in Figure 2.3.
As seen in the figure, the fundamental winding factor is 0.966 and amplitude of the
MMF harmonics (except for the fundamental) are quite low. The winding factor and
MMF harmonics of the FSCW IPM machines with 9S/8P, 12S/8P, 15S/8P, 18S/8P,
21S/8P, and 24S/8P combinations with double-layer, 1-slot pitch winding
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configurations are show in Figure 2.4. It is obvious that although the amplitude of the
fundamental winding factors of the FSCW combinations are low, the harmonic
contents are quite high when compared to the ISDW configuration. In addition, as seen
in the figures, only the 12S/8P and 24S/8P combinations do not include sub-harmonics
while others include. MMF harmonic spectrum of the FSCW combinations are
illustrated in Figure 2.5. As seen in the figures, the harmonic content of the FSCW
combinations are quite high. In addition, all the combinations include sub- and super-
harmonics except for the 12S/8P and 24S/8P combinations. In addition, the amplitudes

of the fundamental MMF of the FSCWs are quite low when compared to ISDW

combination.
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Figure 2.5 : Comparison of the MMF spectrum of the various winding
figurations with different slot/pole numbers.

The winding specifications of the considered slot/pole combinations are compared in
Table 2.1. As seen in the figure, while the 48S/8P combination has the highest
fundamental winding factor, fundamental MMF amplitude, and the lowest MMF THD,
the 9S/8P has the lowest fundamental MMF amplitude and the highest MMF THD. It
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can be concluded that since the 12S/8P and 24S/8P combinations do not include any
sub-harmonics, they show similar characteristics with the ISDW configurations.
Considering the winding analysis results, selecting the 12S/8P combination is
reasonable in terms of low harmonic content and relatively high fundamental winding

factor.

Table 2.1 : Comparison of the winding specifications of the different slot/pole
number combinations.

k,1 MMF, (At) MMF THD (%) Sub-Harmonic

9S/8P 0.945 0.677 106.951 +
12S/8P 0.866 0.827 65.888 —
15S/8P 0.711 0.848 60.35 +
18S/8P 0.617 0.883 51.006 +
21S/8P 0.538 0.9 46.64 +
24S/8P 0.5 0.954 28.776 —
48S/8P 0.966 1.844 14.56 —

2.2.3.2 Fractional-slot concentrated winding technique

A 12S/8P FSCW IPM has been designed by using the same geometrical and
operational specifications as conventional IPM machine. In order to reveal the basic
properties of the FSCW technique, electromagnetic properties of the FSCW IPM
machine is compared with that of the ISDW IPM machine as follows. Note that all the
geometric, operational, and core material specifications are given in Appendix-A.
Flux line and flux density distributions of the IPM machines are illustrated in Figure
2.6 and 2.7. It can be seen that the saturation level of the ISDW IPM machine parts,
especially stator tooth body and yoke are higher than that of the FSCW IPM machine.
Back-EMF waveforms and their harmonic spectra are shown in Figure 2.8. As seen,
the waveforms are heavily distorted. Although the serial number of turns per phase are
88 and 104 for ISDW and FSCW IPM machines, respectively, the fundamental
amplitude of the ISDW IPM machine is higher than that of the FSCW IPM machine.
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Figure 2.6 : Flux density and flux line distribution of the Toyota Prius 2010
IPM machine.
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Figure 2.7 : Flux density and flux line distribution of the FSCW IPM
machine.

This is because of the ~10.5% lower fundamental winding factor of the FSCW IPM
machine. As seen in Figure 2.8(b), the back-EMF THD level of the FSCW IPM
machine is higher than that of the IPM machine.
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Figure 2.8 : Comparison of the (a) back-EMF waveforms and (b) their
harmonic spectra.

Flux linkage waveforms and their harmonic spectrum are shown in Figure 2.9. As seen
in the figure, the flux linkage fundamental amplitude of the FSCW IPM machine is
higher than that of the ISDW IPM machine. In addition, its distortion level is lower.
On the other hand, as seen in Figure 2.10, the distortion level of the air-gap flux density
of the FSCW IPM machine is significantly higher (~2 times) that that of the ISDW
IPM machine. Furthermore, the fundamental amplitude of the air-gap flux density of
the ISDW IPM machine is slightly higher. The radial component of the flux density
on the tooth body is the useful (torque generating) component while the tangential
component is the leakage flux component [79]. Variation of these flux densities are
illustrated in Figure 2.11. As validated in [80, 81], due to the magnetic saturation of
the tooth, the waveform turns in to the flat-tapped shape (non-sinusoidal). Therefore,
it can be concluded that the saturation level of the stator of the ISDW IPM machine is
higher than that of the FSCW IPM machine.
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Figure 2.11 : Variation of stator tooth body and stator slot leakage flux
densities with respect to time.

However, as seen in the slot leakage waveform, the flux-leakage of the FSCW IPM

machine is much higher (more than twice) than that of the ISDW IPM machine.

Therefore, under the same operational conditions, the average torque level of the

FSCW IPM machine is lower as seen in Figure 2.12. On the other hand, the torque

ripple percentage of the FSCW IPM machine is much higher than that of the ISDW

IPM machine.
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Figure 2.12 : Variation of the torque with respect to time.
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1
Ppy = S_IeZ_PM (2.7)
pm
lav 1spw = 2lseqcx + 2.8W + 12 (2.8)
lav_FSCW = letack +24W +5 (29)

Comparison of the power losses, output power, and efficiency is illustrated in Figure
2.13. Stator slot copper loss Pscu_in and end-winding loss Pscu_end are calculated by
using the average coil lengths given in (2.8) and (2.9). As seen, the average length [,
is calculated separately for FSCWSs and ISDWs. Here, ¢,k IS the average stack length
and W is the average radial length of the end-winding. The PM loss Ppm is calculated
by considering the conductivity of the PM material S,,,, and the eddy current I, py
induced on the PMs as given in (2.7). As seen in Figure 2.13, although, the end-
winding loss of the FSCW is lower, the slot copper loss is higher due to the more
number of turn requirement of the FSCW IPM machine. On the other hand, because
of the higher amount of the eddy current of the FSCW IPM machine, the core and PM
losses are higher. It should be noted that the Ppm loss of the FSCW IPM machine is
significantly higher than that of the ISDW IPM machine. It can be concluded that
although the end-winding length of the FSCW IPM machine is quite low and
consequently the total axial length and end-winding copper loss are quite low, the PM
loss is significantly high. As previously explained, the reason behind these
significantly high PM loss is the high eddy current resulting from the highly distorted
MMF waveform of the FSCW configuration. As seen in Figure 2.13, this quite high
PM loss cause a remarkable decrease in the efficiency. Therefore, to be able to use the
FSCW topology in the EV/HEV applications, in where the power and efficiency are
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the most critical parameters, the MMF harmonics should be reduced considerably. In
the following sections, many MMF reduction methods have been adopted for the
FSFW IPM machine.

2.2.3.3 Winding coils with different number of turns

As reported in [74, 75], it is possible to reduce some MMF harmonics by using uneven
number of turns n, per coil. Considering the winding configuration, there is two
different winding layouts, namely consequence and conventional winding layouts for
this method as shown in Figure 2.14. Influence of these methods on the
electromagnetic performance characteristics of the FSCW IPM machine is investigate

as follows.

The variation of torque with respect to time is shown in Figure 2.15. As seen, there has
been a slightly decrease in the average torque although there has been an increase in
the torque ripple percentage in both consequence and conventional cases. The
comparison of the power losses, output power, and PM losses are illustrated in Figure
2.16. As seen in the figure, since he total winding of turns is reduced by one number
of turns per each coil, the slot and end-winding copper losses are reduced slightly.
Moreover, although the output power is reduced due to the reduced average torque,

the efficiency is increased slightly because of the reduction in the PM loss.

It has been revealed that thanks to the uneven number of turn method the efficiency
can be improved by sacrificing the torque and output power. However, in additional
to the torque and power the filling factor is also reduced/sacrificed, this method is not

effective.

n,—1

| "Jr.l -.nt -1 A
el -- o
|

n,—1 |
‘ n,; \
| |

| |
Figure 2.14 : lllustration of the uneven number of turns per coil method.

Consequent Conventional
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Figure 2.15 : Comparison of obtained torque waveforms.
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Figure 2.16 : Comparison of power losses, output power, and efficiency
obtained after the utilization of the uneven number of turns method.

2.2.3.4 Winding coils with different number of turns

The multi-layer winding with phase shifting method is illustrated in Figure 2.17. As
seen in the figure, the each coil is separated into 2 coils. Then, the winding groups
named gap-layer is shifted by a slot (mechanical deg.) whilst the yoke-layer is fixed
all the time. Thus, it is possible to obtain different winding layouts. However, as can
be realised, there are only 2 different shift angle available for 12S/8P combination
which are 120°¢ and 240°. In order to reveal the variation of the winding factor
harmonics of the 12S/8P combination, the gap-layer is shifted by 360°m by using this
method. Since the positions of the windings have changed by the shifting angle, the

amount of the initial winding factor after phase shifting will be changed as expressed
in (2.10).
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cos (h5)| (2.10)

kthinal = kWhinitial
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Figure 2.17 : Flux density and flux line distribution of the FSCW IPM
machine.

where ky,,_rina IS the new winding factor after phase shifting is applied, k,,p,_initia: 1S

the initial winding factor, h is the harmonic order, « is the phase shifting angle, P is
the pole number. The variation of winding factor according to shifting angle is
calculated by using (2.10) and the obtained results for the low-order and high-order
winding factor harmonics are illustrated in Figure 2.18(a) and (b), respectively. As
seen, the 4™, 20", and 28™ harmonics have the same trajectory whiles the remains have
another trajectory. It is obvious that the fundamental winding factor reduces as
between 0-360°¢ and finally becomes zero at 360°e. On the other hand, the gth 1M
and 32" harmonics become maximum (0.866) at 360°¢. Therefore, it can be concluded
that the fundamental winding factor changed from 8-pole to 16-pole at 360°e. That is
why it is expected that the average torque becomes zero. In the same manner, variation
of the high-order harmonics are shown in Figure 2.18 (b). As seen in the figures, there
is no possible shift angle to make reduce the harmonics to minimum. It can be
predicted that there will be always a large amount of winding factor for this
combination. The variation of the torque for ISDW, FSCW, and FSCW with different
shift angles are illustrated in Figure 2.19. As clearly seen, the average torque is reduced
considerably since the fundamental winding factor is reduced. Furthermore, the torque
ripple is reduced for 120°e while it is increased for 240°e. The flux line and flux
density distributions for different shift angles are shown in Figure 2.20. As seen, the

saturation level is slightly reduced once the shift angle is assigned as 120°e.
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Figure 2.18 : Variation of low- and high-order winding harmonics with
respect to shift angle.
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Figure 2.19 : Comparison of torque waveforms for different phase shift
angles.
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Figure 2.20 : Flux density and flux line distributions of the FSCW IPMs with
different phase shift angles.
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Comparison of the power loss, output power, and efficiency is shown in Figure 2.21.
As seen in the figure, since the number of turns per coil is not changed, all the FSCW
IPM machines have the same copper losses. Since the winding factor harmonics are
reduced slightly, the level of the eddy current is reduced consequently. However, since

the output power is reduced considerably, the efficiency is reduced consequently.

It can be concluded that although this method helps to reduce some of the winding
factor harmonics, since it causes a reduction in the fundamental winding factor as well,
the average torque and hence the output power is reduced. Is seems that it is not
possible to reduce the MMF harmonics with this method without sacrificing the torque
and efficiency.

2.2.3.5 Stator with flux barriers

In order to reduce the MMF harmonics, the flux barriers can be placed to stator parts
[74-77]. The possible variations for the place and number of the flux barriers are
illustrated in Figure 2.22. As seen in Figure 2.22, the direction (shape) of the flux
barrier can be either tangential or radial direction. Furthermore, the location of the flux
barrier can be either on the stator slot body or yoke. In addition, it possible to use 1-
flux barrier per slot or 1-flux barrier per 2-slots. The influence of flux barrier
parameters on the performance of the FSCW IPM machine is investigated for various

positions and flux numbers as follows.

The geometrical parameters of the tangential flux barrier on the stator tooth body parts
Is shown in Figure 2.23. The variation of the performance characteristics of the FSCW
with 12-flux barriers (12-B) and 6-flux barriers (6-B) are shown in Figure 2.24 and
Figure 2.25. It is obvious from the figure that the average torque reduces whilst the
torque ripple increases as the barrier height is increased. Since the 12-B causes more
saturation on the stator parts, its average torque variation is more sensitive to the
barrier height. The variation of the PM loss and efficiency with respect to barrier height
is illustrated in Figure 2.25. As seen, the variation of the PM loss and efficiency reduce
slightly between 0-40mm barrier heights. However, after 40mm, PM losses increase
significantly and consequently the efficiency reduce remarkably. Since the output
power of 6-B FSCW IPM machine is higher than that of the 12-B FSCW IPM machine,
its efficiency is higher even if the PM loss is higher.
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Figure 2.22 : Stator slots with radial and tangential flux barriers: 12-barrier
versions (a-c) and 6-barrier versions (c-d).
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Figure 2.23 : Flux density and flux line distribution of the FSCW IPM
machine.

Variation of the performance characteristics of the FSCW IPM with 12-B and 6-P with
respect to tangential stator tooth flux barrier width are illustrated in Figure 2.26 and
2.27. As the tangential barrier width is increased, the average toque reduces and the
torque ripple increases significantly for both 12-B and 6-B FSCW IPM machines. The
speed of the torque ripple increase in the 6-B is faster than that of the 12-B as seen in
Figure 2.26.
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Figure 2.24 : Variation of torque and torque ripple with respect to stator
tangential flux barrier height.
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Figure 2.25 : Variation of the PM loss and efficiency with respect to stator
tooth tangential flux barrier height.
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Figure 2.26 : Variation of average torque and torque ripple with respect to
stator tooth tangential flux barrier width.
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Figure 2.27 : Variation of the PM loss and efficiency with respect to stator
tooth tangential flux barrier width.

The variation of the Ppm and efficiency with respect to tangential stator slot tooth flux
barrier is shown in Figure 2.27. While the Ppm of the 12-B decreases, the Ppm of the
6-B increases as the barrier width is increased. Therefore, it can be deduced that the 1-
flux barrier per tooth is more effective for reducing of the MMF harmonics. Moreover,
since the torque and consequently the output power is reduced, the efficiency is
reduced as the barrier width is increased. This is because of the increase in the level of

the saturation of the stator parts.

Figure 2.28 : Parameters of the tangential stator yoke flux barrier.

The geometrical parameters of the tangential flux barriers on the stator yoke are
illustrated in Figure 2.28. As seen, there is only width and height parameters are
considered. The variation of the average torque and torque ripple flux barrier width is
shown in Figure 2.29. As seen, as the width is increased the average torque and torque
ripple decrease consequently. Since the 12-B causes more saturation on the stator yoke

parts, its average torque is more sensitive to change in the flux barrier width. The
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variation of the PM loss and efficiency with respect to width of the yoke flux barrier
is shown in Figure 2.30. As seen, whilst the PM loss of the 6-B increases, it reduces in
the 12-B. Therefore, efficiency reduction rate of the FSCW IPM machine with the 6-
B is much faster than that of the FSCW IPM machine with the 12-B. The variation of
the average toque, torque ripple, PM loss, and efficiency with respect to stator yoke
tangential flux barrier height are illustrated in Figure 2.31 and Figure 2.32,
respectively. As seen in Figure 2.31, as the height is increased, the average torque and
torque ripple reduce considerably. In addition, as the barrier height is increased, the
Ppm increases for the 6-B whilst it decreases in 12-B design. Therefore, efficiency
reduction rate of the 12-B design is much lower than that of the 6-B design when the

Ppm loss of the 12-B starts to reduce after 8mm as seen in Figure 2.32.
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Figure 2.29 : Variation of the average torque and torque ripple with respect to
stator yoke tangential flux barrier width.
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Figure 2.30 : Variation of the PM loss and efficiency with respect to stator
yoke tangential flux barrier width.

46



200 + <
£ ey
Z 180 A =
S 160 p
o (o
[ 140 |—e—Avg (12-B) --e--Avg (6-B) S

——Ripple (12-B) --4--Ripple (6-B)
120 T T T T T T T T T T O

0 2 4 6 8 10 12 14 16 18 20 22
Barrier Height h, (mm)

Figure 2.31 : Variation of the average torque and torque ripple with respect to
stator yoke tangential flux barrier height.
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Figure 2.32 : Variation of the PM loss and efficiency with respect to stator
yoke tangential flux barrier height.

The geometrical parameters of the radial flux barriers on the stator tooth parts are
illustrated in Figure 2.33. As seen in the figure, there are 3 parameters, namely barrier
width, height, and position height. The variation of the performance characteristics
with respect to these geometric parameters are illustrated between Figure 2.34 and
2.39. The variation of the average torque and torque ripple with respect to stator tooth
radial flux barrier width is illustrated in Figure 2.34. As the barrier width is increased,
the average torque and torque ripple decrease remarkably. Since the saturation factor
of the 12-B design is higher, the torque and ripple reduction of the 12-B is much faster
than that of the 6-B. The variation of the Ppm and efficiency with respect to stator
tooth radial flux barrier width is shown in Figure 2.35. As seen the amount of Ppm and
efficiency reduces as the barrier width is increased for both of the IPM machines.
However, since the saturation level of the 6-B is much lower than that of the 12-B, the

reduction rate of the 6-B is slower.
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Figure 2.34 : Variation of the average torque and torque ripple with respect to
stator tooth radial flux barrier width.
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Figure 2.35 : Variation of the PM loss and efficiency with respect to stator
tooth radial flux barrier width.

The variation of the torque and torque ripple with respect to barrier height is illustrated
in Figure 2.36. As seen, the average torque of the both machines reduce as the barrier
height is increased. On the other hand, torque ripple of 12-B increases whilst the 6-B

decreases as the barrier height is increased. The Ppm and efficiency against the barrier

48



height are shown in Figure 2.37. The Pp,, of 12-B decreases while the 6-B increases
as the barrier height is increased. However, as seen in the figure, since the output power
of the 12-B reduces much faster than that of the 6-B, the efficiency of the 6-B is
considerably higher.
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Figure 2.36 : Variation of the average torque and torque ripple with respect to
stator tooth radial flux barrier height.
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Figure 2.37 : Variation of the PM loss and efficiency with respect to stator
tooth radial flux barrier height.

The variation of the average torque and torque ripple with respect to position height is
shown in Figure 2.38. As seen, as the radial flux barrier is moved away from the stator
tooth body, the average torque increases for both 12-B and 6-B. On the other hand, the
minimum torque ripple can be obtained once the radial flux barrier around the middle
of the stator tooth body. The variation of the PM loss and efficiency with respect to
position height is shown in Figure 2.39. As seen in the figure, as the radial flux barrier

is getting close to the yoke (moving away from the tooth body towards to the stator
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yoke), the PM loss (due to the increase in the torque) and efficiency (due to the increase

in the output power) increase considerably.
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Figure 2.38 : Variation of the average torque and torque ripple with respect to
position stator tooth radial flux barrier.
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Figure 2.39 : Variation of the PM loss and efficiency with respect to position
stator tooth radial flux barrier.

Considering figures between Figure 2.24 and 2.39, it can be concluded that it is
reasonable to not use flux barriers in the tooth body in terms of torque and efficiency.
Because, as seen in the figures, utilizing flux barriers cause to reduce the torque, output

power, and efficiency.

Summary on the effectiveness of the proposed methods is given in Table 2.2. It is
obvious that any proposed methods cause a decrease in the average torque and
consequently output power. For the chosen 12S/8P combination, which does not
contain any sub-harmonics, it is not possible to reduce the MMF harmonics without
sacrificing the key performance characteristics such as average torque, output power,

and efficiency.
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Table 2.2 : Compariosn of the MMF reduction methods in terms of electromagnetic
performance.

Total

Average Output Torque Copper PM Efficiency ~ Axial

Torque Power Ripple Loss loss
(Nm) (kw) (%) KW) (kW) (%0) L(?]?r%]t)h

ORG (ISDW) 238.3 25.04 9.63 6.433  0.02 78.62 112.8

Method#1 (FSCW) 228.92  23.97 2583 5216 1.58 76.94 95.02

Method#2a
(FSCW+Uneven 225.08 23.604 28.08 5.015 1.448 77.52 93.22
Turn)
Method#2b
(FSCW+120° 21392 2232 23.22 1.21 76.7
Shift)
Method#3 6-B 196.36  20.56 26.82 5126 L.17 75.49 95.02
Tooth 12-B 195.31  20.45 23.05 1.12 75.52
Method#3 6-B 195 20.4 25.3 1.18 75.3
Yoke 12-B 193.02 20.21 24.41 1.08 75.43

2.3 Prediction of Temperature Distribution From Total Loss Distributions

As known, there is a direct correlation between the power losses and electromagnetic
loading. The increase of electric loading leads an increase in the amount of the copper
loss while the increase of magnetic loading mainly increases the amount of the core
losses. In addition, increase of mechanical loading causes to the increase of friction
and windage losses. Increase of the power loss is the main reason behind the increase
of the temperature rising. Therefore, in order to predict the temperature distribution of
IPMs, total loss distributions have been calculated as illustrated in Figure 2.40. Note
that end-winding copper loss has not been considered in Figure 2.40. As seen in the
figure, because of the very high amplitude of the MMF harmonics, the total core loss
amounts of FSCW IPMs are quite higher than that of the ISDW IPM. In the same
manner, the PM loss of the FSCW IPMs are higher than that of the ISDW IPM. On the
other hand although the (see Figure 2.13) end-winding loss of the FSCW IPMs are
lower than that of the ISDW IPM, the in-slot copper loss are higher due to the high
number of turns requirement of FSCW IPMs (see Table 2.3). By using the average
total losses at the different parts of the machines, the thermal analyses of the ISDW,
2-layer FSCW, and 4-layer FSCW with 120°e phase shifted IPMs are conducted via
FEA by assigning the cooling material properties given in Table 2.3. The obtained

steady-state temperature of different parts are listed in Table 2.4.
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Since the high harmonic content of the FSCWs give a rise to the losses, particularly
eddy current losses, the temperature of the PMs are quite higher (more than twice) than
that of the ISDW IPM. In addition, since the number of slots of FSCW IPMs are lower,
the heat dissipation area of the windings are reduced considerably (see Table 2.4). That
is why the slots of the FSCW IPMs have higher temperature in the slots. In addition,
it is also shown that the temperature of the magnets have been reduced considerably
by using multi-layer phase shifting method. Therefore, it can be concluded that the

FSCW IPMs requires more cooling equipment.
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Table 2.3 : Cooling material and stator winding specifications.

ORG (ISDW) '\é'lfgg\‘/jf)l (F'\gectgsffzzt?‘)e
Shift)

Cooling system Housing water jacket (Horizontal)
Fluid vol. flow rate 12
Inlet temperature (°C) 40
Fluid material EGW (50/50)
Lamination stacking factor 0.97
Number of parallel branch 1
Stator slot fill factor 0.488 0.62
Number of serial turns 88 104
Number of turns per slot 11 52
Current Density (A/mm?) 25.23 30.4

Table 2.4 : Steady-state average temperature of IPMs in different parts under rated
operating through simulation calculation (°C).

Temperature (°C)

ORG (ISDW) '\Z'Ifgg’%l (F'\gectgs?ffzzt?"e
Shift)
Housing 40.4 40.3 40.3
Stator yoke 43.7 42.9 42.2
Stator tooth body 55.1 48.9 48.1
Stator tooth tip 50.1 46.4 45.9
f\fiantgirnig's"’t 94.3 152.1 151.2
Stator end-winding 97.2 157.4 155.1
Magnet 40.1 93.3 74.7
Rotor core 40.1 57 48.2
Shaft centre 40 42 40.5

2.4 Conclusions

This section of the thesis investigates the current state-of-the-art of the MMF harmonic

reduction techniques for FSCW configurations in IPM machines, including multi-layer
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winding with phase shift, different number of turns per coil side (uneven turn numbers
per coil side) and stator flux barriers. Merits and demerits of each method have been
discussed and verified by numerical analyses by FEM. The milestones of the study

may explained as follows.

Firstly, the Toyota Prius 2010 IPM machine with ISDWs is designed and analysed.
Secondly, the accurate slot/pole number combination for the FSCW topology is
determined and the IPM machine with FSCW technique is designed and analysed.
Finally, the MMF cancellation methods given below are adopted for the FSCW IPM

machine.

a) The different number of turns per coil side (uneven number of turns per coil
side) method,

b) The multi-layer winding with phase shifting method;

c) The flux-barrier method including the parametric analysis of the flux barrier’s

position and dimensions;

A comprehensive comparative study on the electromagnetic performance
characteristics between IPM machines designed with the ISDW technique and the
FSCW technique combined with one/some of the utilized methods has been conducted.
In addition, thermal analyses have also been conducted by using the total loss
distributions of the IPMs. In this study, obtained key findings can be summarized as

follows.

e It is validated that very short end-windings and low end-winding copper loss
are achieved by adopting the FSCW technique;

e The FSCW technique cause a dramatic increase in the eddy losses including

the rotor core and PM losses;

e Since the leakage flux density of the IPM machine designed by utilising the
FSCW technique is much higher than that of the IPM machine designed by
utilizing the ISDW technique, the obtained average torque of the FSCW IPM

machine lower;

e Adopting the multi-layer winding configuration increases the complexity of
the winding structure and causes to obtain lower fundamental winding factor

and consequently low torque production capability.
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Adopting the uneven number of turns per coil causes a decrease in the average
torque and a slightly decrease in PM loss, but it also leads an increase in the

efficiency. In addition, it also causes to less effective utilization of the slots;

Adopting multi-layer and phase shifting method and using flux barriers on the
stator is not favourable in terms of average torque, output power, and

efficiency;

It has been shown that the considered MMF reduction methods have very
limited effect on the MMF harmonics of the chosen 12S/8P combination which

has no sub-harmonics;

It has been revealed that since the large amount of MMF harmonics of the
FSCWs cause a significant increase in the total losses, the temperature of the
magnets quite higher under the same operating condition. In addition, it has
also shown that reduction of the number of stator slots causes a remarkable

reduction at the heat dissipation area of the windings;

The IPMs equipped with FSCWs require more cooling equipment.
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3. DESIGN AND ANALYSIS OF INTERIOR PERMANENT MAGNET
MACHINES EQUIPPED WITH NOVEL SEMI-OVERLAPPING WINDINGS?

A novel winding topology, comprising of semi-overlapped windings has been
proposed in this chapter. The main advantages of such winding over conventional-
distributed (overlapping) and fractional-concentrated (non-overlapping) windings are
having very short-end winding lengths and significantly low MMF harmonic content,
respectively. The key design rules, basic properties, and other merits and demerits of
the proposed novel winding topology are justified. The key performance
characteristics of the proposed winding topology are disclosed through an IPM
machine. The obtained electromagnetic analyses results are compared with those of
other IPM machines having conventional-distributed and fractional-concentrated
windings. It has been demonstrated that the proposed winding topology promises
significant superiorities; such as improved efficiency with substantially reduced total
axial length, low eddy current losses and low risk of irreversible magnet
demagnetization over other winding topologies. The analysis is verified by finite-
element analysis results and experiments on a prototype novel semi-overlapping

winding IPM machine.

3.1 Introduction

With ever-increasing ecological awareness, such as climate change, air pollution,
public health, and the shortage of fossil-fuel resources, the focus on automotive and
aerospace electrification is intensely increasing each passing day. Because of the
superb properties, including high torque density and high efficiency over a wide
operation range, permanent magnet (PM) machines, particularly interior-PM (IPM)
machines, have been widely adopted as traction electrical machine in the EV

applications [82-84]. Considering the demand for electrification of automotive and

2 This chapter is based on the paper: Gundogdu, T. and Komurgoz, G. (2020) Design and Analysis of
Interior Permanent Magnet Machines Equipped with Novel Semi-overlapping Windings, IET Elect.
Power Appl., 14(8), 1446-1457.
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aerospace traction systems, improving the machine performance is of great
significance in terms of national economy and efficient use of energy sources. For over
a decade, great efforts have been made in research and in performance improvement
of the electrical machines [85-117]. Some of these studies have been categorized as

follows.

To reduce the length of the end-winding, which has no influence on the air-gap
magnetomotive force (MMF) and only performs the connections between the in-slot
conductors, is one of the most important and easy way to improve the machine
performance, particularly the torque/power density and efficiency. The aim of
reducing the end-winding axial length is to decrease the most dominant machine loss,
which typically is the stator copper loss, and to decrease the total axial length to reduce
the space requirement (promote compactness) of the electrical machines. The most
recent performance improvement methods related to electrical machine windings have

been listed as follows.

e Multi-layer fractional-slot concentrated windings (FSCWSs) and integer slot
concentric windings with phase shifted and un-even number of turns per coil
side [85-97, 116-119]. In addition, FSCWs having more than 2 layers [87,
89, 94-97, 107-109, 111, 117];

e Conventional short-pitch and short-pitch with different number of turns
winding topologies [96-100];

e  Stator cage windings [101, 103];

e Combined star-delta windings [103-106];

e Shifted FSCWs with additional sets of windings [107-110];
e Toroidal type windings [111, 112];

However, since limited improvements have been achieved after implementing these
methods, it is observed that the performance characteristics of the machines are still
not satisfactory. The key problems and restrictions of implementing these methods into

the stator windings have been summarized as follows:

e Reduced fundamental winding factor: much greater number of turns is

required to tolerate the torque;
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e Restricted number of turn ratios: At least two set of windings should be
used, and the turn ratio of the winding groups should be equal to a constant

number;

e Restricted pole number: Some topologies are suitable for only low pole

combinations;

e Increased risk of irreversible magnet demagnetization: Quite high eddy

current losses, particularly PM loss;

e Increased cooling equipment size: Quite high eddy current losses,

particularly in the rotor part;

e Significantly increased cost: Increased power electronic device usage and

increased manufacturing cost;

e Increased parasitic effects; such as torque ripple, acoustic noise, vibration,

etc.

It has been shown that by using the FSCW configuration, the copper loss can be
reduced considerably owing to both the short end-winding length and the high copper
packing factor (if the segmented stator structure is employed). Furthermore, the
cogging torque can also be reduced significantly when the least common multiple of
the slot number and the pole number increase. However, by employing FSCW
configurations in PM machines, the rotor PMs are subjected to a large amount of MMF
(space) harmonics and consequently incur high eddy current loss [113, 114]. This can
further lead to a high rotor temperature particularly at high speed operating regions,
and hence the rotor magnets will suffer from a high risk of irreversible
demagnetization. Yet, compared to the FSCW configurations, the integer-slot
distributed winding (ISDW) configurations have lower copper packing (fill) factor
since prepressed windings with segmented stator structures cannot be used, and have
longer end-winding length, higher cogging torque, and less fault tolerant owing to
higher mutual inductance and winding overlapping [115, 116]. Consequently, the
FSCW configurations are of potential to be employed in IPM machines, once the sub-
and super-harmonic contents of the stator MMF can be suppressed to a desirable level.
Yet, a recent study [119] has been shown that, even though several different MMF

harmonic reduction methods have been applied to an IPM machine with 12S/8P
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FSCWs, excessive eddy current losses in PMs are inevitable since the MMF harmonics
could not be suppressed sufficiency. Subsequently, the FSCW topology is not suitable

for the IPM machines in large power applications. Consequently:

I. A new winding topology with short-end windings and low MMF harmonics

should be developed;

Il.  Alternative machine topologies with no excitation source on rotor suitable for
FSCW topology (i.e. synchronous reluctance machines (SRMs)) might be

advanced.

This study focuses on the option (I). It is worth noting that the previous basic study
[40] introduced a novel winding topology having substantially short-end windings
compared to ISDWSs and quite low MMF harmonic content compared to FSCWs.
Investigation into the influence of some key winding parameters and comparison of
electromagnetic performance characteristics with different winding topologies have
also been presented for small machine size in [118]. This study extends to show how
the proposed winding topology is feasible for large machine size (LD). This study also
includes saturation and demagnetization analyses and experimental verification of
analytical and numerical analyses by manufactured prototype of novel semi-
overlapping winding (NSW) IPM machine. Note that direct measurements of eddy
current losses in magnetic core and PMs could not be conducted. Nevertheless, their
verifications are supported by the experimental verifications of overall efficiency.
Moreover, this study demonstrates that thanks to the proposed winding topology, more
compact IPM machines or IPM machines with significantly improved electromagnetic

performance characteristics can be designed and manufactured.

The major objective of this chapter is to evaluate and validate the merits and demerits
of the proposed NSW topology. In Section 3.2, the key design rules are explained and
various parametric analyses, including influence the number of layers, number of turns
combinations and number of stator slots on the air-gap flux density and torque, are
conducted to be able to determine the finest values of the winding parameters. To
reveal the pros and cons of the NSW topology, electromagnetic performance
characteristics obtained from the IPM machines designed with single- and double-
layer ISDWs and FSCW topologies are comprehensively compared with the IPM
machine designed by the NSWs in Section 3.3. The magnetic saturation and PM
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demagnetization issues are also examined together with the influence of the machine
size on the dominant machine losses. The prototype machine and its experimental
results together with the validation of the 2-D, non-linear, time-stepping finite-element
analysis (FEA) predictions are shown in Section 3.4. Finally, the conclusions and

future work are drawn in Section 3.5.

3.2 Development of Novel Semi-Overlapping Winding Topology

The major objective of developing such a winding is to reduce the axial length of end-
windings for achieving more compact machine design and improve the overall

performance characteristics such as torque/power density and efficiency.

As presented in the previous section, a great amount of effort has been made to reduce
the end-winding both axial and radial lengths with the aim of improving the
performance and/or compactness of the electrical machines. In this section, design
rules and key properties of the NSW topology are presented. In the existing literature,
some similar winding topologies may be found with single phase [96, 97, 109] or semi-
filled stator slots [95] or with different number of turns per concentrated coils [98, 99,
108]. Nevertheless, since the fundamental winding factor amplitude is reduced, the
number of turns between the winding groups are restricted to a constant rate, and half
of the stator slots are not fully filled, the reported electromagnetic performance results
are not satisfactory. Thus, this study will be the first study presenting a new winding
topology having substantially short-end winding with remarkably high torque density
compared to conventional distributed winding and significantly low MMF harmonic
content, and relatively high fundamental winding factor amplitude compared to

concentrated winding topologies.

With the purpose of utilizing the proposed NWS topology for any integer stator slot S
and pole number P combination, the key rules are deducted as follows by considering

the winding design rules presented in [120].
1) Determine number of coils N, by using (1)
2) Determine coil pitch number y. by using (2)

3) Determine phase pitch number a;,, by using (3)
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4) Determine the number of turns. Note that most convenient coil pitch number is
y. < 6for S <48 and y. < 12 for S <96 and so on. Hence, the empirical
formulation is derived as follows:

a. For2L: Ny /Ny =7x/x

b. FOI’ 3L Ntl/NtZ/Nt3 = 7.X/4X/x

S
- 3.1
Ne 2m (3.1)
_ S\ . _(even -y, =y, —1
Y. = round (F) if y.= { odd - y, = y, (3.2)

Ne ¢ {am <2444+ (33)

alzozﬁo a12022—>+,—,+:—

For the sake of demonstrating the winding layout of the NSW topology, a 24-stator
slot and 4-pole (24S/4P) combination has been selected. Eventually, y,. is calculated
as 6. Furthermore, the number of layers L. is assessed as 3. After the required
calculations presented from (3.1) to (3.3), the achieved winding layout is illustrated in
Figure 3.1(a). A fully non-overlapped winding topology can be designed by taking
04,0 = 1 for the considered S/P combination. Nevertheless, in that case, the MMF
harmonic cancellation/reduction cannot be accomplished effectively. Another key
element in the winding design procedure is to consider the winding inductances. With
the aim of avoiding additional disturbances such as unbalanced magnetic pull (UMP),
torque ripple, acoustic and magnetic noises, etc., the coil distributions of each phase
should be symmetrically balanced. Thus, inductance of each phase winding should be
identical. As illustrated in Figure 3.1, only the ‘Phase B’ coil is overlapped. Moreover,
each coil member in a phase winding has different number of turns as declared
previously. Therefore, to create a symmetrical and balanced winding layout, the total
number of turns in each slot should be equal. Otherwise, it is impossible the achieve
identical inductance per phase. For the sake of simplifying the illustration of the
winding layout, Figure 3.1(b) is provided. Hereby, slots of the windings and the semi-

overlapped winding group can be seen easily. The distribution of the number of turns
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per coil sets and semi-overlapped winding structure are illustrated in Figure 3.2.
Furthermore, variation of corresponding winding self- and mutual-inductance is
illustrated in Figure 3.3. It has been evident from the figure that the same amount of
the inductance has been achieved as a result of symmetrically distribution of balanced

phase windings over the stator slots.

+A

+B Axial

Overlapping

Radial
Overlapping

(a) (b)

Figure 3.1 : Winding layout of NSW topology: (a) Open form illustration of each
coil sets, (b) Close form illustration of phase coils (simplified illustration).
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Figure 3.2 : Distribution of turn numbers of phase coils per slot.

As shown in Figure 3.2(b), not only the axial overlapping is exist because of the
arrangement of the ‘Phase B’ coils over other phases, but also a radial overlapping
between the phase coils is exist as a result of using different number of turns per coil
arms. This radial overlapping causes an 2x unit increase in the total thickness of the
end-winding (14x unit instead of 12x unit). Since the number of turns of each coil

member are different, winding factor calculation approach of the NSW topology is a
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bit different than that of the conventional calculation approach. The winding factor

k. consists of pitch k,, and distribution kg, factors, where there is no skewing on

the stator slots. k., for FSCW and ISDW are calculated separately by using the
expressions given from (3.4) to (3.8) [97, 120].
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Figure 3.3 : Winding self- and mutual-inductances: (a) waveform, (b) harmonic

kdh_FSCW =

spectrum.

kwn = kph “Kan
) T
kph_ISDW = sin (hEYc)

kph_rscw = sin (h g)

kdh_ISDW =73 1
P-m (h §)

(3.4)

(3.5)

(3.6)

(3.7)

(3.8)

where, h is the harmonic order and m is the phase number. Considering k,,;, as initial

winding factor which is derived from the conventional calculation approach, the new

winding factor comprising of 2L or 3L winding can be calculated by modifying the

phase shifting method reported in [87] and [119] in order to consider the number of
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turns Ny, N,, and N; and number of coils N, as expressed in (3.9) and (3.10),

respectively.

2N, N,

kwh nswz = Kwh_ispw €0S [h_ (Nc + _>] (3.9)
N, N,
N, N,

kwh_nsws = Kwn_ispw €OS [hm (Nc + N_3>] (3.10)

The influences of winding parameters such as layer number, turn number
combinations, and stator slot number on the air-gap flux density and torque are
examined for fixed current density/stator copper loss as follows. Note that the
geometric dimensions given in Appendix B, Table B.1 indicated with small

dimensions—SD has been used for the analyses in this section.

3.2.1 Influence of winding layer numbers

The NSW topology can be designed as to has got different number of winding layers
L.. Notching that for the NSW topology L. is a function of y. and it can be estimated
for any S/P combination by using (2.2) as expressed in (2.11).

2y, —1
L. = round( }’c3 > (2.11)

It should be clarified that if y. = 1, no NSW topology can be existed. With aim of
showing the influence of number of winding layers, the 24S5/4P combination is
examined. From (3.2), the normal y, is evaluated as 5 and the short y,. may be taken
as 3. At this point, the max/min winding layer numbers per slot is calculated as 2 and
3, respectively by using (3.3). The winding-layouts of the 2L and 3L combinations are
derived by (3.1)-(3.3) and the obtained winding layouts for 2L and 3L combinations
are shown in Figure 3.4, respectively. The 245/4P IPM machines with 2 and 3
winding layers are designed via FEA and the key characteristics including the air-gap
flux density and electromagnetic torque are predicted as shown in Figure 3.5.
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(a) (b)
Figure 3.4 : Winding layouts of 24S/4P combination with different winding layers:
(@ 2L (y. = 3), (b) 3L (v = 5)
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Figure 3.5 : Performance characteristics of 24S/4P combination with 2L and 3L
topologies: (a) air-gap flux density waveform, (b) harmonic spectra of air-gap flux
density, (c) electromagnetic torque waveform.

As illustrated in Figure 3.5(b), the total harmonic distortion (THD) level of the air-
gap flux density of the 3L winding is lower than its 2L counterpart. As can be realized,
the fundamental and triple harmonics of the 3L topology are higher than its 2L

counterpart. Nevertheless, the THD of the 3L topology is ~1.8% lower than that of the
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2L topology. Furthermore, as shown in Figure 3.5(c), the time-averaged torque of the
3L topology is ~28.1% higher than that of the 2L topology. Moreover, the torque ripple
rate of the 3L topology is ~51.5% lower than that of the 2L topology. Consequently, it
can be deduced that the higher the number of layers, the higher the air-gap flux density
and eventually higher the average torque and the lower the torque ripple rate.

3.2.2 Influence of number of turns combinations

For the purpose of establishing the best number of turns combinations by considering
the winding layers, the number of turns listed in Table 3.1 have been designated for
4P IPM machines with 24S and 125 combinations. The winding arms with different
number of turns have been represented by alphabetic characters as shown in the table.
Notice that the total number of turns per slot are kept unchanged for different sets of
winding groups. Furthermore, only the FEA results of the 245 /4P combinations have
been presented in this section. The maximum overlapping degree of the windings are
set up as 1/12 of the stator slot whilst the minimum is set up as 7/12 of the stator slot.
Consequently, the overlapping degree is limited. Note that the given overlapping rates

are determined empirically after conducting several parametric FEAS.

Table 3.1 : Number of Turns Combinations.

24S/4P 12S/4P

2L 3L 2L 3L
NtI Nt2 NtI Nt2 Nt3 Ntl Nt2 Ntl Nt2 Nt3
a 24 24 16 16 16 48 48 32 32 32
b 36 12 24 16 8 72 24 48 32 16
c 42 6 28 16 4 84 12 56 32 8

The predicted air-gap flux density and torque are illustrated in Figure 3.6 and 3.7,
respectively. It can be comprehended that the fundamental amplitude of the air-gap
flux density increases significantly as the number of turns of the 3™ set Nt3 (c) is
decreased. As a consequence, the number of turns of the 1% set Nt1 (a) is increased.
Furthermore, the THD of the air-gap flux density is decreased as the number of turns
of the Nt3 is decreased. These findings are valid for both winding layer combinations.
The average torque of the 3L combinations are higher than that of the 2L combinations

whereas the torque ripple rates are lower as seen in Figure 3.7.
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Figure 3.6 : Air-gap flux density waveforms and their harmonic spectra for various
number of turns and winding layer combinations: (a) Waveform (2L’s), (b) Harmonic
Spectra (2L’s), (c) Waveform (3L’s), (d) Harmonic Spectra (3L’s).
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Figure 3.7 : Electromagnetic torque waveforms for various number of turns and
winding layer combinations: (a) 2L combinations, (b) 3L combinations.

Moreover, as the number of turns of the 3" set of coils are decreased (c), the average

torque is increased substantially for both 2L and 3L combinations. Therefore,

considering the findings it can be concluded that the lower the number of turns of the

inner coil, the higher the average torque. Nevertheless, the number of turns of the inner

coil cannot be zero (initially set to 1/12 of the slot) owing to an increase in the

overlapping proportion.
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3.2.3 Influence of number of stator slots

The influence of number of stator slots have been investigated by designing 125/4P
combination with 2L and 3L windings as shown in Figure 3.8. Then, the predicted key
electromagnetic characteristics are compared with the results of previously designed
245 /4P-2L and 3L combinations as shown in Figure 3.9 and Figure 3.10. Note that

only the combinations indicated with (c) are examined.
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(a) (b)

Figure 3.8 : Winding layouts of 12S/4P combination with different winding layers
and coil pitches: (a) 2L (y. = 3), (b) 3L (y. = 5).
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Figure 3.9 : Air-gap flux density waveforms and their harmonic spectra for various
number of turns and winding layer combinations: (a) Waveform (2L’s), (b) Harmonic
Spectra (2L’s), (c) Waveform (3L’s), (d) Harmonic Spectra (3L’s).
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The fundamental amplitude of the 245 combinations are higher than that of the 125
combinations. Thanks to the doubled stator slot number, a large amount of air-gap flux
density harmonics is cancelled (see Figure 3.9). The 24S combinations provide higher
average torque than that of the 12S combinations as illustrated in Figure 3.10.
Furthermore, 3L combination generates higher torque than 2L combination. Moreover,
combinations with higher stator slot and higher winding layers have lower torque
ripple rate. It can be concluded that the higher the slot and winding layer, the higher

the average torque and the lower the torque ripple rate.
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Figure 3.10 : Electromagnetic torque waveforms for various number of stator slots
and winding layer combinations: (a) 2L combinations, (b) 3L combinations.

3.3 Performance Comparison with Different Winding Topologies

For the sake of validating the properties of the NSW topology, IPM machines having
ISDW, FSCW, and NSW with the same outer diameter, stack length, excitation
current, and synchronous speed as Toyota Prius 2010 IPM machine (see Appendix,
Table B.1 for the specifications indicated with LD) are designed. Notching that the
original Toyota Prius 2010 IPM machine has single layer (SL) windings as illustrated
in Figure 3.11.

To be able to expose the influence of winding layers, double layer (DL) counterpart of
ISDW-SL topology is also designed. The 2-D cross-sectional views, winding layouts
and flux line distributions of the designed IPM machines are shown in Figure 3.11.
The performance characteristics are predicted by performing 2-D, non-linear, time-
stepping FEA under steady state operating with current source supply providing
236Apeak phase current, 1krpm rotor speed, and the current angle delivering the
maximum torque (see Appendix A.1 for other specifications). Notice that the IPM
machines with ISDW DL, FSCW, and NSW 3L combinations have been globally
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optimized by genetic algorithm (GA) for the objectives of average torque Teny 2

239Nm, torque ripple AT < 10%, and stator copper loss P., < 6kW. Moreover,
mechanical limits and manufacturing tolerances such as rotor shaft diameter, outer
bridge thickness, etc. are considered during the optimization process. Notching that as
for the FSCW topology, the combinations having no sub-harmonics have been

considered for a fairer comparison.

Figure 3.11 : Various winding layouts and full-load flux line distributions.
Red: Phase ‘4", Blue: Phase B’, : ‘C’
Solid Line: (+) polarity, Dashed Line: (-) polarity.

3.3.1 Winding structure analysis

The winding factor and MMF harmonics of the considered winding topologies having
different S/P combinations and winding layers are specified in Table 3.2 and 3.3,
respectively. The fundamental winding factor of the ISDW topology is the highest
whereas FSCW is the lowest.
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Table 3.2 : Winding factor.

48S/8P  48S/8P  48S/8P  12S/8P 24S/4P  24S/AP  6S/4P
ISDW ISDW NSW FSCW ISDW NSW  FSCW

# SL DL 3L DL DL 3L DL
1 0.966 0.933 0.869 0.866 0.933 0.869  0.866
2 0 0 0 0.866 0 0 0.866
3 0.707 0.5 0.636 0 0.5 0.636 0
4 0 0 0 0.866 0 0 0.866
5 0.259 0.067 0.233 0.866 0.067 0.233  0.866
6 0 0 0 0 0 0 0
7 0.259 0.067 0.233 0.866 0.067 0.233  0.866
8 0 0 0 0.866 0 0 0.866
9 0.707 0.5 0.636 0 0.5 0.636 0
10 0 0 0 0.866 0 0 0.866

11  0.966 0.933 0.869 0.866 0.933 0.869 0.866

In addition, the harmonic content of the FSCW is the highest. Thus, it may be predicted
that the rotor losses of IPM machines having FSCWs, will be fairly high. Moreover,
considering the fundamental amplitude of the MMF, it can be predicted that the FSCW
and NSW topologies require a greater number of turns to produce the same amount of
torque with ISDW topology. The average winding length, which is required for the
estimation of the stator resistance, are approximated for different winding structures
as expressed from (3.12) to (3.15) [121, 122].

s = Phtac e 312
Lavsrsoon = 2ltac + 5 (313)
Lavgrscwr = Zstack + g™ 314)
Lavams = Zlstack + g (315)

where 7, is the average winding radius which is calculated as the distance from the
centre of the shaft to the middle of the stator slot. The total end-winding thickness of

the different winding topologies have been calculated using the calculation methods
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reported in [121, 122, 126]. The end-winding configurations and their parameters are
illustrated in Figure 3.12. [79] Note that the quantity t, and t,,, represents the air space
between two insulated coils. In the most cases, t.,, is neglegibly low. b.,, 7,,, and

are coil thickness, the pole and slot pitches measured at the middle of the slot.

Table 3.3 : Winding MMF (pu).

48S/8P 48S/8P  48S/8P  12S/8P  24S/4P  24S/4P  6S/4AP
# ISDW ISDW NSW FSCW ISDW NSW  FSCW

SL DL 3L DL DL 3L DL
1 1 0.966 0.9 0.897 0.966 0.87 0.897
2 0 0 0 0.448 0 0 0.448
3 0 0 0 0 0 0 0
4 0 0 0 0.223 0 0 0.224
5 0.053 0.014 0.048 0.178 0.014 0.012 0.179
6 0 0 0 0 0 0 0
7 0.038 0.01 0.034 0.126 0.01 0.009 0.128
8 0 0 0 0.11 0 0 0.112
9 0 0 0 0 0 0 0
10 0 0 0 0.087 0 0 0.089
11 0.088 0.085 0.079 0.079 0.087 0.078 0.081
12 0 0 0 0 0 0 0
13 0.074 0.071 0.066 0.066 0.073 0.066  0.068
14 0 0 0 0.061 0 0 0.063
15 0 0 0 0 0 0 0
16 0 0 0.052 0 0 0.055
17 0.015 0.004 0.013 0.049 0.004 0.004  0.052
18 0 0 0 0 0 0 0
19 0.013 0.003 0.012 0.043 0.004 0.003  0.046
20 0 0 0 0.04 0 0 0.044
21 0 0 0 0 0 0 0
22 0 0 0 0.036 0 0 0.039
23 0.038 0.036 0.034 0.034 0.041 0.036  0.038
24 0 0 0 0 0 0 0
25 0.034 0.033 0.03 0.03 0.037 0.033 0.034
% 14.677 13.032 14.613  65.867 13.928  13.858 66.667
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(b) (©)
Figure 3.12 : End-winding configurations:(a) ISDW SL, (b) FSCW DL, (c) NSW 3L.

pt, (b, + t.)

o Gt L) (3.16)

ooy = Loy + log + Log (3.17)

lopeony ~ et + b (3.18)

ooy ~ 115(ens + Lo + log + bey + beg + be — 2ter) (3.19)

Note also the value of [, depends upon the voltage and ranges from 10mm to 100mm
for a 13.2kV machine [126]. In addition, [.; usually assumed as to be equal to 2b,
(max). The total axial length values [,,, have been approximated by using the
equations given from (3.16) to (3.19). The calculated phase resistances Rpqs. and
total axial lengths 1,4 are listed in Table 3.4 for different stack lengths ls;qc. Since
the compactness is chosen as one of the main comparison criteria in this study, to
tolerate the average torque and efficiency due to the lower MMF amplitudes of FSCW
and NSW designs, the stack lengths have been increased by 7.7mm and 5.2mm,
respectively and indicated with (L). Thus, it is possible to compare the key

performance characteristics for the same stack length, average torque, and efficiency
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parameters (see Table 5). As seen in Table 4, even though the stack length is increased
slightly to be able to tolerate the average torque and hence output power of the NSW(L)
IPM machine, since the end-winding length of the NSW is much shorter than that of
ISDW, lg,4 is 13.66% shorter and the phase resistance is ~18.2% lower.

Table 3.4 : Phase resistance and machine lengths.

Rphase (Q) Rphase (Q) lstack lavg

@20°C @100°C (mm) (mm)
ISDW SL 0.077 0.101 50.8 112.88
ISDW DL 0.064 0.084 50.8 101.28
FSCW 0.056 0.074 50.8 81.53
FSCW(L) 0.061 0.08 58.5 89.23
NSW 0.06 0.079 50.8 92.26
NSW(L) 0.063 0.083 56 97.46

3.3.2 Back-EMF and flux linkage analyses

No-load and full-load back-EMFs are shown in Figure 3.13 and 3.14, respectively. As
for the no-load operating condition, due to the slotting effect the obtained back-EMF
waveforms are quite distorted for all IPM machines (see Figure 3.13). However,

among them the proposed topology has the least distortion.

60
s THD (%)
:: 40 m|SDWSL 8.88
S AISDW DL 6.45
S04 FSCW 134
g 8 NSW 6.27

0 b Ll
0 60 120 180 240 300 360 1 3 5 7 9 11 13 15
Rotor Position (Elec. Deg.) Harmonic Order

(a) (b)
Figure 3.13 : No-load Back-EMF: (a) waveform, (b) harmonic spectra.
On the other hand, as a consequence of combined effect of slotting and magnetic
saturation, the distortion level of the back-EMF has increased significantly under full-
load operating as shown in Figure 3.14. The NSW topology has again the least
distortion whilst the FSCW topology has the highest. In addition, as for the ISDWs, it
has also been revealed that the DL configuration has lower distortion in both operating
conditions. The very same phenomenon can be observed from the flux linkage
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waveforms (see Figure 3.15). The 3 and 5" harmonics are dominant harmonics for

ISDW and FSCW topologies, respectively.
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Figure 3.14 : Full-load Back-EMF: (a) waveform, (b) harmonic spectra.
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Figure 3.15 : Full-load flux linkage: (a) waveform, (b) harmonic spectra.

3.3.3 Air-gap flux density analysis

The radial component of the air-gap flux density is shown in Figure 3.16. Note that
since the MMF amplitude of the FSCW is the lowest among the considered topologies,
it is number of turns per phase is increased slightly (see Appendix, Table B.1) with the
intention of tolerate the average torque. That is why it has the highest back-EMF
amplitude. As expected, since the FSCW has the highest MMF distortion, its air-gap
flux density waveform is quite distorted when compared to other machines. In
addition, the air-gap flux density distortion level of the NSW is ~7% lower than its
ISDW DL counterpart and the fundamental air-gap flux density amplitude of the NSW
is slightly lower than that of the ISDW.
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Figure 3.16 : Air-gap flux density: (a) waveform, (b) harmonic spectra.
3.3.4 Saturation and demagnetization analyses

Since the machines have different MMF harmonic contents as seen in Table 3, which
in turn leads to different saturation characteristics of the magnetic circuit and hence
loss behaviour. Local magnetic saturation effects have been shown to cause the
variation of the dg-axis inductances in PM machines. The different local saturation
characteristics for the considered IPM machines are shown in Figure 3.17. Owing to
the reduced coupling between the phases, higher self- and lower mutual-inductances
are desired characteristics for fault tolerance [114]. The winding characteristics
coupled with the slotting effect influences the machine inductances. Considering the
peak-to-peak variations of dg-axis inductances (see Figure 3.18) and flux density
distributions (see Figure 3.17), it can be concluded that the FSCW topology has the
highest local saturation level. Moreover, its fault tolerance is somewhat better than that
of the other topologies. As stated previously, the excessive eddy currents in the rotor
part can cause the irreversible demagnetization and it can seriously influence the
electromagnetic performances. The irreversible demagnetization of PMs is
investigated by operating the considered machines under nominal (I,.4,) and over-
load conditions (21,.4x). During the analyses the temperature of the PMs is held
constant at 80°C and the critical flux density of irreversible demagnetization is
assumed to be OT. Figure 3.19 illustrates the detailed flux density distributions in PMs
at nominal (N) and overloads (O). Obviously, partial irreversible demagnetization can
be observed in ISDW machines when they operate under overload conditions (marked

in circles).
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Figure 3.17 : Flux density distributions of IPM machines. “(Knee point of the B-H
curve of the core material is ~1.48T)
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Figure 3.18 : Self, mutual, d-axis, and g-axis inductance variations.
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Figure 3.19 : Flux density distributions of PMs at the worst demagnetization of IPM
machines under nominal load (N) and overload (O) operations.

However, it occurs in FSCW machine under both loading conditions. On the other
hand, the NSW machine exhibits superior capability of withstanding irreversible
demagnetization as compared to other machines in both operations, which is due to
quite lower MMF harmonic content. It is revealed that the demagnetization region only
accounts for ~0.2% of the total PM region for ISDW machines. Hence, the influence
due to partial demagnetization is quite slight, and the PMs of ISDW and NSW
machines are safe when they operate under nominal load and overload. Nevertheless,
in order to avoid the partial irreversible demagnetization in FSCW machines, much
thicker PMs may be used [123].

3.3.5 Electromagnetic torque analysis

Figure 3.20 presents torque waveforms for each machine. The time averaged, torque
ripple percentage, and torque per volume (TPV), calculated by (16), are given in the

figure.

4T,
TPV = ——2— (2.20)
7-[Dszo lavg

As clearly seen, although the fundamental MMF amplitude of the NSW topology is
the lowest, very similar torque values has been obtained for the same stack length
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designs thanks to the global optimization process. On the other hand, if exactly the
same geometric parameters as the original Toyota Prius IPM machine (corresponding
to ISDW DL) would been used for the NSW design, 216.28Nm averaged torque value
(~10% lower than that of the ISDW SL since the fundamental MMF amplitude of the
NSW is ~10% lower) had been obtained. In addition, it has been shown that by slightly
increasing the stack lengths (<8mm) of the FSCW and NSW machines, corresponding
to FSCW(L) and NSW(L), torque and efficiency can be significantly increased for
NSW design while the efficiency can be tolerated for FSCW design by keeping the
total axial lengths still lower than that of the ISDW SL and DL designs. In addition,
since the total axial lengths of FSCW and NSW designs are quite lower than that of
ISDW designs, their TPV values are remarkably higher.

The global optimization objective AT < 10% could not be achieved for the FSCW
design due to irreducible effect of slotting and slot leakage flux levels (see also dg-
axis inductances in Figure 3.18). Moreover, it is also revealed that the stack length has

an ignorable influence on the torque ripple.

450

P d
R \ s R
= \ oo~ oz’ . Vol
S 2001 ~ “Average Ripple (%) TPV
S e ISDWSL 23928 1023  38.73
150 1 ——|spwDL 232.82 6.02 42
100 | ---Fscw 23624 25.1 52.93
——FSCW(L) 382.58 25.08  78.33
50 { ——NSW 23897 9.19 47.32
0 l_===NSW() 33651 _ 919 _ 63.08
10 12 14 16 18 20
Time (ms)

Figure 3.20 : Torque waveforms of IPM machines.
3.3.6 Power losses and efficiency analyses

As reported in [125], the practical maximum stator slot stacking factor is 0.78 with the
hard-pressed windings. In this study, the corresponding calculations have been done
with 0.448 fill factor (same as the Toyota Prius IPM machine). Comparison of the
power losses and efficiency 7 is listed in Table 5. Stator slot copper loss Pcusiet and

end-winding loss Pcueng are calculated by using the average coil lengths. Note that for
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more accurate calculation of P,,,, the additional AC losses due to skin and proximity
effects have been partially taken into account by using 3-D approximation coefficients
for AC resistance of 2-D models [125]. And the PM loss due to eddy current in PMs
is calculated by considering the conductivity of the PM material op,, and the eddy

current I, induced on the PMs as given in (3.21) [120].

epm

i I2
epm
Opm

Ppy = (2.21)

To calculate time-varying I, ., eddy current field solver using the FEA to compute

PM’
the magnetic vector potential A and electric scalar potential ¢ using the relationship

given in (3.22) is used [125].

Tx L @) = (e + 2) (<24 50
Upy — %M T 5 o Ve

= [ (e 2) ()
= [0} —_— — —
eem — | \TPM T 9/ ot

where upy, € and £ are the magnetic permeability, absolute permittivity, and volume

(2.22)

of the PMs, respectively. Note that in transient eddy current calculations time-varying

quantity of 4, which is A = A,, cos(wst + 8), is employed.

Table 3.5 : Power losses and efficiency comparison (Prius 2010 dimension—LD).

Parameter ISDWSL ISDWDL FSCW FSCW (L) NSW NSW (L)

Py, (KW) 2.12 2.12 2.402 2.766 212 2337
P, (KW) 4288 3.224 2.293 2.293 2928 2928
P,ore (KW) 0.102 0.103 0.121 0.196 0088  0.124
Ppy (KW) 0.018 0.009 2.101 3.402 0021  0.03
P, (KW) 25.057 24381 24739  40.064 25025 35.239
Ly/L, 151 1.19 0.93 1.18 1.73 1.82
cos @ 0.82 0.78 0.73 0.95 0.89 0.97
1 (%) 78.706 81.051 77544 81562  82.231  85.927
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Table 3.6 : Axial length and efficiency comparison.

Same Stack Length Same Total Axial Length

laxial (%) n (%) P out (%) Ui (%)
ISDW SL -18.3 +4.478 +40.635 +9.175
ISDW DL -8.9 +1.456 +44.534 +6.016

Since all machines have the same numbers of turn per phase, the in-slot copper losses
are the same, and the end-winding copper loss of the NSW design is between the ISDW
and FSCW designs. Note that the eddy current loss, arising from the induced eddy
currents in the end-windings, is negligibly low at the rated operating speeds. Because
of high MMF harmonic content of the FSCW topology, excessive eddy currents are
induced in the rotor part resulting in inevitably huge core and PM losses. That is why
the FSCW designs’ 7 is quite low even though the copper losses are lower than that of
the other machines. On the other hand, the NSW has slightly high PM loss than that of
ISDW DL is because the NSW has slightly higher MMF harmonic content as shown
in Table 3. Note that 1% of output power [76] is considered as additional power losses
for the sake of obtaining more accurate efficiency percentage.

Pout
3(E0 + Isthase + ICRC)Isn

cosp = (2.23)

The power factor cos ¢ of the designed machines have been calculated by using the
expression given in (3.23), where E is the back-EMF fundamental amplitude, I is the
rms stator current, R, is the equivalent iron core loss resistance, and I.. is the core loss
current. Considering Table 3.4, 3.5 and (3.23), it can be deduced that the larger and
longer machines have better cos ¢ as a consequence of having higher output power
with lower resistance and back-EMF amplitude. In addition, it has been reported in
[120], that a higher inductance ratio (Ld/Lq) leads to a small current angle, and thus
to a small load angle and a better cos ¢. This finding is verified in Table 3.5 and 3.7.
It can also be observed from Table 3.5 that the longer the stack length, the higher the
Lq/L, ratio and consequently the higher the cos¢. Table 3.6 summarize the
effectiveness of the proposed winding topology. The DL and SL versions of the ISDW
topology has been compared with the NSW topology for the same stack length and the

same average torque (NSW(L)) designs. It has been revealed that thanks to the
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proposed NSW topology, IPM machines having much higher efficiency can be
designed producing the same output power as its ISDW counterpart with still shorter

total axial length.

3.3.7 Influence of machine size

Small power (0.2kW) IPM machines with the dimensions given in Appendix B (SD’s)
have also been designed to figure out the effect of machine sizes on the performance
characteristics, particularly dominant rotor losses. The 2-D views, flux line, and flux
density distributions of 4P, 24S ISDW, 6S FSCW, and 24S NSW IPM machines are
illustrated in Figure 3.21. Note that the winding factor and MMF harmonics of these
machines are also given in Table 3.2 and 3.3.
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Figure 3.21 : Flux density and flux line distributions of 4P IPM machines designed
with small dimensions-SD: (a) ISDW DL, (b) FSCW, (c) NSW 3L.

The key design parameters and performance characteristics of IPM machines having
different winding structures and smaller dimensions than that of the Toyota Prius 2010
IPM machine are compared in Table 3.7. Once Table 3.5 and 3.7 is compared, it can
be realized that the PM loss is not one of the dominant loss components anymore for
the FSCW designs with smaller dimensions. In addition, it can be deduced that the
NSW topology ensures higher efficiency with much shorter axial length independently
of the power rate. Furthermore, due to the higher resistance versus lower output power
and lower L, /L, ratio of machines with SDs, their cos ¢ are considerably poorer than
their LD counterparts. It has also been revealed that for small power application of the
IPM machines, it might me be more reasonable to use FSCW topology because of the

moderate output power with high efficiency. Nevertheless, for large power application,

83



since a large amount of the cooling equipment might be required because of the large
eddy current induced in the rotor part and sacrificed efficiency, it is not reasonable to
use FSCW topology. Furthermore, the excessive eddy currents can further lead to a
higher rotor temperature particularly at high speed operating regions, and hence the
PMs will suffer from a high risk of irreversible demagnetization [113-116]. In contrast,
since the NSW topology has fairly lower MMF harmonic contents and consequently
low eddy current losses, it does not require additional cooling equipment and it has an

ignorable risk of irreversible demagnetization.

Table 3.7 : Design parameter and performance comparison (for SD).

Parameter ISDW DL FSCW NSW
Ryhase @20°C (Q) 0.128 0.0808 0.103
Ryhase @100°C () 0.1682 0.1062 0.1354
Lena 1 (MM) 25.54 12.133 16.11
Te,,, (Nm) 5.15 4.71 4.65
Trippte (%) 9.367 12.945 10.8
Pey,., (KW) 0.0274 0.0274 0.0274
P, , (KW) 0.0363 0.0156 0.0248
P ore (KW) 0.001 0.001 0.001
Ppy (KW) 2.11e-05 2.28e-03 1.8e-05
P,y (KW) 0.216 0.197 0.195
Ly/L, 0.65 0.83 0.67
cos @ 0.67 0.69 0.68
n (%) 74.814 81.895 78.008

3.4 Conclusion

The studies conducted in this chapter can be divided into three main sections. Firstly,
a novel winding topology having significantly short end-windings compared to ISDWs
and substantially low MMF harmonics compared to FSCWs is developed. Secondly,
for the purpose of establishing the best values of the winding parameters, including
the winding layer number, turn number combinations, and S/P combinations, their
influences on air-gap flux density and torque have been investigated parametrically.

Finally, the proposed winding topology has been implemented into IPM machine in
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large and small power applications and the key performance characteristics have been

comprehensively compared with other IPM machines designed with ISDWSs and

FSCWs. In this study, obtained key findings can be specified as follows.

The numerical studies on developing more compact IPMs with improved

performance have been successfully verified by the experiments;

It has been validated that thanks to the proposed NSW topology, the end-
winding lengths can be successfully shortened without increasing the MMF

harmonic content;

The proposed NSWs do not require a special stator slot geometry. They can be
implemented into the stator of any existing electrical machine with ISDWs;

The MMF distortion level of the proposed NSW is ~80% lower than that of the
FSCW,

The main drawback of the NSW topology is that because of the semi-
overlapping windings it is not very suitable for automated manufacturing with

today’s technology;

Another disadvantage is that high winding layer (3L) structure of NSW causes
a reduction in the copper fill factor due to the increase in the additional

insulation between layers of different phase windings.

Under the same output power operating, the NSW IPM machine have 4.27%
higher efficiency and ~18.7% shorter axial length than its ISDW DL

counterpart;

The torque ripple level of the IPM machine with NSWs is the same as its ISDW

counterpart;

It has been revealed that for IPM rotor, the FSCW topology is not feasible for
large power application because of its quite large amount of PM loss

component.

The poor power factor of electrical machines can be significantly improved

with extended stack length.
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The feasibility analyses of implementing proposed NSW topology into the other
machine technologies and flux-weakening performance analyses and will be presented

in Chapter 4, and Chapter 6, respectively.
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4, COMPARISION OF PERFORMANCE CHARACTERISTICS OF PM AND
RELUCTANCE MACHINES EQUIPPED WITH OVERLAPPING, SEMI-
OVERLAPPING, AND NON-OVERLAPPING WINDINGS?

In this chapter, the compatibleness/effectiveness of the proposed novel semi-
overlapping winding (NSW) topology has been investigated by implementing into
different synchronous machine technologies, namely interior permanent-magnet
machine (IPM), synchronous reluctance machine (SynRM), permanent-magnet
assisted synchronous machine (PMaSynRM), and double-salient reluctance machine
(DSRM). All considered machines have also been designed with different winding
topologies; i.e. integer-slot distributed winding (ISDW), fractional-slot concentrated
winding (FSCW) in order to reveal the merits/demerits of the proposed NSWs. A
comprehensive electromagnetic performance comparison has been presented. It has
been validated that the proposed winding topology promises significant advantages;
such as improved efficiency with substantially reduced total axial length, low eddy
PM loss and low risk of irreversible magnet demagnetization over conventional
winding topologies. It has also been revealed that the implementation of proposed
NSWs into the reluctance machines results with higher torque and power output than
that of FSCWs.

4.1 Introduction

Efficient energy consumption is the key to solving the 21% century global issues on
climate change. Since over 65% of the electrical energy is consumed by electric motors
in different industry applications [127], improvements in the efficiency of motors
make significant imprints on reduction of its consumption and make a substantial
contribution to the economic prosperity of countries. The most dominant power loss

component of electric motors is copper loss, particularly constant torque operating area

3 This chapter is based on the paper: Gundogdu, T. and Komurgoz, G. (2020) Comparative Study on
Performance Characteristics of PM and Reluctance Machines Equipped with Overlapping, Semi-
overlapping, and Non-overlapping Windings, IET Elect. Power Appl., 14(6), 991-1001.
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of variable speed applications. Therefore, reduction of copper loss can be achieved by
optimizing the design for maximum efficiency (very limited improvement), implying
various MMF reduction methods, such as flux-barriers, different number of turns per
phase, phase shifting, etc. [119] or introducing a new winding topology having very
short-end windings with very low MMF harmonic content. In [118], a new winding
topology, called novel semi-overlapped winding (NSW), has been introduced by
presenting the influence of winding parameters on the performance characteristics and
merits/demerits of the proposed winding by comparing the electromagnetic
performance characteristics of the interior permanent-magnet machines (IPMs) having
different winding topologies.

In this chapter, the proposed winding topology in [118] has been implemented into
different machine topologies; including IPM, synchronous reluctance machine
(SynRM), permanent-magnet assisted synchronous machine (PMaSynRM), and
double-salient reluctance machine (DSRM). Thus, it is intended to reveal the

compatibleness of the proposed winding topology for other machine topologies.

In the existing literature, several different studies on reviewing/comparing the
electromagnetic performance characteristics of different machine technologies can be
found [111, 128-145]. Different electric machine topologies have been compared and
it is concluded that the PM machines, particularly having IPM topologies, are one of
the best rotor topologies suitable for the EV/HEV and aerospace applications [128,
129]. In addition, it has also been shown that the PMaSynRMs has also comparable
performance characteristics with IPMs, particularly when the cost becomes more
important criteria [128-130]. The influence of winding structure, magnet shape
optimization, using much cheaper rare-earth magnets; such as ferrite, different rotor
topologies, flux barrier geometry optimization, etc. on the performance characteristics
have also been investigated [130-142]. It has also shown that the switched reluctance
machines namely DSRMs has also potential to be used in the aerospace applications
[143-145]. Most of the studies performed for the DSRM is to increase the reluctance
torque component by redesigning the rotor geometry [144, 145].

Furthermore, recently published performance comparison studies on electrical

machine and winding topologies, considering

a) the usage of low-cost ferrite PMs in PMaSynRMs;

88



b) variable speed operations: traction electrical machine in EV/HEV applications;
c) fault-tolerance;

d) overlapping (inter-slot distributed winding: ISDW) and non-overlapping

winding (fractional-slot distributed winding: FSCW) configurations,
can be found in the existing literature [131-154].

In [118], it has been shown that although very high PM loss originated from the high
MMF harmonics, the FSCW topology may still be used in IPMs designed for small
power (<0.3 kW) applications with relatively high efficiency. Because of great
advantages of FSCW topology such has very short end-winding, fault-tolerance,
relatively high winding factor, etc., an extensive research on reduction of MMF
harmonics has been conducted. In [119], several different MMF harmonic reduction
methods have been implemented into an IPM with FSCW and a very limited
improvement has been achieved. It has been shown that the FSCW topology is not
suitable for the IPMs used in large power applications, and particularly variable speed
applications. Therefore, this study has the feature of answering the following questions

given below.

a) Is it possible to develop a new winding topology with short-end windings and
low MMF harmonics? — (introduced in [118]);

b) Might the new winding topology show better performance once implemented

into different machine topologies? — (presented in this chapter);

c) Alternative machine topologies (with no excitation source on rotor) suitable
for FSCW topology (i.e. SRM — in order to cancel the rotor excitation losses
originated from the high MMF harmonic contents of the FSCWs) — (presented
in this chapter).

Furthermore, in this chapter, combinations of different rotor and stator winding
topologies are studied. A comprehensive performance comparison finding is
presented. In order to reveal the merits/demerits of the proposed winding topology,
IPM, SynRM, PMaSynRM, and DSRM having 4-poles with conventional windings
I.e.; integer-slot distributed winding (24S/4P ISDW), proposed novel windings
(24S/4P NSW), and 6-slot/4-pole fractional-slot concentrated winding (6S/4P FSCW)
have been designed and the obtained key steady-state (constant torque operating

89



region) electromagnetic performance characteristics including the torque, torque
ripple, power losses, efficiency, total axial length, etc. have been quantitatively
compared. It has been revealed that the proposed winding topology can work perfectly
with any machine technology, particularly for SynRM and PMaSynRM, and thanks to
the proposed method much more compact machines can be designed with significantly
increased torque and power density and overall efficiency.

The crucial contributions can be summarized in the form of main titles as follows.

1. Design and analysis of different machine topologies summarized in Table 4.1.
Implementation of NSW topology into different machine topologies including
IPM, SynRM, PMaSynRM, and DSRM,;

2. Comprehensive comparison of electromagnetic performance characteristics of
different machine topologies with ISDWs, FSCWSs, and NSWs;

3. Determination of effectiveness/compatibility of NSW topologies for various
machine technologies.

Table 4.1 : Winding and electrical machine technology combinations.

IPM SynRM PMaSynRM DSRM
ISDW v v v
FSCW v v v v
NSW Y v v v

4.2 Classification of Winding Topologies

The winding of an electrical machine is one of the key components producing the
electromagnetic torque. In essence, only the parts of windings inside the stator slots,
called as in-slot windings, contribute the air-gap flux density and hence torque
generation. The other parts, called as end-windings, do not contribute the torque
generation, they only perform the connections between the in-slot conductors. The
total axial length of the machine and amount of copper loss are determined by length
of the end-windings. The windings for a radial air-gap field, inner rotor and slotted
stator machines are classified into two common categories as overlapping and non-
overlapping windings. Apart from these well-known winding types, different

unconventional winding topologies are presented and a novel non-overlapping type of
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winding having quite low MMF harmonics is proposed in [111]. On the other hand, a
new class of winding topology, called as semi-overlapping winding, consists of not
totally but partly overlapped windings, is introduced in [118]. The key features of these

winding configurations will be presented in the following sub-sections.

4.2.1 Overlapping windings

Mostly known as conventional or inter-slot distributed windings (ISDWSs). The
number of stator slots per pole per phase and coil pitch are larger than unity (q = 1
and y, > 1, respectively). Therefore, the phase windings overlap each other as
illustrated in Figure 4.1(a). The most distinct feature of this class of windings are these:
(@) have long end-windings and hence higher copper loss; (b) have low MMF
harmonics and hence lower rotor losses, particularly low eddy current and PM losses;
(c) commonly have higher fundamental winding factor and hence requires lower
number of turns per phase in order to product the same amount of torque. Other key
features of overlapping windings are listed and compared with non-overlapping

windings in Table 4.2.

— A+ — B+ C+

o
Figure 4.1 : Double-layer 4-pole winding layouts: (a) Overlapping winding, (b)
Non-overlapping winding.
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Table 4.2 : Comparison of winding topologies .

Overlapping Semi-Overlapping  Non-Overlapping

Winding factor =lor<1 Usually < 1 Usually < 1
End-winding Long Short Very short
Slot fill factor Low Moderate High
Space distribution of Verycloseto  Very close to sine-
. Square-wave
stator MMF sine-wave wave
MMF harmonics Low Low High
Rotor losses Low Low High
Winding inductance Low Low High
Fault tolerance No Partly Yes
Cogging torque Usually high Usually Moderate Usually low
: Depends on Depends on
Flux-weakening . . . .
1 electrical electrical machine Usually High
capability X
machine type type
Manufacture Difficult Difficult Easy

4.2.2 Non-overlapping windings

Mostly known as concentrated or fractional-slot concentrated windings (FSCWSs). The
number of stator slots per pole per phase is lower than unity and coil pitch is one (g <
1 and y. = 1, respectively). Therefore, the phase windings do not overlap each other
and concentrated on only one stator tooth as illustrated in Figure 4.1(b). The most
distinct feature of this class of windings are exactly the vice versa of the features of
overlapping windings presented in Section 4.2.1. Some other important features of this

class of windings are listed in Table 4.2.

4.2.3 Semi-overlapping windings

The semi-overlapping winding, consists of windings having different number of turns
per coil arms which are not completely overlapped but only some phase coils are
overlapped, is introduced in [118] (see Figure 4.2). As seen in Figure 4.2, the winding
layout of the proposed NSW is similar to a kind of conventional winding, known as
concentric winding CW. The main difference between the CWs and NSWs are: (i) only
a very limited number of coils of NSW are overlapped, (ii) NSW has different number
of turns per coil arms. In [118], the general properties and influence of some design

parameters such as number of layers, number of turns combinations, and number of
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stator slots on the electromagnetic performance characteristics has been investigated
and the specifications delivering the maximum torque with minimum PM loss have
been determined. For the sake of completeness, some key properties of the proposed

winding topology are summarized as follows.

wmPe

Coil Arrangements: Inner Middle Outer
(b)

Figure 4.2 : Novel semi-overlapped winding topology: (a) simplified illustration, (b)
distribution of number of turns per slot.

In the existing literature, some similar winding topologies can be found with single
phase [97, 110, 155] or semi-filled stator slots [156]. However, since the fundamental
winding factor amplitude has been reduced, and the number of turns between the

winding sets are restricted to a constant rate, and half of the stator slots have not been
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fully filled, the obtained results are not satisfactory in these studies. Therefore, a new

compact winding topology having high quality of MMF waveform is proposed in this

chapter.
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Figure 4.3 : Winding self- and mutual-inductance: (a) variations, (b) harmonic
spectra.

As illustrated in Figure 4.2(a), one of the key points of the winding topology is that
only the ‘Phase B’ winding is overlapped and each coil arms in a phase coil have
different number of turns. Note that Figure 4.2(a) illustrates the simplified winding
layout, the open (full) schema of each coil can be seen in Figure 4.7. Therefore, in
order to create a symmetrical and balanced winding, the total number of turns in each
slot should be equal. Otherwise, the inductance of the phases cannot be identical. The
corresponding winding self- and mutual-inductance variation of such winding
topology is shown in Figure 4.3. As clearly seen in the figure, since the balanced phase
windings have been symmetrically distributed over the slots, the same amount of the
inductances have been obtained. As illustrated in Figure 4.2(b), except for the axial
overlapping of the ‘Phase B’, there is a radial overlapping between the phase windings
because of the different number of turns of coil groups. This radial overlapping causes
an increase in the total thickness of the end-winding. Total thickness of the end-
winding will be 14x instead of 12x. Therefore, in order to avoid additional sag of the
end-winding, only 2x bending is required for winding sets close to the stator yoke side.

This circumstance should be considered in the manufacturing progress of the windings.

4.2.4 Comparison of winding properties

The key properties of the considered winding topologies are compared in Table 4.2,
As indicated in table, the proposed NSW topology have the advantage of both winding
topologies. The key advantages of the proposed NSW topology are: (i) shorter end-
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winding than that of ISDW; (ii) lower end-winding copper loss than that of ISDW,
(iii) lower space requirement than that of ISDW; (iv) depending on the machine type,
usually comparable or lower torque ripple rate than those of ISDW and FSCW; (v)
higher efficiency than that of ISDW. On the other hand, the main disadvantages of the
proposed NSW topology are relatively low winding factor and manufacturing
difficulty. As will be shown in Section 4.4.6, even though the winding factor of the
NSW is lower than those of ISDW and FSCW, since its reluctance torque component
is considerably higher than that of FSCW, it usually has higher torque and output
power than that of FSCW. In addition, even though the NSW has lower fundamental
winding factor amplitude and consequently has lower torque and output power than
that of ISDW, it is efficiency is higher as a consequence of having shorter end-winding
length and consequently lower copper loss (see Section 4.4.7). Commonly, there are
two winding configurations for overlapped and non-overlapped windings: multi- and
single-layer windings. The multi-layer windings have the advantage of lower MMF
harmonics and hence lower rotor losses while the single-layer windings have the

advantage of high winding factor and better fault tolerance.

4.2.5 Winding structure analysis

In this section, the winding factor harmonics and the winding MMF harmonics of the
ISDW, FSCW, and the proposed NSW have been investigated. In addition, average
axial end-winding lengths of the machines have been calculated and the total axial
lengths of the machines have been compared. Winding factor harmonics of the
considered topologies are illustrated in Figure 4.4 As clearly seen, the fundamental
winding factor of the ISDW topology is the highest whilst NSW is the lowest. In
addition, the harmonic content of the FSCW is the highest. Therefore, it can be
predicted that the rotor losses, including the PM and core, will be quite high for the
FSCW topology. The MMF harmonics have also been given in Figure 4.5. As seen,
the fundamental MMF amplitude of the ISDW is the highest while it is the lowest for
NSW. Therefore, it can be predicted that the NSW topology requires a greater number

of turns in order to produce the same amount of torque as the ISDW topology.
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Figure 4.4 : Winding factor harmonics of different winding topologies.
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Figure 4.6 : Comparison of one-side end-winding axial lengths.

The average end-winding lengths are calculated by using the approximation given in
[122] as follows.

2m%r,y,

lena 1sow = SW = (4.1)
3.727r,

lena Fscw = S = (4.2)
5.447r;

lend_NSW = S = (4-3)

where y, is the coil pitch number, 7, is the average winding radius, calculating as the
distance from the centre of the machine to the middle of the slot, and S is the stator
slot number. The stack length is determined as 50mm and the calculated axial end-
winding length of one coil side is illustrated in Figure 4.6 for each topology. As seen
in the figure, the FSCW has the shortest end-winding length while the ISDW is the
highest because of the overlapping winding structure. The one-side axial end-winding
length of the NSW is 36.92% shorter than that of the ISDW. Consequently, two
different aspects can be raised as given below:

1. The stack lengths of the machines having NSWs can be increased up to
18.86mm (as to become having the same total axial length) — Thus, the output

power and efficiency can be improved significantly.

2. The stack lengths of the machines having NSWs can be changed as to become
having the same average torque and hence output power — Thus, the efficiency

can be improved significantly without sacrificing the compactness.
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4.3 Design of PM and Reluctance Machines

In order to show the merits/demerits and compatibility of the proposed winding
topology, interior PM machine (IPM), synchronous reluctance machine (SnyRM), PM
assisted synchronous reluctance machine (PMaSynRM), and double-salient reluctance
machine (DSRM) having integer-slot distributed windings (ISDW), fractional-slot
concentrated windings (FSCW), and proposed novel semi-overlapping windings
(NSW) having the same outer diameter, stack length, excitation current, number of
turns per phase, slot fill factor, and synchronous speed have been designed. The
considered machines are designed for HEV/EV traction applications. Note that the
same amount of PM is used for IPM and PMaSynRM machines. The electromagnetic
performance characteristics of all machines with different winding topologies have
comprehensively been compared. In addition, each topology has been globally
optimized for nominal operating conditions by genetic algorithm for the objectives of

the average torque Teqpy 5Nm, torque ripple ATe,,, < 0.5, and stator copper loss

P.,, < 52W. Furthermore, mechanical limits and manufacturing tolerances such as
rotor shaft diameter, outer bridge thickness, etc. has also been considered during the
optimization process. Consequently, the number of flux barrier and number of magnets
in PMaSynRM designs may vary according to winding configuration. However, for
the fair comparison purpose, the total weight of PMs is kept constant for all PM

machine topologies.

FSCW
Vo 1

Figure 4.7 : Considered stators and winding topologies.
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Figure 4.8 : Considered rotor topologies.

The winding layouts and some key winding specifications of the considered winding
topologies have been shown in Figure 4.7. As seen in the figure, the design with
ISDWs has 24-stator slot (24S), 5 pitch of coil pitch (y, = 5), and 2-layer of windings
(2L). The FSCW design has 6S, y, = 1, and 2L winding. Note that as for the FSCW
topology, 12S10P combination, which has significantly high fundamental winding
amplitude, can be chosen. However, it would be not fair because: (i) 12S10P contains
both sub and super MMF and winding factor harmonics, yet, the considered
combinations contain only super-harmonics; (ii) not reasonable and fair to make a
comparison between the combinations having different pole numbers. In addition, the
NSW design has 24S, y. = 5, and 3L winding. Note that the serial turn per phase are
the same for all the machines and all machines have 4-poles. The structure of the V-
type IPM rotor, reluctance rotor with U-type flux barriers, and spoke-type salient pole
are illustrated in Figure 4.8. All machines are globally optimized using genetic
algorithm for maximum torque under the fixed constraints of the identical: (a) number
of turns; (b) copper loss; (c) stator outer diameter; (d) air-gap length; (e) stack length;
and (f) PM volume. The key specifications of the optimized machines including all the
geometric, operational, and material specifications are listed in Appendix Table B.1.
The electromagnetic performance analyses are investigated by performing 2-D, non-
linear, time-stepping FEM under steady state operation condition with 26 Apeak phase

current, 13. 3Hz synchronous frequency, and 400rpm rated rotor speed.
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4.4 Comprehensive Comparison of Design and Electromagnetic Performance
Characteristics

In this section, the key performance characteristics of electrical machines at rated
speed, consists of the combination of Figure 4.7 and 4.8 (see Table 4.1), including dg-
axis inductances, back-EMF and air-gap flux density waveforms, irreversible
demagnetization, electromagnetic torque, torque ripple, power losses, efficiency, etc.
have been investigated in depth and all obtained results have been compared in order
to reveal the merits/demerits of the proposed winding topology and figure out how
compatible with different rotor topologies. Note that in order to reveal the combined
effect of the stator MMF and rotor excitation, the electromagnetic performance

waveforms and their harmonic spectra are grouped according to rotor type and winding

topology.

4.4.1 Inductance

Since the winding configurations have different MMF harmonics, loss behaviour and
saturation characteristics of the magnetic circuits are different. In [40], it has been

shown that local magnetic saturation causes the variation of the dg-axis inductances in

PM machines.
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Figure 4.9 : Variation of dg-axis inductances.
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The local saturation characteristics for the machines are shown in Figure 3.14.
Therefore, considering Figure 3.14 and Figure 3.9, it can be concluded that the higher
the local saturation level, the larger the variation dg-axis inductances. Consequently,
the FSCW topologies have the highest saturation and hence dg-axis inductance
variations. It is interesting that the d-axis inductance of the FSCW topologies are the
highest for IPM, SynRM, and PMaSynRM topologies, but then g-axis inductance is
the highest for DSRM topology. This is due to the huge reluctance variation between
d- and g-axes of DSRM topology.

4.4.2 Back-EMF and induced voltage

The back-EMF and induced voltage waveforms and their harmonic spectra are
illustrated in Figure 4.10 and 4.11, respectively. As seen, although the same number
of turns per phase have been assigned for all machines, the fundamental amplitudes of
the NSW topologies are the lowest due to its lower fundamental winding factor (except
for the PMaSynRM and this difference is owing to an increase in the influence of
slotting effect). It can be seen from Figure 4.11 that the back-EMF THD level of the
FSCW topologies are the highest while it is the lowest for NSW topologies. It has been
revealed that the minimum THD levels have been achieved for SynRM topologies
while the highest levels have been obtained from the DSRM topologies.

Back-EMF (V)

=== FSCW
——NSW

0 60 120 180 240 300 36C 0 60 120 180 240 300 360
Rotor Position (Elec. Deg.) Rotor Position (Elec. Deg.)

Figure 4.10 : Back-EMF (for PM machines) and induced voltage (for Reluctance
machines) waveforms.
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Figure 4.11 : Back-EMF and induced voltage harmonic spectra.

4.4.3 Air-gap flux density

Investigation of air-gap flux density is quite important for determining the combined
effect of winding MMF harmonics, slotting effect, and rotor excitation. The air-gap
flux density waveforms and their harmonic spectra are shown in Figure 4.12 and 4.13,
respectively. It is possible to investigate the air-gap flux density in terms of winding
and rotor topology, separately. As for the winding topology, the machines having
FSCWs have the highest MMF distortion level, so, their air-gap flux density
waveforms are quite distorted when compared to other machines having ISDWs and
NSWs. As for the rotor technology, machines with DSRM rotor have the highest air-
gap flux density distortion level and quite low air-gap flux density fundamental
amplitude. Therefore, it can be predicted that the machines having DSRM rotors will
have the lowest average torque amplitude. In addition, the air-gap flux density
distortion levels of the NSW machines are lower than their ISDW counterparts and the
fundamental air-gap flux density amplitude of the NSW machines are slightly lower
than those of the ISDW machines.
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Figure 4.12 : Air-gap flux density waveforms.
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Figure 4.13 : Air-gap flux density harmonic spectra.
4.4.4 Flux line and density distributions

Magnetic flux density and flux line distributions of the machines are in Figure 4.14. It
can be observed that there are some local saturated parts in the stator and rotor parts,
particularly in the stator tooth parts. In addition, overall averaged flux densities of the
machines are similar. Moreover, it can be observed that the local saturation level of
machines having FSCWs are higher than those of the ISDW and NSW machines. This

is due to the combined effect of the slotting effect and MMF harmonics.
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Figure 4.14 : Flux density and flux line distributions of considered machines having different winding topologies.
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4.4.5 Irreversible demagnetization

Since, the irreversible demagnetization may seriously influence the electromagnetic
performance, it is quite essential to investigate it. In order to investigate the irreversible
demagnetization of PMs, IPMs and PMaSynRMs are operated under overload
representing twice the nominal current (2I;) and the temperature of the PMs is
assigned as 80°C. The critical flux density of irreversible demagnetization is assumed
to be OT. Figure 4.15 illustrates the detailed flux density distributions in PMs of IPMs
and PMaSynRMs having ISDW, FSCW, and NSW at overloads to observe the partial

demagnetization regions.
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Figure 4.15 : Flux density distributions of one pole PMs at overload operating
condition for (a) IPMs, (b) PMaSynRMs.

As clearly seen in Figure 4.15, the demagnetization risk of IPMs are higher than those
of PMaSynRMs. It is observed that even though the PMaSynRMs have thinner
magnets, no demagnetization occurs. As expected, the worst demagnetization occurs
in the IPM with FSCW, once it operates at twofold overload. As explained before, this
is due to the fact that the FSCWs have significant MMF harmonics causes a significant
increase in the level of eddy currents in rotor. In addition, the machines with NSWs
exhibit superior capability of withstanding irreversible demagnetization. Yet, it can be
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observed that partially demagnetized regions of IPM with FSCW are quite narrow (less
than ~0.05% of total PM section). Hence, it can be concluded that partial

demagnetization is very slight which can be ignored.

4.4.6 Electromagnetic torque

The variations of the electromagnetic torque are shown Figure 4.16. As for IPMs,
under the same load current and number of turns operating condition, the time
averaged torque of the ISDW design is the highest whilst the NSW is the lowest. This
is because of the lower fundamental winding factor of the NSW design. As shown in
Figure 4.4, the fundamental winding factor of the NSW is ~10.6% lower than that of
the ISDW. Consequently, the averaged torque of the NSW design is also ~10% lower
than that of the ISDW design, since all the operating and geometric parameters,
including phase current and number of turns per phase, have been kept constant for all
the machines for a fair comparison (see Table A). The torque ripple levels of the of the

machines are similar.

As for the SynRM designs, since the high content of the MMF harmonics causes a
significant increase in the level local saturations [157] (see Figure 4.14), the average
torque of the FSCW design is the lowest as a consequence of considerable reduction
in the amplitude of reluctance torque component T,..;. Therefore, in order to verify this
phenomenon, the electromagnetic torque T, has been separated into its components,
which are alignment or PM torque T, and T, by using the combination of frozen
permeability and the numerical method presented in [154] and [155], respectively in
consideration of (4.4).

3P
T, = Ty + Tret = T{[(Ld — Lg)ialg]_+ [Apmiq]s}

3P _ .
Tpm = T (Apmdlq - Apmqld)
3P
Tre1 = T[(Ld = Lq)iaiq + (i§ = 1§)Lag]

(4.4)

Ty is due to the interaction between the PMs 4,,,,, dg-axis components and stator g-
axis current i, and T, is due to the rotor saliency (Ld - Lq) and mutual inductance
Lqq. After required calculations, T, and T, have been obtained as illustrated in

Figure 4.17. Notching that the ratio shown in the figures indicates that how much
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percentage of T, is contributed by T,,,, or T;..;. Also note that the SynRM and DSRM
has no T,,,, component which mean is that their T, ratio is 100%. As clearly seen in

Figure 4.16 and 4.17, the T,..; component of the NSW is considerably higher than that
of FSCW. It has also been revealed that the ratio of T,.; contribution to T, of
PMaSynRM is more than 2 times higher than that of IPM. Moreover, due to the
increased combined effect of the slotting and MMF harmonics as a consequence of the
chosen slot/pole combination, the torque ripple level of the FSCW design is the
highest. As for the PMaSynRM topology, again the FSCW design has the lowest
torque as expected and the highest torque ripple rate. On the other hand, as for the
DSRM topology, all designs show similar characteristics: quite low torque and very
high torque ripple rate. It can be deduced that the NSW topology is compatible for any
motor technology. In addition, among the considered machine technologies, IPM and
PMaSynRM topologies show promising results in terms of torque density (see Figure
4.16 and Table 4.3). In terms of torque ripple rate, the SynRM topology provides quite

low torque ripple rate once it is combined with ISDW or NSW winding topologies.
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Figure 4.16 : Variation of torque T, with respect to time.

Another important point in this analysis is that the reason behind the lower
electromagnetic torque of the PMaSynRM (even though the same amount of PM
volume is used). The reason behind this phenomenon can be explaining by examining
T, givenin (4.4). The variation of all related inductances of the IPM and PMaSynRM
are illustrated in Figure 4.18. As seen from (4.4), the lower the difference between L,

and L, the higher the average electromagnetic torque, since the sign is negative. As
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clearly seen in Figure 4.18, the difference between the inductances of PMaSynRM is
almost 3 times of the IPM. As a consequence of significantly reduction of reluctance
torque component, the total torque of the PMaSynRM is reduced considerably.
Therefore, even though the same amount of PM material is used, the average torque
of the PMaSynRM will always be lower than that of the IPM under the same design
specifications and operating conditions.
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Figure 4.17 : Variation of torque components T,..; and T,,, of IPMs and
PMaSynRMs with respect to time.
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Figure 4.18 : Variation of dg-axis inductances of IPM and PMaSynRM having
ISDWs.
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Torque density (torque per volume) TPV is one of the important parameters that should
be considered while comparing the features of the different winding topologies. The
TPVs have been calculated by using (4.5) for each machine and obtained results listed
in Table 4.3.

TPV = LLZTG# (4.5)
T[Dso laxial

where Teqygr Dsos and l,iq are average electromagnetic torque, stator outer diameter,

and total axial length (see Figure 4.6). As clearly seen, the IPMs have the highest
torgque density while the DSRMs have the lowest. Table 4.3 shows also that the torque
density of NSW is comparable to other topologies, even the highest once combined
with PMaSynRM.

Table 4.3 : Torque density TPV (kNm/m3) comparison.

IPM SynRM PMaSynRM DSRM
ISDW 4.22 2.5 3.53 1.83
FSCW 5.25 2.47 3.57 1.73
NSW 4.67 2.57 3.9 1.91

4.4.7 Power losses and efficiency

The slot filling factor is the most important parameter for the accurate calculation of
the stator phase resistance and hence efficiency. The variation of the phase resistance
and stator copper loss with respect to slot fill factor is illustrated in Figure 4.19. Note
that the stator and windings of the ISDW deign have been used for the calculation of
the phase resistance and stator copper loss. It is obvious that the higher the stator slot
fill factor, the lower the phase resistance and lower the copper loss. As shown in [155],
the practical maximum filling factor is 0.78 with the pressed windings. And the

corresponding calculations have been done with 0.51 fill factor.
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Figure 4.19 : Variation of phase resistance Rp and copper loss Pcu with respect to
slot fill factor.

Comparison of the copper, core, and PM losses and efficiency at a number of different
speeds under rated power P,,,; (see Table 4.4) are given in Table 4.5. Stator slot copper
loss Pscu;, and end-winding loss Pscu,,, are calculated by using the average coil
lengths given between (4.1)-(4.3) and (4.7)-(4.10), where V;, accounts for the insulation
of the winding in V, resistivity of copper p.,, humber of turns per slot N;, number of

coils per phase N, cross-sectional slot area A, slot fill factor k¢, and average coil

Iength lav_winding [123]-

1 2
Pey = —Iopy (4.6)
Opm
21, Y,
lav_ISDW ~ letack + % + 4y, - anO_S (4-7)
3.72mr,
lav_FSCW ~ 2lstolck + = + 4yc ) ano_s (4-8)
5.441r,, s
lav_NSW ~ letack + + 4y, - V,10 (4'9)
Boore = kthT%l + kc(me)Z + k. (me)LS (4-10)

lav_winding

P. = 3]2p NZN 411
cu s PculVt N¢ Ackf ( )
Pout = Tew, (4.12)
P
n =100 out (4.13)

Pout+Pcu+PPM+Pcore+Padd
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As seen in Table 4.5, since the same number of turns and slot fill factor is assigned for
the machines, the slot-winding copper losses are the same. However, since the end-
winding lengths of the machines are different, the ISDW has the highest end-winding
copper loss while the FSCW has the lowest. As expected, the end-winding copper loss
of the proposed NSW design is between the ISDW and FSCW designs. The PM loss
P, calculated by considering the conductivity of the PM material o, and the eddy

current induced on the PMs l,,, @S expressed in (4.6) and the core loss P,,,. calculated

by considering the core loss coefficients; hysteresis, eddy-current, and excessive kp,
k., and k., respectively, working frequency f, and the amplitude of the AC flux
component B, as expressed in (4.11) are illustrated in Table 4.5 for each machine.
Because of the very high MMF harmonics and consequently eddy current of the FSCW
design, particularly in the rotor part, the total core and PM losses of the FSCW IPM
and PMaSynRM are quite higher than those of the ISDW and NSW counter parts.
Comparison of rated output power P,,,;, expressed in (4.12) where T, electromagnetic
torque and w, angular speed, for each machine topology is given in Table 4.4.
Moreover, the efficiency n, calculated as expressed in (4.13), is shown in Table 4.5.
Note that 1% of output power is considered as additional power losses P,44 in order
to obtain more accurate efficiency rate [157]. As clearly seen in the Table 4.4, since
there is a direct correlation between the fundamental winding factor and output power
(in the case of same number of turns, current excitation, stator outer diameter, and
stack length), the average output powers of the machines are proportional to their
fundamental winding factor. The highest torque is achieved for the IPM with ISDW
and the highest efficiency is achieved for the IPM with FSCW. Furthermore, Table 4.5
reveals also these findings from low to high speed: (i) dominant loss component
changed from copper to core; (ii) combination of FSCW and PMaSynRM results with
excessively high B,.,. Considering the T, or TPV, the IPM and PMaSynRM machines

show promising results for the electric vehicle and aerospace applications.

Table 4.4 : Comparison of rated P,,,; (W)

IPM SynRM PMaSynRM  DSRM
ISDW 216 128 181 93.33
FSCW 197.25 93 134.25 65
NSW 194 107 162.21 79.43
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Table 4.5 : Comparison of losses at a number of different speeds under rated power.

n,

Pscu;, Psc“’end| Pcm'e | Ppm | n n, |PSCIII-|“ |P5c"end| Poore Ppm | n

400 27.38 36.3 1.57 0.02 76.19 400 27.38 36.3 1.6 0.17 72.86
1000 5.26 6.98 3.32 005 924 1000 8.12 10.77 24  0.62 88.38
2000 1.48 1.96 6.76 0.12 94.54 2000 2.28 3.02 4.85 1.21 93.22
3000 0.65 0.86 10.7 0.09 93.6 3000 1 1.33 8.98 0.96 92.78
400 27.38 15.6 1.83 1.9 80.21 400  27.38 15.6 1.47 117 74.09
1000 5.26 3 3.27 0.2 93.68 1000 7.16 4.08 2.55 2,37 88.52
2000 1.46 0.83 5.92 0.23 95.09 2000 1.98 1.13 4.62 271 9191
3000 0.65 0.37 9.35  0.25 94.06 3000 0.88 0.5 7.29 29 9121
400 27.38 2477 152 0.02 7795 400 27.38 2477 1.37 0.2 74.59

ISDW
ISDW

TPM
FSCW
PMaSynRM
FSCW

E 1000 5.26 4.76 3.25  0.06 92.73 5 1000 7.96 7.2 2.02 037 89.36

7| 2000 1.48 1.34 6.75 0.12 94.38 Z | 2000 2.23 2.02 4.2 076 93.73
3000 0.65 0.59  10.62 0.08 93.26 3000  0.98 0.89 7.27  0.54 93.48

400 27.38 36.3 1.43 0 65.77 400  27.38 36.3 1.11 0 58.68

g 1000 10.37 13.75 216 0 82.35 E 1000 10.37 13.75  1.67 0 77.79

@) 2000 291 3.86 4.41 0 91.13 ®|| 2000 291 3.80 34 0 89.33
3000 1.28 1.69 8.56 0 90.9 3000 1.28 1.69 6.62 0 89.84

=, 400 27.38 156 1.54 0 67.11 | 2 400  27.38 15.6 1.01 0 59.25
§ 5 1000 9.11 5.19 2.62 0 83.83 § | 1000 105 5.98 1.82 0 77.43
g [ 2000 2.56 1.46 4.85 0 90.47 8 E 2000 291 1.66 3.38 0 88.33
@ 3000 1.12 0.64 8.56 0 88.2 3000 1.29 0.74 5.96 0 88.26
400 27.38 2477 1.33 0 66.2 400  27.38 2477 1 0 59.56

% 1000 10.63  9.62 1.91 0 82.4 5 1000 10.39 9.4 1.48 0 78.18

7| 2000 2.98 2.7 3.97 0 90.89 Z | 2000 2.82 2.64 3.07 0 89.34
3000 0.51 1.18 8.24 0 90.68 3000  1.28 1.16 6.38 0 89.16

*Units—n,..rpm; Losses: W; 1:%.

On the other hand, considering that the usage of the same amount of PM, since the
IPM topologies have higher torque/power densities than those of the PMaSynRM
topologies, it is cost effective to choose IPM topology. However, it is also very
important to know the flux-weakening performance characteristics before choosing
the best candidate. Considering Figure 4.6 and 4.20, it can be concluded that if the
proposed NSW topology is utilized instead of ISDW topology, ~18.7% shorter total
axial length can be achieved with ~2.05% increased efficiency but with ~10.2%
reduced output power (for IPM) under rated speed. Therefore, it can be predicted that
thanks to the proposed NSW topology, much higher efficiency IPM machines can be
designed generating the same output power as its ISDW counterpart with still shorter
total axial length. It has also been revealed that for small power applications, it might
me be more reasonable to use FSCW topology because of the moderate output power
with high efficiency. However, as shown in [118] and [119] for large power
application, since large amount of the cooling equipment might be required because of
the large eddy current induced in the rotor part. In addition, excessive eddy currents
can further lead to a high rotor temperature particularly at high speeds, and hence the
rotor magnets will suffer from a high risk of irreversible demagnetization [57, 59, 115,
117]. On the other hand, since the proposed winding topology has quite low MMF

harmonics and consequently low eddy current losses, it does not require additional

112



cooling for the rotor part and has low risk of irreversible demagnetization.

Consequently, more compact and high efficiency IPMs can be designed for

particularly EV/HEV applications by utilizing the proposed NSWs.

4.5 Conclusion

In order to investigate the combability of the proposed winding topology for different
machine technologies, IPM, SnyRM, PMaSynRM, and DSRM have been designed

and analysed. Then, in order to reveal the merits/demerits of the proposed winding

topology, the ISDW and FSCW topologies have been utilized for the considered

machine technologies and obtained electromagnetic performance results have been

compared comprehensively. In this paper, the obtained key findings can be

summarized as follows.

e It is validated that the electromagnetic performance characteristics of the IPM,
SynRM, PMaSynRM, and DSRM with the proposed NSW topology are
comparable to design with ISDW and FSCW topologies;

e Implementation of NSWs into the considered machine technologies results with:

v

v

v

v

v

Significantly improved efficiency over ISDWs;
Substantially shortened end-winding axial and radial lengths over ISDWs;
Lower rotor losses, particularly PM losses over ISDWs and FSCWs;

Lower risk of irreversible demagnetization of PMs over ISDWs and
FSCWs;

Higher torque density over ISDWSs and FSCW for all reluctance machines;

Higher output power over FSCWs for all reluctance machines.

e The main disadvantages of NSW topology are relatively low winding factor and

manufacturing difficulty;

e Since the lower winding factor is compensated by higher reluctance torque

component of NSWs, it does not require more number of turns compared to
FSCWs;

e The highest torque/power density can be achieved by utilizing IPM rotor.
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The flux-weakening (FW) calculations of the IPM machine designed by utilizing the
proposed NSWs will be presented in Chapter 6. On the other hand, influence of design
parameters such as stack length, number of turns, etc. on performance characteristics
will also be investigated for the sake of completeness and reviving of the merits of the
proposed NSW topology in Chapter 6. In addition, the details of the optimization
procedure for the best machine topology, which is determined as IPM technology in
this study, will also be presented in Chapter 5.
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5. SYSTEMATIC DESIGN OPTIMIZATION APPROACH FOR INTERIOR
PERMANENT MAGNET MACHINES EQUIPPED WITH NOVEL SEMI-
OVERLAPPING WINDINGS*

In this chapter, a systematic approach to achieve optimized design of IPM having
NSWs is presented. The optimization parameters have been determined individually
by performing sensitivity analyses. Multi-objective global optimization is
subsequently performed. Genetic Algorithm (GA) approach, which is also known as
“random search with learning algorithm” and an effective optimization tool used for
design optimization of electric machines, is employed. IPMs equipped with ISDW and
NSW are initially designed by using the geometric and operating parameters of Toyota
Prius 2010 IPM. Subsequently a time-stepping 2-D FEA based program is employed
to perform the optimization and quickly evaluate the optimal solution among the
thousands of design candidates thanks to the sensitivity analyses. In order to reveal the
effectiveness and rapidity of the multi-objective global optimization, a comprehensive
electromagnetic performance comparison between the original (with ISDWSs), initial
and optimal designs (with NSWs) is presented. Finally, a small IPM prototype globally
optimized by using the proposed procedure is manufactured and the FEA results have
been validated by measurements. The goal of this study is to advance the state-of-the-
art in the multi-objective design optimization of NSW IPMs by performing sensitivity
analyses to reach the optimal solution quickly and to determine the most sensitive

design parameters affecting the key performance characteristics.

5.1 Introduction

In recent years, there has been a growing need for high-performance electrical
machines. Electrical machines with PMs are excessively employed in various

applications due to their superior output characteristics, such as high efficiency, high

4 This chapter is based on the paper: Gundogdu, T. and Komurgoz, G. (2021) A systematic design
optimization approach for interior permanent magnet machines equipped with novel semi-overlapping
windings, Struct. Multidisc. Optim., 63, 1491-1512.
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torque and power densities, etc. It is necessary to develop an optimal design technique
to meet the demand for high-performance electrical machines. In literature, papers on
the optimization of IPMs by various optimization algorithms with different objectives
have been extensively presented. In addition, comprehensive review studies on recent
developments in electrical machine design optimization methods can also be found
(26). Extensively used optimization algorithms for the design optimization of PM

machines have been summarized as follows.
1) Genetic algorithms (GAs) [158-168];
2) Differential evolution (DE) [169-177];
3) Particle swarm optimization (PSO) [178-180];
4) Response surface (RS) [164, 181, 182]. rapidity

As can be realized, the GA and the DE are the most preferred optimization algorithms
because, both algorithms provide fast and accurate solutions for multi-objective
problems and they can be run without any need for experimental data. Typical
objectives for the design optimization of any kind of PM machine, such as highest
available torque and efficiency, minimum torque ripple, lowest cost, and minimum
weight of active materials, can be individually (single-objective) or simultaneously
(multi-objective) met by a process in which the electromagnetic problem is solved with
consideration of the mechanical, thermal, and material aspects. The designers,
engineers, or researchers, dealing with the PM machine design, mostly determined the

following objectives for different industry applications.

a) Performance improvement via various optimization algorithms [159-164, 167,
172-177, 182-185, 187-190];

b) Back-EMF characteristic improvement [165, 180, 191];
¢) Torque ripple reduction [162, 165, 169, 175-178, 182, 184, 186];
d) Cost and/or weight reduction [160, 169, 167, 175-177];

e) Performance improvement by considering the flux-weakening capability [163,
166, 168, 170, 174, 176, 181];

f) Performance improvement by considering the driving cycle [170, 171];
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Multi-objective design optimization methods to find the global optimum solution by
considering a number of design parameters; such as split ratio, stator slot and slot
opening dimensions, magnet and flux barrier position and dimensions, etc. for
achieving maximum torque and output power, minimum machine losses or maximum
efficiency, maximum back-EMF (for generator operating), and minimum torque ripple
and cogging torque have been extensively studied for IPMs [159-164, 167, 172, 175,
177, 182, 185, 187-191]. In addition, different winding topologies; i.e. ISDWs,
fractional-slot concentrated windings (FSCWs), etc. and PM rotor topologies; i.e.
embedded surface PM and IPM have also been considered for multi-objective design
optimization [173].

In literature, magnet shape and flux barrier optimization studies can also be found
extensively [165, 169, 178, 184, 186, 190]. In [190], a rotor shape optimization method
for IPM to reduce the harmonic iron losses at high rotating speed under flux-
weakening control is introduced. [178] proposed a PSO method with the aim of
determining the best flux barrier shape for an IPM with the objective of achieving a
smooth and high torque. [184] introduced an optimization approach based on a phase
field method using an Allen-Cahn equation to be able to obtain a sinusoidal air-gap
flux density for low torque ripple and cogging torque. [182] optimized the anisotropic
ferrite magnet shape and magnetization direction to achieve maximum back-EMF
amplitude and minimum torque ripple by GA. [169] presented a rotor optimization
method, consisting of rotor segmentation and arrangement, to improve the utilization
of rare earth PM materials and reduce the torque ripple. [186] proposed to tackle the
combined shape and topology optimization problem by solving an adjoint formulation
by a sequential gradient-based convex programming approach to minimize the torque

ripple of an IPM.

Various optimization methods by considering the flux-weakening capability
(achieving wide operating range) by mainly maximizing the characteristics current
[166, 168, 170, 171, 174, 176, 181, 190], driving cycle and efficiency map [170, 171],
material cost under wide operating range [174, 176], saturation effect [181], rotor
shaping for achieving wide operating range and reducing harmonic losses at high speed
[190] are also available in the literature. Furthermore, [185] suggested a set of general
rules for optimizing the saliency ratio of an IPM with fractional slot concentrated
windings (FSCWs).
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In the design stage of IPMs, finding the global optimal solution effectively and quickly
is very challenging task due to the existence of a large number of design parameters
and interdependence of these parameters (see Figure 5.1). Therefore, determining the
design parameters which have a considerable effect on the key performance
characteristics, such as torque, torque ripple, power losses, material weight, efficiency,
etc. is of great importance. In this study, we propose an unconventional multi-objective
design optimization approach for IPM with NSWs to obtain maximum
electromagnetic torque with minimum torque ripple and high efficiency. The proposed
unconventional optimization approach consists of two stages. The first stage is the
individual optimization which is a vital procedure to determine the most dominant
optimization parameters and their constraints. And the second stage is the global
optimization which offers insight on cross-correlation between different parameters
and can be achieved very quickly thanks to the first stage. Therefore, this is the first
study presenting a comprehensive optimization procedure for the quick global
optimization of IPMs with NSWSs. The proposed optimization procedure has been
conducted for large (original Toyota Prius 2010 IPM) and small (prototype) machine
dimensions in order to examine the reliability. The variation of optimization
parameters and cost with respect to evaluation number are shown. The pareto front in
average torque, torque ripple, and efficiency graphs has also been illustrated.
Furthermore, a comprehensive design and electromagnetic performance
characteristics comparison between original Toyota Prius 2010 IPM with integer-slot
distributed windings (ISDWSs) and initial and optimized IPMs with NSWs are
presented. We are of the opinion that this paper will serve as a reliable guideline for

the readers dealing with the design optimization of IPMs.

The paper is organized as follows. The structure and key properties of the NSW are
introduced in Section 5.2. In Section 5.3, sensitivity analyses, conducted for the
determination of the dominant optimization parameters and their constraints, are
presented. Section 5.4 deals with the and justification of objectives and multi-objective
global optimization of IPMs having large dimensions. The electromagnetic
performance characteristics of globally optimized IPMs having ISDWs and NSWs are
compared comprehensively in Section 5.5. Design optimization procedure for the
prototyped machine and validation of experimental test results are presented in Section

5.6 and 5.7, respectively.
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5.2 Individual Optimization of Large NSW IPMs

The aim of design optimization for electrical machines is to adjust the geometric
parameters in order to make the most of them to achieve the highest torque, power,
efficiency, etc. or the lowest ripple torque, weight, cost, etc. In general, electrical
machines can be optimized by either individual or global approaches. Note that the
individual optimization approach does not offer insight on cross-correlation between
different parameters. However, it does offer insight on sensitivity of electromagnetic
performance characteristics, such as torque, torque ripple, power losses, etc. on each
considered parameter. Therefore, it is very practical to determine the sensitive
optimization parameters and their constraints among a large number of geometry
parameters seen in Figure 5.1. After this step, individually optimized multiple
geometry parameters, can be globally optimized by using a global optimization
approach, such as genetic algorithm (GA). In this way a global optimum can be found

very quickly.

In order to implement the individual optimization, the sequence of design parameters
should follow their sensitivity [192]. Particularly, the most sensitive parameter, which
has the dominant effect on the objective, should be optimized first. Afterwards, the
second and so on the most sensitive parameters should be optimized accordingly. The
numerical analysis of IPMs in this study is based on FEA. The governing equation of

a magnetic system hereby be described as follows.

VxvB=]+VXxUB, (5.1)

B=VxA (5.2)

where v, B, B,, J, and A are the magnetic reluctivity, the flux density, the remanent

flux density, the load current density, and the vector potential, respectively.

5.2.1 Determination of optimization parameters

A two-dimensional IPM with 3-phase winding, 8 magnetic poles and 48 stator slots is
considered. The design parameters are indicated in Figure 5.1 for 1/8" segment model
of the IPM. The same geometric parameters have been optimized separately for both
IPMs having conventional (original-ISDW) and NSWs. Other specifications, not

directly participating with the optimization procedure, such as number of turns per
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phase, stack and air-gap length, stator outer diameter, stator slot and pole number
combinations, etc. are kept constant at their initial values (see Table 5.1) which are
same as the original Toyota Prius 2010 IPM. The definitions of the optimization

parameters and the individual optimization sequence are listed in Table 5.2.

Before initiating the individual optimization, the excitation source should be chosen
and fixed during the optimization process. The excitation source (or constant) can be
chosen as phase current, stator current density, or stator copper loss. All these
excitation constants have been investigated in the following sub-sections. As for the
following individual optimizations, the phase current is chosen as excitation constant
as expressed in (5.3), where k., Ag, and N, denote the copper loss coefficient, slot area,

and number of turns per coil.

f, = KedAs (5.3)
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Figure 5.1 : Design variables of the IPM.
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As can be predicted, time and effort consumption of the optimization process depends
on the number of optimization parameters and their constraints. Keeping the number
of optimization parameters as low as possible is of great importance. Therefore, the
optimization parameters, having the most significant effect on the optimization

objective(s), should be chosen carefully.

5.2.2 Optimization with restriction of maximum inverter current

In this subsection, the individual optimization of the geometric parameters given in
Table 5.2 is presented. The sensitivities of time averaged torque, torque ripple, and
stator copper loss to the considered parameters are investigated. the excitation constant

as the maximum inverter current, which is determined by (5.4) has been chosen.

Ismax = 1’ lé + lCZI (54)

In addition, the current angles delivering the maximum electromagnetic torque is
parametrically determined for each values of geometric parameters. Variation of
average torque, torque ripple, phase peak current, and copper loss with respect to tooth
width ratio by is illustrated in Figure 5.2.

Table 5.1 : Initial parameters.

Parameter Value Parameter Value
Phase current, I, Apeak 236 R, 2
Current density, J, A/mm? 27.5 hy 26.75
Slot fill factor, ks 0.448 hso 0.5
Rated speed, rpm 1000 b; 7.55
Pole number, P 8 bso 2
Active stack length, £, 50.8 D, 156.84
Stator slot number, S 48 0, 1.86
Outer diameter of stator, D, 264 0, 118.04
Inner diameter of stator, D; 161.9 B, 5.3
Stator slot pitch, 7 12.46 HR;, 5
Outer diameter of rotor, D,., 160.44 Rip 16
Inner diameter of rotor, D,; 51 PM,, 17.88
Air-gap length, g 0.73 PM, 7.16
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As clearly seen, as the stator tooth ratio is increased, average torque, torque ripple, and
stator copper loss linearly increase. Since the excitation constant is chosen as phase
current, it kept constant. Enlarging the tooth width is result in lower saturation level in
tooth bodies, which causes an increase in torque level. On the other hand, since the
slot area is narrowed, namely the diameter of conductor is reduced, the copper loss

eventually increases.

Table 5.2 : Definitions of geometric parameters.

# Explanation Equation
. . Dsi
1 Stator split ratio Ay = —
DSO

: : be

2 Stator tooth width ratio b, = —
N

3 Stator slot height hy
Rotor outer bridge width between

4 - Rip

flux barriers

5 Rotor inner bridge radius 0,

6 Flux barrier thickness B,

Rotor inner bridge width between

7 . 0,

flux barriers

8 Rotor outer bridge radius D,

9 Height of flux barriers HR;,
10  Magnet width PM,,
11  Magnet thickness PM,

hso
12 Stator slot opening height ratio hy = ——
pening neig 0= bt Iy
b
13  Stator slot opening width ratio b, = TLO
N

Variation of torque and torque ripple with respect to spit ratio A, is shown in Figure
5.2(a). As indicated, the maximum average torque is achieved at 0.622 with relatively
low torque ripple. Therefore, 0.622 value of A is chosen as individual optimal. Note
that since the variation of slot height h; has a significant effect on the A, and eventually
yoke thickness, it has been kept constant during the analyses. Influence of flux barrier
thickness B; on the average torque and torque ripple are shown in Figure 5.3(b). The

possible largest value of B; delivers the maximum torque with lower torque ripple.
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Figure 5.4(a) illustrates the influence of rotor outer bridge width between flux barriers
R;, on the average torque and torque ripple. The average torque is exponentially
increased as the R;;, is increased. The minimum torque ripple is achieved at ~9mm of
R;;, and the maximum torque is achieved at 16mm of R;;,. Therefore, it can be deduced
that the higher the R;;, length, the higher the torque amount. On the other hand, the
lowest value of flux barrier height HR;;, delivers the maximum torque with lower
torque ripple (see Figure 5.4(b)). The variations of average torque and torque ripple
with respect to rotor inner bridge width between flux barriers 0, and rotor inner bridge
radius O, are illustrated in Figure 5.5. As clearly seen, both rotor parameters have a
substantial effect on torque and torque ripple. Since the lowest value of 0; delivers the
maximum torque with lower torque ripple it can be chosen as individual optimal whilst

it is 122mm for O, parameter
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The influence of magnet width PM,, and thickness PM, on torque performance,

provided that the total volume of magnets is kept constant, is presented in Figure 5.6.

It has been revealed that the design with thin and tall magnets can increase the average

torque and reduce the torque ripple considerably. However, the mechanical limits

should be considered for higher speed operations since the PMs are quite brittle.
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Figure 5.6 : Variation of torque and torque ripple with PM,, - PM,.
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Note that D; parameter has a significant effect on the optimization objectives.
However, as can be predicted, the lower values of D; will cause a remarkable decrease
in the torque and power levels because of the increasing short-circuited flux.
Therefore, considering the mechanical issues, it is kept constant (not included as
optimization parameter). Influences of slot opening width b, and height h, ratios on
the torque performance are shown in Figure 5.7. It is found that the shorter the h,, the
higher the torque. On the other hand, there is an optimum value for b, as indicated in
Figure 5.7(a).

5.2.3 Optimization with restriction of current density

As stated previously, one of the excitation constants can be assigned as stator current
density. For the following analyses, the current density is fixed at 27.5 A/mm? which
is same as the original Toyota Prius 2010 IPM. Then, the amount of current and slot
area has been changed according to (5.5). The current angle delivering the maximum
electromagnetic torque is chosen for each value of bg. As mentioned previously, the
tooth width ratio b, is responsible from the stator slot area A;. Hence, investigation of

b, variation is also investigation of A by implication.

]s =5 = (55)

Under these setup conditions, the variations of torque, torque ripple, phase current, and
copper loss are illustrated in Figure 5.8. As indicated in Figure 5.8(a), the maximum
average torque is obtained at 0.402 of b ratio with quite low torque ripple rate.

However, as illustrated in Figure 5.8(b), selection of b, ratio delivering the maximum
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torque results with quite high copper loss. Another important phenomenon is that
continuously increasing the current level does not lead to a continuous increase in the
torque level because of increasing saturation level of stator tooth bodies. On the other
hand, high excitation current requires high cost due to the requirement of large capacity
power switches of inverters. Consequently, we have not chosen the constant current

density excitation constant as optimization parameter in this study.

240 . 14 350 Tq 11
- [ —e—Tavg '
E | cesedessssssay. 13 5 325 - - 10 <
2 230 == S 2
@ : 12 2 8 300 - -9 =
S 200 et 22 2
g ! 11 2 275 - -8 3
F o204 S E 5
& | 10 5 £ 250 | 7 2
g 200 | 9 £ 225 - -6 G
< 5/0.402
190 — 8 200 — 5
0.37 0.41 0.45 0.49 0.53 0.57 0.61 0.65 0.37 0.41 0.45 0.49 0.53 0.57 0.61 0.65
bs bs
(a) (b)

Figure 5.8 : Influence of b on performance characteristics with the restriction of
current density: (a) Torque and torque ripple, (b) Current and copper loss.

5.2.4 Optimization with restriction of copper loss

The last excitation constant for individual optimization is stator copper loss. The stator
copper loss can be kept constant by considering a stator copper loss coefficient k. as
expressed in (5.6), where 7, is the average winding radius, calculating as the distance
from the centre of the machine to the middle of the slot, S is the stator slot number, £,
is the active stack length, I, Rypases Js» N, a, k¢, N, Ag, and p.,, denote the phase
current, phase resistance, stator current density, number of turns per coil, parallel
brunch number, slot fill factor, number of coils, slot area, and resistivity of the copper,
respectively. The influence of k. on the average torque is shown in Figure 5.10. As
clearly seen, the higher the k., the higher the average torque. With the slot fill factor
ks = 0.488, the copper loss of ~6.41kW @20°C, which is equivalent to k. = 220, is

assumed during the individual optimization.

2 6kZN? 5.44mw] 65

Py = 3§Rphase = az—kacpcu [{’a t—5—
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Figure 5.10 : Influence of by on performance characteristics with the restriction of
stator copper loss: (a) Torque and torque ripple, (b) Current and copper loss.

As for the restriction of stator copper loss excitation constant analyses, the obtained
results are illustrated in Figure 5.10. b, ratio delivering the maximum torque under the
copper loss restriction is determined as 0.5204. If this excitation constant is chosen as
optimization parameter, the level of inverter current should be increased as seen in
Figure 5.10(b). Since this will be resulted as an increase in the inverter cost/size, this

parameter has also not been chosen as optimization parameter.

5.2.5 Determined optimization parameters

Individual optimization results have been obtained and compared with the initial
values as listed in Table 5.3. It can be concluded that wider stator tooth width, larger
split ratio and hence thinner yoke thickness, wider slot opening, thicker flux barriers,
no inner bridge, thinner and taller magnet shape are preferred to produce higher torque

for the given specifications.
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Table 5.3 : Initial and individual optimized variables.

# Parameters Initial value Individual Optimized
1 As 0.6132 0.622
2 b 0.6014 0.6263
3 hy 26.75 26.75
4 R;p 16 16

5 0, 118.04 122
6 B, 5.3 6.4

7 04 1.86 0

8 D, 156.84 156.84
9 HR;, 5 5
10 PM,, 17.88 20.625
11 PM, 7.16 6.228
12 ho 0.01 0.008
13 b, 0.1606 0.233

5.3 Multi-Objective Global Optimization of Large NSW IPMs

The GA, which is known as the one of the effective numerical optimization methods,
has been extensively used for exploring the optimized solution of electrical machines.
The GA is a random search procedure, which explores the solution space using
mechanisms that emulates natural selection including next generations and mutilations
for optimization analysis. Some new individuals (Children) are created and the grown
population participates in a natural-selection process that consecutively reduces the

size of the population to a desired level (Next Generation) in each generation.

The settings of multi-objective global optimization are as follows: parent size
(population size), mating pool size, children size, Pareto Front size (number of
survivors), population size of next generation, roulette selection, crossover probability,
and mutation probability size are 30, 30, 30, 10, 30, 10, 1, and 2 respectively.

Maximum number of generations (iteration number) is chosen as 1000.

The multi-objective optimization approach is concerned with optimizing numerous
objectives simultaneously. As for the multi-objective optimization, a set of solutions
known as Pareto Front, which incorporates the optimal solution of each individual

objective and also the solutions representing the best compromise satisfying all
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objectives, is presented. For the multi-objective optimization, the objective functions
create a multi-dimensional space in addition to the natural decision variable space. In
this study, we have chosen time averaged torque, torque ripple, and stator copper loss

as objectives to be optimized.

5.3.1 Determination of objectives and goals

The most charming objectives for a given specific stack length and outer diameter are
to maximize the feasibly available torque and efficiency (or to minimize the dominant
machines losses such as copper loss, core loss, PM loss, etc.). In this study, it is
intended to optimize the IPM with NSW for the constant torque operating region.
Therefore, since the core loss quite low at low-frequency operating region, it is not
chosen as an objective. On the other hand, the level of MMF harmonics and hence PM
loss are quite low as presented in the first chapter, only the most dominant loss
component at constant torque region, which is copper loss, is chosen as optimization
objective among the other loss components. In addition, since the NSW IPM is
intended to use for electrical vehicle application, the torque ripple level is of great
importance. Therefore, torque ripple is chosen as the last optimization objective. In

summary, the determined objectives have been listed as follows;
e Maximized torque (feasibly available);
e Minimized copper loss (with the restriction of 27.5 A/mm? current density);

e Minimized torque ripple (with the restriction of the average torque not being
low than 230 Nm).

5.3.2 Justification of objectives and weights

The optimization objectives of NSW IPM have been justified by considering the
experimentally measured parameters of the original Toyota Prius 2010 IPM. The time
averaged output torque of original Toyota Prius 2010 IPM is ~239 Nm @ 1krpm [193].
The total stator copper (including the end-winding copper as well) is ~6.41 kW @
20°C.

However, the since the end-winding length of the proposed NSW topology is
significantly short, its end-winding copper loss is also significantly low. In the initial
designs, it has been calculated as ~5.1 kW @ 20°C. In addition, the torque ripple level
of original Toyota Prius 2010 IPM is ~8% corresponding to ~20 Nm. The weights of
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the objectives show that how important the related objective is. Which mean is that if
the total weights of all objectives is equal to 1, 0.3 per weights shows that all the
objectives are equivalently important. In this study, since the proposed IPM is designed
for EV/HEV applications, both the torque and efficiency are vitally important
parameters. Therefore, their weights are a bit higher than that of torque ripple as listed
in Table 5.4.

Table 5.4 : Justified objectives and weights.

Variable Condition Weight
Average torque (Nm) > 239 0.39
Torque Ripple (Nm) <20 0.26
Average copper loss (kW) <5 0.35

5.3.3 Cost Function

The cost function is determined as weighted sum of the sub-goal errors. Each sub-goal
gives rise to an error value that represents the divergence between the simulated
reaction and the goal value constrain. If the simulation response satisfies the goal limit,
the cost value becomes zero. Alternatively, the error value depends on the differences
between the simulated response and the specific goal constrain. Therefore, the cost
function is defined as expressed in (5.7), where G, w;, N;, e; are the number of sub-
goals, the weight factor related with the jt* sub-goal, the number of frequencies for
the j* sub-goal, and the error contribution from the jt" sub-goal at the i* frequency,
respectively. Here, the value of e; is determined by the band characteristics, target

value, and the simulated response value.
G W] Nj
Cost = z ﬁz e; (5.7)
j=11j =1

5.3.4 Multi-objective global optimization procedure

After 420 iteration, the optimal solutions are achieved as shown in Table 5.5, Figure
5.11 and 5.12. The variations of some important optimization parameters and cost by
GA show that after the 300" iteration, the largest average cost is achieved as 4.36

(4.95% of initial cost). The minimum cost, which is 2.27, is achieved at 406" iteration.
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Table 5.5 : Constraints of optimization parameters.

Parameter Initial Indi_viqlual Constraints GI(_)ba}IIy
value Optimized Optimized
Ag 0.6132 0.622 [0.612:0.626] 0.6234
b 0.6014 0.6263 [0.59:0.64] 0.602
Rip 16 16 [14:16] 15.834
0, 118.04 122 [120.5:124] 121.322
B, 5.3 6.4 [6:6.4] 6.3524
0, 1.86 0 [0.8:1.2] 0.8617
PM,, 17.88 20.625 [18.5:20.625] 19
PM, 7.16 6.228 [6.228: 6.924] 6.747
ho 0.01 0.008 [0.004:0.012] 0.0089
b, 0.1606 0.233 [0.144:0.24] 0.195

The dominant optimization parameters can also be determined from their variation
with respect to evaluation number. As seen in Figure 5.11, A, 04, B4, and R;;, are the
most dominant (having a significant effect on the justified objectives) optimization
parameters since they have reached a fixed value range on the contrary of 0, and by,
parameters. The plots of the objective function whose nondominant vectors are in the
Pareto optimal set, known as the Pareto front, are shown in Figure 5.13 for the average

torque vs torque ripple, and average torque vs efficiency.
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Figure 5.13 : Pareto-front graphs: (a) in torque ripple, (b) in efficiency.
5.3.5 Conventional multi-objective global optimization procedure

To be able to validate the rapidity and effectiveness of the proposed multi-objective
optimization method, a conventional optimization method by GA is employed. The

key difference of this optimization method is that there is no sensitivity analysis for
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any of the design parameter is conducted. In other words, physically available
minimum and maximum constraints are assigned for each parameter as given in Table
5.6.

Table 5.6 : Constraints of conventional optimization parameters.

Parameter Initial Constraints Globally
value (Min-Max) Optimized
As 0.6132 [0.5:0.75] 0.6234
b 0.6014 [0.3:0.75] 0.602
Rip 16 [0.1:16] 15.834
0, 118.04 [110:140] 121.322
B, 5.3 4:6.4] 6.3524
0, 1.86 [0.1:3] 0.8617
PM,, 17.88 [17.5:21] 19
PM, 7.16 [6.2: 7.25] 6.747
hy 0.01 [0.004:0.05] 0.0089
b, 0.1606 [0.05:0.3] 0.195
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Figure 5.14 : Variation of the cost function with respect to evaluation number for
conventional multi-objective global optimization method.

For a fair comparison, the same number of design parameters and the same objectives
given in Table 5.5 and 5.4, respectively, are used. Under these circumstances, the
optimal solution is achieved after 1600 iteration as seen in Figure 5.14. After 1500%

evaluation, the largest average cost is achieved as 16.787 (1.93% of initial cost). The
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minimum cost, which is exactly same as being in proposed optimization method
(2.27), is achieved at 1575" iteration. Consequently, considering Figure 5.12 and 5.14,
it can be concluded that the optimal solution can be reached almost 4 times faster

thanks to the proposed multi-objective optimization method.

5.4 Steady-State Performance Results

In this section, the electromagnetic performance characteristics of the original (Toyota
Prius 2010 IPM with conventional ISDWSs), initial design of IPM with proposed
NSWs, and globally optimized IPM with NSW have comprehensively been compared.
The cross-sectional views and winding configurations of the original, initial and

optimized IPMs are shown in Figure 5.15.
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Figure 5.15 : Example figure in chapter 5.

b

The original IPM has 48S/8P with 5-slot pitch single layer winding configuration.
Alternatively, the initial and optimal IPMs have 48/8P with 5-slot pitch 3-layer semi-
overlapping winding configuration. More information about the winding properties,
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such as comparison of winding and MMF harmonics, end-winding lengths, ease of
manufacturing, etc. of ISDW and proposed NSW can be found in Chapter 3.

5.4.1 Axial length, weight and cost

The machine masses and the costs for each machine are evaluated by using the
expression given in (5.8), where Dy 330, Ascores Arcores Deugs Ne» Npy» @nd Ag, are
mass density of steel material, surface area of stator core, surface area of the rotor core,
mass density of stator winding copper, number of coils, number of magnets, and
surface area of the stator slot area with fill factor, respectively. In addition, the average
length of winding coil is calculated by using the expression by #,,, in (5.8). The cost
of the copper and steel materials are evaluated by using the data provided by the
London Metal Exchange (LME) [194] whereas the PM is evaluated by using the data
provided by International Magnaproducts, Inc. [195] as given in (5.8). Note that the
housing, heat exchanger, bearings, gears, etc. have not been included in the
calculations. Only the active material weights and costs have been calculated by

considering following specifications.

e Copper: 5.985 $/kg — mass density: 8933 (kg/m®);
e Steel: 0.518 $/kg — mass density: 7650 (kg/mq);

e Magnet: 75 $/kg — mass density: 7500 (kg/m®);

Calculated axial lengths, weights, and costs are compared in Table 5.7. As seen, thanks
to the combined effect of the proposed NSW topology and optimization by GA, the
total axial length of the IPM is reduced by 18.3% according to original design. On the
other hand, the mass and weight levels are quite similar. The only difference is that
since the total amount of the copper mass is reduced due to the short end-windings, a

4.3% reduction in total cost is achieved with optimized IPM having NSWs.

) [€ N 5.44an]D NA
MTOtal = DW330(AScore + ARcore)fa + i 25 e (58)

gaw

+ NpyDpm (Apm)ta
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Table 5.7 : Comparison of calculated total axial length, cost and weight.

Original Initial Optimized

Total Axial Length (mm) 112.88 93.12 92.26
Stator Core Mass (kg) 11.07 11.06 10.79
Rotor Core Mass (kg) 5.93 6.82 7.15

Copper Mass (kg) 4.93 4.027 4.025
PM Mass (kg) 0.773 0.773 0.773
Total Mass (kg) 22.7 22.69 22.74
Total Cost (US $) 95.91 91.78 91.78

5.4.2 Back-EMF analysis

The no- and full-load back-EMF waveforms have also been compared as illustrated in

Figure 5.16. As seen in Figure 5.16, the optimal design has the minimum back-EMF

distortion level.
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Figure 5.16 : Back-EMF at no- and full-load operating condition: (a) waveform at
no-load, (b) harmonic spectra of (a), (c) waveform at full-load, (d) harmonic spectra of
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Considering the full-load operating condition, the increase in the waveform distortion
level can be figured out. This is due to the increased effect of the combination of
slotting and magnetic saturation. Considering Figure 5.16(b), it can be expected that
the fundamental amplitude of optimal design’s back-EMF should be higher than that
of the initial design in full-load operating condition as well. However, as seen in Figure
5.16(d), it is lower than that of the initial design. This result shows that the optimal
design is much more sensitive the increase of the combining effect of slotting and
magnetic saturation that that of the other designs. It can also be deduced that the
proposed winding offers much lower winding MMF harmonics. Thus, lower rotor loss

components, particularly PM loss, can be expected from the IPM having NSWs.

5.4.3 Flux-linkage analysis

Flux-linkage waveforms and their harmonic spectra are shown in Figure 5.17. Since
the fundamental winding factor of the original design is a bit higher than those of the
initial and optimal designs, lower fundamental flux-linkage amplitudes have been
obtained. On the other hand, due to the lower MMF harmonic content of the NSW
topology, lower flux linkage THD levels are obtained. Since the optimization
parameters effecting the torque ripple; such as by, hy, R;p, O, etc. have also been
optimized as to be delivered the minimum torque ripple, a remarkable decrease in the
level of waveform distortions have been achieved. The same phenomenon is also valid
for the back-EMF waveforms.
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Figure 5.17 : Flux-linkage: (a) waveform, (b) harmonic spectra and THD.

5.4.4 Inductance analysis

The self-, mutual-, d-, and g-axis inductances of the IPMs are compared as illustrated
in Figure 5.18. As presented in Chapter 3, ISDW and NSW have different MMF
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harmonics, which in turns leads to different saturation characteristics of the magnetic
circuit and loss behaviour. As shown in [196], local magnetic saturation causes the

variation of the dg-axis inductances in PM machines.

The local saturation characteristics for the machines are shown in Figure 5.20.
Considering the variations of the inductances, it can be predicted that the saturation
level of the IPMs having NSWs are somewhat lower than that of the original design.
Therefore, considering Figure 5.18 and 5.20, it can be concluded that the higher the
local saturation level, the larger the variation dg-axis inductances. It is worth notching
that due to the reduced coupling between the phase windings, the higher self-
inductance and lower mutual-inductances are desired characteristics for fault
tolerance. Consequently, in terms of fault tolerance, both winding topologies show

similar characteristics.
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Figure 5.18 : Variation of machine inductances with respect to rotor position.

5.4.5 Air-gap flux density analysis
Radial component of the air-gap flux density is calculated and its variation with respect
to rotor position is shown in Figure 5.19(a). Due to the combined effect of winding

MMF, slotting, and magnetic circuit saturation, the waveforms are quite distorted. On

the other hand, their harmonic distortion levels are quite similar (see Figure 5.20(b)).
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Figure 5.19 : Variation of machine inductances with respect to rotor position.
5.4.6 Electromagnetic field analysis

Magnetic flux line and flux density distributions of the IPMs are illustrated in Figure
5.20. In order to reduce both the analysis time and effort without affecting the
accuracy, the number of total mesh elements have been reduced by employing the

model periodicities B,, determined according to winding configuration by using (5.9).

As can be seen from Figure 5.15, the number of symmetrically distributed coils n, in
the original machine is 1 while its 2 in other machines. Therefore, as illustrated in
Figure 5.20, B,,s are calculated as 8 (1/8 of whole model) and 4 (1/4 of whole model)
for initial and other machines, respectively. However, in order to conduct a fair FEA
and hence to obtain accurate electromagnetic performance results, similar mesh size
and mesh density have been assigned for all models by considering their model

periodicity.

From Figure 5.20, it can be observed that there are some local saturated parts in the
stator and rotor parts, particularly in the rotor outer bridge regions and stator tooth
body parts. Overall averaged flux density of the IPM with ISDWs is relatively higher
than the IPMs with NSWs.

P, =— (5.9)
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Figure 5.20 : Flux line (left-side) and flux density (right-side) distributions.
5.4.7 Torque analysis

In PM machines, the cogging torque contributes to the torque ripple due to the PM
leakage flux. The variation of cogging torque with respect to rotor position is shown
in Figure 5.21(a). As seen, the peak to peak value of the cogging torque of the original
design a bit higher than those of other designs. Thus, it can be expected that the
averaged torque ripple of the optimized design may be higher than those of original
and initial designs. However, as seen in Figure 5.21(b), it is higher than that of the
original but lower than that of the initial design. Consequently, the cogging torque

component of torque ripple of the optimal design is tolerated by other torque ripple
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components such as lower PM leakage flux, lower slot leakage flux, etc. Under the
same current level and number of turns operating condition, the time averaged torque
of the original and optimal designs is quite similar whilst the initial design has the
lowest torque (see Figure 5.21(b)). Consequently, according to initial design, thanks
to multi-objective global optimization by GA, the average torque is increased by 8.7%
and the torque ripple percentage is decreased by 21.32%.
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Figure 5.21 : Torque waveforms: (a) Cogging torque, (b) Electromagnetic torque.
5.4.8 Power losses and efficiency analysis

Comparison of the power losses, output power, and efficiency are given in Table 5.8.
In the table, P, ., Peu,,y Peores Ppms Paaas Pour, @nd 1 denote the slot copper loss,
end winding copper loss, magnet loss, additional loss, which is considered as the 1%
of the output power, output power, and efficiency, respectively. Since the same slot
fill factor, wire diameter, and number of turns per phase is used for all IPMs, P, .
values are the same. On the other hand, since the proposed winding topology provides
quite shorter end-winding lengths, £, . is reduced by 31.7%. Due to the lower MMF
harmonic content of the proposed winding topology, and reduced rotor notches (close
to shaft), which in turn lead to lower eddy current hence saturation level, the lower
P.,-. is achieved for IPMs having NSWSs. As expected, Pp), level of the initial design
with NSWs is lower than that of the original design due to the lower harmonic content
of the winding MMF. However, contrary to expectations, Pp,, level of the original
design is higher than that of the original design. This is because of the increased PM
leakage flux level due to increased O, parameter of the optimized design. To increase
0, parameter results with increased harmonic content of the PM flux. Because, as

shown in Figure 5.19 the air-gap flux density contains highly distorted flux density
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components (a large number of harmonics). Those harmonics influence the PM flux
harmonics as well. Therefore, the longer the O,, the lower the flux density harmonics
in the rotor part. As seen in Table 8, quite similar output power is achieved thanks to

the global optimization.

Table 5.8 : Comparison of output power, losses, and efficiency.

Pcuslot Pcuend Pcore PPM Padd Pout n

(kW) (kW) (kW) (kw) (kW) (kw) (%)
Original 212 4.29 0.1 0.0162 0.25 25.057 78.72
Initial 212 2.94 0.09 0.0145 0.023 22.89 80.96
Optimal 2.12 2.93 0.09 0.0216 0.025 24.86 82.13

As a consequence of utilization of NSW instead of conventional ISDWs, the efficiency
can be increased by 2.85%. With the help of multi-objective global optimization by
GA, an 1.45% further increase in the efficiency can be obtained. Therefore, as a result
of the combined effect of global optimization and shorth end-windings, n is increased
by 4.33%. This achievement is very important when an 18.3% reduction in the total
axial length is considered. It can be concluded that more compact IPMs with improved
efficiency can be designed thanks to the proposed NSW topology and global

optimization.

5.5 Design Optimization of Small NSW IPMs

In order to validate the proposed winding topology and optimization procedure, a small
dimension version of the NSW IPM (see Table 5.9 for geometric dimensions and
operating specifications) is designed and optimized by using the same optimization
method. The designed small NSW IPM has 24-slot and 4-pole combination with 3-
layer NSWs. The optimization procedure is given as follows. The optimization
objectives and their weights are given in Table 5.10. Note that these objectives have
been determined by using the empirical equations and initial electromagnetic analysis
results of the FEA. Average copper loss consists of the summation of the inner-slot
and end-winding copper loss. Initial and globally optimized parameters have been
given in Table 5.11.
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Table 5.9 : Comparison of output power, losses, and efficiency.

Parameter Value Parameter Value
Phase current, I, Apeak 26 R, 2
Current density, J, A/mm? 6 hy 9.6
Slot fill factor, k¢ 0.448 hso 0.7
Rated speed, rpm 400 b; 4.968
Pole number, P 4 bso 2
Active stack length, £, 50 D; 70.284
Stator slot number, S 24 0, 3.89
Outer diameter of stator, Dy, 124 0, 45.16
Inner diameter of stator, D; 47.806 B 1.3
Stator slot pitch, 7 11.293 HR;, 0.1
Outer diameter of rotor, D,., 46.806 Rip 0.5
Inner diameter of rotor, D,; 35 PM,, 38.88
Air-gap length, g 0.5 PM, 1.8

*All dimensions are in mm.

Note that exactly the same GA setup parameters including random seeds as the large
IPM have been used for the achieving the globally optimal parameters. In addition,
constant current excitation source is also assigned as being in the optimization of the
large IPM. Figire 5.22 illustrates the variation of cost function according to evaluation
number. As shown, the global minimum cost is achieved at 565" evaluation. When
comparing the optimization with IPM having larger dimensions, achieving the optimal
solution took a bit long time because of the more severe objectives. However, the
optimal solution can be achieved quicker by employing different random seeds for
GA. The cross-sectional views and flux line and flux density distributions of the initial

and optimal designs are shown in Figure 5.23.

As seen in the Figure 5.23, the saturation level of the stator tooth parts of the initial
design a bit higher than that of the optimal design. The performance characteristics
comparison between the initial and optimal designs are given in Table 5.12. Since the
slot dimensions of the initial design are larger than that of the optimal design, its copper
loss is lower. Therefore, although the torque and hence output power of the initial
design is lower than that of the optimal design, its efficiency percentage is greater than

that of the optimal design.
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Table 5.10 : Justified objectives and weights.

Variable Condition Weight
Average torque (Nm) >5 0.39
Torque Ripple (Nm) <05 0.26
Average copper loss (W) <80 0.35

Table 5.11 : Constraints of optimization parameters.

Par. Initial Indi_vi(_jual Constraints GI(_)ba}IIy
value Optimized Optimized
As 0.591 0.6 [0.585:0.608]  0.60206
bg 0.43 0.456 [0.39:0.5] 0.475
Rip 0.5 0.5 [0.4:0.6] 0.5
0, 45.16 51.36 [43:54] 48.102
B, 1.3 1.9 [1:2.1] 1.7
0, 3.89 4.1 [3.2:5] 4.033
PM,, 38.88 33.33 [30:40] 35
PM, 1.8 2.1 [1.5:2.5] 2
hy 0.005 0.009 [0.002:0.011] 0.007
b, 0.16 0.228 [0.12:0.24] 0.18
120
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Figure 5.22 : Variation of the cost with evaluation number for small NSW IPM.

However, due to the position and dimensions of the PMs, slot opening width and height
parameters, split ratio, and etc., the parasitic effects; such MMF harmonics, eddy
current loss, torque ripple, etc. of the initial design are more dominant than that of the
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optimal design. More importantly, even if the output power and efficiency levels are
satisfactory, 34.1% torque ripple is not acceptable for the EV applications. As shown
in Table 5.12, the torque level is increased by 2.34%. Thanks to the global optimization
of the small NSW IPM, the torque ripple level is decreased by 68.33%. However, the
efficiency percentage is decreased by 3.17%.

B (D)

Figure 5.23 : 2-D views and flux line and flux density distributions of initial and
optimal designs.

Table 5.12 : Comparison of key performance characteristics of for Small NSW IPMs

(@400rpm).

Parameter  Initial Optimal Parameter Initial Optimal
Py, (W) 28.74 33.485 P, (W) 189.83 194.28
Py, (W) 36.67 42.73 T, (Nm) 4532 4.638
P.ore (W) 1.37 0.8725 AT, (%) 341 10.8
Ppy (W) 0.07 0.0148 n (%) 7341 71.08
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5.6 Replication of Results

In this section, information on how repeatable the results obtained by the GA (random
search algorithm) is provided to help the reproduction of results following the
guidelines of [197].

Table 5.13 : Constraints of optimization parameters.

Advanced GA Optimizer Options Initt. R1 R2
Maximum number of

Stopping Criteria generations 1k 0.7k 1.5k

Individuals Parents 30 40 20

at Start Roulette selections 10 12 8
Number of individuals 30 50 15

Reproduction setup
» Crossover setup
« Crossover type”
« Individual crossover probab.

o N -
R O N N O

A
1
* Variable crossover probab. 1
0
1

Mating Pool « Variable exchange probab.
* Mu
» Mutation setup

Mutation type® D E F

Uniform mutation probab. 0 1 2

Individual mutation probab. 1 1 0

Variable mutation probab. 2 1 3

Standard deviation 0.05 0.07 0.03
Children Number of Individuals 30 40 20
Pareto Front Number of survivors 10 15 6
Next Number of individuals 30 50 24
Generation Roulette pressure 10 20 8

“A: Simulated Binary Crossover; B: Uniform; C: Two Point

SD: Polynomial Mutation; E: Gauss Distribution; F: Uniform Distribution
It is intended to obtain the global optimum solution for small NSW IPM (prototype)
by repeating the GA for two times with different random seeds listed in Table 5.13 as
run 1 (R1) and run 2 (R2). The initial seeds used for the optimization procedure in

Section 5.4 are also listed in Table 5.13 for comparison purposes. After running the
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GA with these seeds and the optimization constraint given in Table 5.11, the obtained
cost function vs evaluation characteristics are illustrated in Figure 5.24. The exactly
the same global minimum cost with initial run, which is ~3, is obtained at 358" and
608th evaluations for R1 and R2, respectively. Consequently, the same globally
optimized parameters given in Table 5.11 are achieved after repeating the optimization
algorithm with different seeds. Thus, the same global minimum is repeatedly
discovered from different starting points. Table 5.13 and Figure 5.24 revel also that it
is possible to obtain globally optimal solution much quicker by selecting larger starting

parents and next generation individuals and Gaussian distribution for mutation type.
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Figure 5.24 : Variations of the cost functions with respect to evaluation number for
small NSW IPM optimized with GA having different seeds: (a) R1, (b) R2.
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5.7 Conclusion

In this study, we developed a systematic optimization method for IPM with NSWs
having large and small dimensions. In order to determine the optimization parameters
and constrains for reaching the optimal solution very quickly, an individual
optimization procedure and sensitivity analysis have been conducted. Following the
general framework of sensitivity analyses conducted so far, geometrical design
parameter sensitivity is achieved. The most dominant parameters effecting the
electromagnetic torque, copper loss, and torque ripple have been determined. Influence
of different excitation sources (current, current density, or copper loss restrictions) has
also been investigated. Furthermore, optimization parameters and objectives and their
weights have been justified for multi-objective global optimization of NSW IPM.
Moreover, a comprehensive electromagnetic performance comparison between
original (Toyota Prius 2010 IPM having ISDWs), initial (having NSWs), and globally
optimized (having NSW) designs have been presented. The key findings obtained

successfully within our framework are summarized as follows.

e It has been revealed that among a large number of design parameters, split ratio
A, stator tooth width ratio b, stator slot height h,, rotor outer bridge width
between flux barriers R;;, rotor inner bridge radius 0, flux barrier thickness
B;, rotor inner bridge width between flux barriers 0;, height of flux barriers
HR;;,, magnet width PM,,, and magnet thickness PM, have been determined as

the most dominant geometric parameters effecting the average torque.

e Stator slot opening width ratio b,, stator slot opening height ratio h,, rotor
outer bridge width between flux barriers R;;, and rotor inner bridge radius O,
parameters have been determined as the most dominant geometric parameters

effecting the torque ripple rate.

e Thanks to the global optimization, time averaged torque and output power are
increased by 8.6%, torque ripple is decreased by 21.32%, and the efficiency is

increased by 1.45% according to initial design.

e The reliability and effectiveness of the proposed optimization approach is

validated over large and small IPMs.

148



Considering the rapidity and effectiveness of the proposed multi-objective
optimization method, it can be deduced that the proposed optimization method can
successfully be applied for the finding the global optimal solution of structures having
a large number of geometrical and topological variables, such as wind and
hydroelectric turbines, skeletal, runflat, and composite structures, Negative Poisson’s

Ratio (NPR) structures, etc.
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6. INFLUENCE OF DESIGN PARAMETERS ON FLUX-WEAKENING
PERFORMANCE OF INTERIOR PERMANENT MAGNET MACHINES
WITH NOVEL SEMI-OVERLAPPING WINDINGS®

In this chapter, a design and parametric study of IPM machines equipped with NSWs
Is performed. The influence of the key design parameters including; number of turns
per phase, stack length, distance and angle between V-shaped magnets, rotor yoke
thickness, magnetic bridge width and thickness, and number of magnet segments on
the flux-weakening (FW) performance characteristics are evaluated in detail. The
influence of material of segmentation (material of bridge namely, air or iron) is also
considered. A combination of analytical calculation-based program and a time-
stepping 2-D FEA based program are employed to evaluate the FW characteristics.
The accuracy of the FW calculations, particularly the performance at high-speed
regions, is verified over changes in torque components; namely reluctance and PM,
inductance components, PM flux coefficient and inverse saliency ratio due to the
change in considered design parameter. The electromagnetic torque, torque ripple,
output power and FW capability are investigated by parametric analyses. Moreover,
the power losses and efficiency maps together FW curves are calculated for the optimal
NSW IPM machine. The experimental measurements, taken from manufactured
prototype, verify that the performed analyses and methods described in this paper are

accurate and reliable.

6.1 Practical Application of This Study

The rapid growth of the automotive industry and the drastic rise in the number of
vehicles with internal combustion engine (ICE) consuming fuel derived from natural
resources have brought tremendous comfort to human life but have also raised

significant problems such as oil shortage and environmental pollution [198]. Electric

S This chapter is based on the paper: Gundogdu, T. and Komurgoz, G. (2020) Influence of design
parameters on flux-weakening performance of interior permanent magnet machines with novel semi-
overlapping windings, IET Elect. Power Appl., 14(13), 2547-2563.
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vehicles (EVs), on the other hand, are considered as ultimate solution to mitigate these
concerns due to their merits of zero transportation emission and zero fossil fuel

consumption thanks to generated electrical energy from renewable sources.

As the most important component in the traction system of EVs, electric machines
should be designed to have high torque density to provide the required acceleration
capability in the low-speed region, and high flux-weakening (FW) capability to expand
the constant-power speed range in the high-speed region. In other words, the ability to
operate at constant-power over a wide range of speeds, good overload performance
and high efficiency are essential for EV applications [6, 45, 82, 199-202]. These
features

1. enable the EV to achieve desirable driving quality;
2. allow minimization of the size and weight of the electrical machine drive;
3. allow the best utilization of the limited battery capacity.

The permanent-magnet synchronous machines (PMSMs) are extensively used for EV
applications since they precisely ensure the above essentials [6, 45, 82, 200-202].
Therefore, many automobile manufacturers have used PMSMs in their models, such
as Toyota Prius, Nissan Leaf, Tesla Model 3, Audi TFSI e Models, BMW i3, Citroen
C-Zero, Ford Fusion Electric, etc. Among the different types of PMSMs, the interior
permanent-magnet (IPM) machines are getting more attention since they have better
PM utilization and wider constant-power speed range [6, 45, 199, 203]. The steady-
state and FW performance characteristics of IPM machines are primarily affected by
magnetic design, depending on stator/rotor topology and excitation, and sophisticated
FW control techniques. From magnetic design point of view, extensively employed
performance improvement methods, particularly for FW operation, are classified as

follows.
¢ Winding topologies [60, 90, 185, 204-207];
e PM layer number, shape, and position [5, 48, 208-212];
e Flux barrier configuration and position [213-218];
e PM segmentation [210, 219-224];

e PM Skewing [225-228];
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e Novel rotor topology [229-231];
e Rotor shape optimization [169, 232-234];

e Other techniques, such as excitation, axial lamination, damper bars, etc. [220,
235-237].

The key objectives of these studies are to achieve wider constant-power speed range,
higher torque density, improved overall FW ability and efficiency, lower torque ripple
and cogging torque, improved reliability, etc. In recent literature, many novel IPM
machine topologies for EV applications have been reported; nevertheless, the
systematic analysis on the impact of key design parameters on the FW ability has rarely

been evaluated.

The magnetic design and consequently the FW ability are subjected to excitation and
geometric parameters of IPM machine. There exists a high degree of freedom when
selecting these parameters for achieving desired FW characteristics and some FW
characteristics can be improved by optimizing some geometric parameters [169, 232-
234]. It is reported that the FW ability can be improved remarkably by using
segmented PMs with optimized iron bridges between PMs [221, 222]. However, the
influence of PM segmentation without iron bridges on FW characteristics have not
been investigated. Reference [211] presents an optimal design for IPM machine having
V-shape PMs but only three design variables, which are angle between one pole
magnets, distance between shaft and one pole magnets (rotor yoke depth), and ratio of
magnet length to barrier length, are considered and FW ability in high-speed region is
not investigated. Moreover, a comprehensive study on influence of only rotor
geometric parameters on the FW ability, including both low- and high-speed regions,
has been presented in [5]. However, other vital design parameters, such as excitation;
i.e. number of turns per phase and stack length and PM segmentation with iron bridge,
have not been investigated and a conventional winding topology is employed for
analyses. As evidenced by comprehensive literature review presented in this paper, a
limited number of papers analyse the effect of excitation and geometric parameters on

both low- and high-speed performances.

Apart from the FW ability, particularly wide constant-power speed range, high
efficiency and compactness are also extremely critical for IPM machines in EV
applications. In the Chapter 3, to be able to reduce the end-winding length and hence
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increase the efficiency without sacrificing the output torque, a new winding technique,
named as NSW, is introduced. Moreover, a comprehensive performance comparison
between PM and reluctance machines equipped with overlapping, semi-overlapping,
and non-overlapping windings is presented and remarkably improved steady-state
performance characteristics for NSW IPM machine are reported in the Chapter 4. In
this study, FW ability of IPM machine equipped with NSWs is investigated by
considering the impact of number of turns, stack length together with the sole and
combined effect with number of turns, distance between one pole PMs, rotor yoke
depth, radius between one pole PMs, width of main magnetic bridge, magnet
segmentation with air (without bridge) and iron (with iron bridge) for the first time.
As evidenced in literature and will be shown in Section 4, the chosen parameters have
a significant effect on electromagnetic characteristics, particularly dg-axis inductance
and reluctance torque component. The influence of these design parameters on the FW
characteristics have been calculated by using a method consisting of the combination
of numeric and analytical methods. In addition, in order to reveal the underlying causes
of change in FW performance, apart from the dg-axis inductance variations, variations
of (i) PM flux coefficient; (ii) inverse saliency ratio; and (iii) flux density distributions
showing the magnetic saturation level are analysed. Flux linkage, inductance, and
power loss coefficients have been calculated parametrically by employing 2-D, non-
linear, time-stepping FEA. These data are used as input data of analytical FW
calculation program based on hybrid FW control technique. Comprehensive
performance analyses of each parameter are conducted for both low- and high-speed
operating regions. Moreover, for variation of each parameter, the level of constant-
power speed range is verified over PM flux coefficient and saliency ratio calculated at

rated operating point.

The major objectives of this study are to (i) reveal the FW ability of IPM machine
designed with proposed NSWs and determine the most dominant parameters on FW
capability by explaining the reasons underling; (ii) fulfil the gap in literature on the
impact of both excitation and geometric design parameters of IPM machines used in
EV applications on both low- and high-speed performance characteristics. The
analysis method and FW calculation algorithm are presented in Section 6.2. In Section
6.3, the influence of design parameters on the FW ability is investigated. Finally, the

conclusions and future work are drawn in Section 6.4.
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6.2 Flux-Weakening Mechanism

One of the primary limiting factors of IPM drives is the limited excitation. In constant-
torque region, the back-EMF of the IPM machine rises with rotor speed increasing
until the voltage limit w,,,, of the inverter reached (see (6.1)). The IPM motor then
enters the FW operation. Since the voltage is limited by the rating of the inverter, the
current is also limited (i,,4,) by rating of the machine (see (6.2)). Normally, d-axis
current i; works as weakening current when ig; has a phase advance angle in
comparison with g-axis [222]. In other words, the IPM machine is controlled by
maximum torque-per-ampere (MTPA) mode below corner speed n; (see (6.5)) and
FW control mode above n,;, [5]. The relationship between electromagnetic torque T,
and current angle (the angle between current vector and g-axis) y is expressed by (6.6).
The first term in (6.6) represents the PM torque and the second term represents the
reluctance torque. It is reported that there is a significant phase advance in IPM
machines to obtain higher reluctance torque and the constant-power speed range can
be expanded by using a phase advance technique [5, 201, 222, 238].

VZ + V7 < thrax (6.2)
ig + 5 < ifax (6.2)
Vy = Ryiq — wsLyiq (6.3)
V, = Rsig + ws(Laig + Apm) (6.4)
_ 120 Umax
B O €9
T, = 0.5P[A,miscosy + 0.5(Ly — L, )iZ sin 2y] (6.6)
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in which, V, V,, i4, i4, Lq, and L, are voltage, current, and inductance of d- and g-
axes, respectively and R, is, ws, Ay, and P are stator phase resistance, stator current

vector, angular speed, PMs flux linkage, and pole number, respectively.
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Figure 6.1 : Flow chart of employed FW algorithm.

In this study, FW performance characteristics are calculated by using the dg-axis
equivalent circuit of IPM machine, expressions between (6.1)-(6.6), and the flow chart
depicted in Figure 6.1, which employs “hybrid FW control technique” [238]. As can
be seen, the employed FW algorithm consists of the combination of numerical and
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analytical calculations. At the stage of FEA, a [iz]10x10 and [iq]wx10 matrices are

injected to phase windings of NSW IPM for evaluating [A4]10x10 and [Aq] flux

10x10

linkage and [P;,ss]10x10 CONSstraints/coefficient matrices. Subsequently, the obtained
matrices are used as inputs of the MATLAB® code developed in this study (see Figure
6.1), calculating the output matrices, including torque- and power-speed, power losses
and efficiency maps. 4w in Figure 6.1 indicates the motor relative speed between
reference and actual output speeds. In the [Is Aw large?] loop, for each reference speed,
the program calculates the voltage matrix and determine the corner speed n; by
considering (6.1)-(6.5). If calculated voltage is less than u,,,,, the temporary voltage
index is changed to 1. When the actual speed has changed substantially, the control
algorithm adjusts the dg-axis stator currents for maximum power operation based on
the optimum current profiles by determining the best y. The previous dg-axis currents
are used as initial values when the motor returns to constant-torque operation, while
i, g-axis current error and w, are used as optimization goals to optimize FW control.
If one of the above parameters change, the 4i; tuning will ensure maximum inherent
power capacity, limited by (6.1) and (6.2), and thus improve the motor efficiency, and
the 4i, tuning will continue in the same direction until the condition given in (6.2) is
reached. Otherwise, the polarity of 4i; needs to be changed. Thus, MTPA and FW

controls are ensured in constant-torque and constant-power regions, respectively.

In most popular approaches, the FW capability of IPM machines is evaluated by
considering the PM flux coefficient kg, and the inverse saliency ratio &, also known

as reluctance torgue ability, given as follows [239, 240].

Apm
kpy =—— 6.7
W APM - Ldlmax ( )
Lq
=— 6.8
£=1 (6.8)

In order to achieve a wider constant-power region, the electrical machines should be
designed as to have higher kg, and ¢ rates as much as possible. Because, it has been
reported that kg, is an indicator for the extended PM magnetic field weakened by i,
and &, which is the inverse of more traditional definition of the saliency ratio for

conventional machines, indicates the reluctance torque ability [5, 239, 240].
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6.3 Influences of Design Parameters on FW Performance of NSW IPM

In this section, the influence of some key design parameters, including:
a) Stator: Number of turns per phase: N
b) Stator and Rotor: Stack length:

¢) Rotor: Five parameters shown in Figure 6.2: 04, O,, R;,, By, and Npyq

(segmentation with both air and iron)

on performance of V-shape IPM machine both in low- and high-speed operating
regions are investigated in detail. As seen in Figure 6.2, a high degree of freedom exists
when designing a rotor for IPM machines with V-shaped PMs. Investigated design
parameters are chosen as a result of experience gained through numerous
investigations and comprehensive literature [5, 48, 60, 82, 90, 169, 185, 202-237]. On
the other hand, other key parameters; such as stator outer diameter, stator slot
geometry, shaft diameter, air-gap length, D,, HR;;,, and w, have not been considered

in this paper because of these reasons:

I.  their predicted obvious and/or insignificant effects (particularly due to the

leakage flux);
Il.  limited effects as a consequence of existing of mechanical constrains;
[1l.  their very limited range;

IV.  not reasonable or possible to investigate its individual effect.

As one of the selected design parameters varies, others are fixed at their optimal values,
namely, individual effect of each parameter is investigated. However, only for the
analyses of influence of stack length, the number of turns per phase is also varied with
stack length in order to keep the torque fixed at constant-torque region. Note that for
each analysis, the current angle delivering the maximum torque is determined
parametrically and the results are presented accordingly. Moreover, all analyses have
been conducted within the current and voltage limit of the inverter. The distance
between the segmented magnets, namely bridge width, is another critical design
parameter. In order to restore balance between magnet leakage flux and effectiveness
of the bridges, an empirical formula expressed in (6.9) [221] is employed to optimal

values of the bridge width w.
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_ ksmlmaxp
(NPM - 1) lsBsathkW1

Wy (6.9)
where k¢, Amaxs Npmy P s, Bggr, @and k,,; are the ratio of bridge flux linkage to
magnet flux linkage, the allowable maximum flux linkage, the number of segmented
magnets, number of poles, the stack length, the saturation flux density in the iron
bridges, and the fundamental winding factor, respectively. The performance
characteristics are predicted via dg model of NSW IPM by performing 2-D, non-
linear, time-stepping FEA under steady state operating with current source supply
providing 26Apeak phase current, 0.4krpm rotor speed, and the current angle

delivering the maximum torque.

Figure 6.2 : Key design variables of the V-shape IPM rotor.
6.3.1 Number of turns per phase N

The influence of number of turns per phase N; on FW characteristics is investigated
for various Ngs varying from 8 to 32 by neglecting the level of current density. During
analyses, all other parameters are fixed at their optimal values. Furthermore, it is
ensured that the number of turns per phase matches the current and voltage limit. The
obtained electromagnetic torque and power versus speed characteristics at the limited
current and voltage defined in (6.1) and (6.2), respectively are illustrated in Figure 6.3.

It has been revealed that the lower the N,
a) the better the FW ability;
b) the lower the torque level at constant-torque region;

¢) the higher the power level at constant-power region.
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The reason behind this phenomenon can be explained by using (6.7) and (6.8). The
FW capability indicators, kxy, and &, are calculated for constant-torque region and
variation of these parameters with respect to Ny is illustrated in Figure 6.4. Figure 6.4
indicates that as the N, is increased, the PM magnetic field weakened by d-axis current

is narrowed and also the reluctance torque ability is weakened.
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Figure 6.3 : Variation of FW characteristics with Ng: (a) Torque/speed, (b)
Power/speed.
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Figure 6.4 : Variation of & and kg, with respect to N;.

Figure 6.4 reveals also that the FW capability of a previously manufactured IPM
machine can be changed easily by changing N, without changing anything else. For
instance, the constant-power region can be significantly widened by reducing Nj if
sacrifice of torque level at constant-torque region is tolerable. Alternatively, additional
power electronic circuit with controller can be designed for changing Ny as reported
in [241-243].
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6.3.2 Stack length I

The influence of the stack length parameter [, on the FW performance is carried out

for two different cases as:
Case#l.:

Case#2:

constant-torque region.

For the first case, N; is fixed at 96 and the obtained FW performance characteristics
are illustrated in Figure 6.5. As [ is increased linearly whilst Ny is fixed, (i) the corner
speed (CS) of the IPM is getting smaller; (ii) constant-torque region is fixed; and (iii)
the constant-power region is getting larger. It can be deduced that the FW capability
does not change for the Case#1. Because, as illustrated in Figure 6.7 with (I), the PM

magnetic field weakened by d-axis current and the reluctance torque ability do not

change with L.

only L, is varied in order to reveal the individual (sole) impact;

both [ and N; are varied in order to keep the torque fixed at the

8 T— 25
N 2 - Pl
6 - _ . N
~ T
24 | 2 15 - s :
g —50mm 5 14 4/ —50mm
o 60mm 2 V4RI 60mm
2 21 ——70mm a 059 4 ——=70mm
=== 80mm === 80mm
0 T T T T T T T 0 T T T T T T T
0 1 2 3 45 6 7 8 0 1 2 3 45 6 7 8
Speed (krpm) Speed (krpm)
(a) (b)
Figure 6.5 : Influence of I, on FW characteristics for Case#1(a) Torque/speed, (b)
Power/speed.
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Figure 6.6 : Influence of combined effect of [; and N, on FW characteristics for

Case#2 (a) Torque/speed, (b) Power/speed.
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As for the second case, in order to keep the torque fixed at constant-torque region,
there exists an inverse (negative) correlation between N; and [;. N; is changed from
96 to 78 with 6 turns per phase for 50mm to 80mm. In that case, both of the constant-
torque and power regions and the CS are increased remarkably as seen in Figure 6.6.
It can be concluded that there is a direct correlation between (L, N) and FW capability.

This correlation can also be observed from Figure 6.7, where the graphs indicated with
(Is, Ns).

2.8 1
—h= E(lS; NS)
264 =7 &(ls)
—— kpy (I5, Ny) 0.8
wooa 4 T kew (Ls) E
22
0.6
2.2 A
2 1 T T 1 0.4
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ls (mm)

Figure 6.7 : Variation of ¢ and kg, with [ for both cases.
6.3.3 Distance between V-shape PMs 04

As seen in Figure 6.4, to be able to limit the PM flux leakage to a minimum, there
exists no magnetic bridge between V-shaped PMs. Although there is no magnetic
bridge, 0, parameter can still restrict the flux leakage slightly by making the flux

saturated in rotor as illustrated in Figure 6.8.

Figure 6.8 : Magnetic flux density distributions in rotor for different values of 0,
parameter.
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Figure 6.9 : Influence of 0; on FW characteristics: (a) Torque/speed, (b)
Power/speed.

As seen in Figure 6.9, 0, has a slight impact on the FW ability of IPM. Particularly, it
has an impact on the region between constant-torque and deep FW. As can be
observed, with 0, increasing, constant-power region decreases. This is because of the
fact that the with 0 increasing, the reluctance of leakage magnetic circuit increases,
and the flux leakage decreases. Nevertheless, since the different current angle at base
speed are adopted to obtain maximum torque with O, increasing, the average torque

does not increase.

6.3.4 Distance between shaft and V PMs - 0,

The distance between shaft and VV PMs, indicated with 0, as shown in Figure 6.2, is
one of the key parameters. It has a substantial effect on leakage flux, flux

concentrating effect, and effective magnetic energy.

The FW performance, including torque and power versus speed, at limited current and
voltage are illustrated in Figure 6.10. For constant-torque region, there is an optimum
0, value, delivering the maximum torque, which is 8mm for the considered IPM. On
the other hand, as for the constant-power region, the maximum power is achieved
when 0, equals to 1Imm. As can be seen, there is no direct correlation between 0, and
FW ability. In order to reveal the relationship between FW ability and O, parameter,
variation of electromagnetic torque (7,) components, namely reluctance (T,.;) and PM
(Tym), and inductance components are investigated together with kg, and ¢ ratios as
follows. The FW ability can also be predicted by considering the reluctance torque

component. It is well known that the higher the T,.; component, the better the FW
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performance. T,.; component is calculated for base speed by using (6.10) and the

variations of time averaged torque components with O, are depicted in Figure 6.11.
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Figure 6.10 : Influence of 0, on FW characteristics: (a) Torque/speed, (b)
Power/speed.
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Figure 6.11 : Influence of O, on torque characteristics.

3P
T, = Ty + Trey = T{[(Ld — Lq)iaiq], + [Apmiq]s}

3p (6.10)

Tom = T(x‘l,mndiq - Apmqid)

3P
Trer = T[(Ld - Lq)idiq + (15 - ii)qu]

where T,,, is due to the interaction between the PMs flux linkage (4,,,) dg-axis
components and stator dg-axis currents i, and iy and T, is due to the rotor saliency
(Ld — Lq), mutual inductance Lg, and dg-axis currents. As can be observed, T
decreases with O, increasing while T, increases as a consequence of increasing

effective magnetic energy. In addition, the higher values of 0, can restrict the flux
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leakage slightly by reducing the level of saturated flux as illustrated in Figure 6.12.
Moreover, Figure 6.11 reveals that the higher the 0,, the higher the torque ripple
percentage AT.

B [Tesla]

Figure 6.12 : Magnetic flux density distributions in rotor for different values of 0,

parameter.
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Figure 6.13 : Variation of inductance versus current characteristics for various 0,
parameters: (a) L VS ig, (b) Lq VS ig.
The characteristics of dg-axis inductances against dg-axis currents for various values
of 0, are depicted in Figure 6.13. Note that since the flux bridges are located in the d-
axis flux direction, a —i,; has the effect of reducing flux density of the saturation. In
other words, —i, allows for some of the magnet fluxes in the flux bridges to be
canalized. Therefore, in order to further reduce the air-gap flux, —i, is employed as
shown in Figure 6.13. As can be seen, L, decreases with 0, and i, increasing while
L4 decreases with 0, increasing while it increases with i, increasing. Once 0, has its

highest value, the inductance components, particularly L,, become more sensitive to
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the dg-axis current. As a consequence, considering the giving findings between
Figures 6.13 and 6.15 it can be deduced that the better FW ability can be achieved for
lower values of 0,. Because, as O, increases, A, increases and L, decreases, so the
torque and power decreases at high speed, which is consistent with the results of FW
performance indicators in Figure 6.14. Moreover, it can also be observed that because

of the same reason the CS decreases with 0, increasing.
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Figure 6.14 : Variation of ¢ and kg, with respect to 0,.

6.3.5 Radius Between A PMs - R;;,

Influence of the radius between two adjacent PMs on the FW characteristics at limited
current and voltage operating condition is illustrated in Figure 6.15. As can be seen,
with R;, increasing, the level of torque at constant-torque region decreases while the
level of torgque at constant-power region increases (as indicated with arrows in Figure
6.15 (a)). In order to reveal the underlying causes of achieving such FW characteristics,
torque components, dg-axis inductances, saturation levels, and the FW performance
indicators (kg and &) are investigated as follows. As illustrated in Figure 6.16, with
R;p, increasing, L, decreases while L, increases. In the same way, with increasing iq
and iy, Ly increases while L, decreases. Moreover, as clearly seen in Figure 6.17, the
d-axis magnetic circuit becomes more effective with R;;, increasing. This phenomenon
causes a decrease in the level of flux leakage by reducing magnetic saturation in rotor
(see Figure 6.17) and hence an increase in the effective magnetic energy (see Figure
6.18 the increase of T,,,). As can be observed from Figure 6.18, R;;, has a significant
effect on AT. The minimum AT is achieved at 10mm while the maximum is achieved

at 4mm.
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Figure 6.16 : Variation of inductance versus current characteristics for various R;;,
parameters: (a) L, VS ig, (0) Lq VS ig.
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Figure 6.17 : Magnetic flux density distributions in rotor for different values of R;;,
parameter.
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The variation of FW characteristics with respect to R;;, is also validated with the FW
performance indicators depicted in Figure 6.19, which are calculated at base speed
with rated operating conditions. As explained previously, the reduction in both kg,
and ¢ ratios are an indicator for poorer FW performance. Consequently, the practically
minimum values of R;, leads to achieve a better FW performance characteristic,

particularly at high-speed operating region.

5
- 4
2 B
L 2 z
1 -1
9 —o—Trel > Tpm =—AT N
0O 2 4 6 8 10 12 14
Rib (mm)

Figure 6.18 : Influence of R;;, on torque characteristics.
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Figure 6.19 : Variation of ¢ and kg, with respect to R;;,.

6.3.6 Width of main magnetic bridge - B,

Magnetic bridge in IPM machines is one of the key parameters. By saturating the flux
at air-gap sites of magnetic bridges, it can limit the flux leakage as shown in Figure
6.20. In addition, as can be seen in Figure 6.21, B, parameter has a substantial
influence on the FW performance. With B; increasing, the constant-torque speed
region increases while the constant-power speed region decreases. At constant-torque
region, although the different current angles delivering the maximum average torque

at base speed is employed, the maximum average torque increases with B, increasing.
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This is due to the fact that with B, increasing, the reluctance of leakage magnetic

circuit increases, flux leakage decreases, and the effective magnetic energy increases.

Figure 6.20 : Magnetic flux density distributions in rotor for different values of B,

parameter.
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Figure 6.21 : Influence of B, on FW characteristics: (a) Torque/speed, (b)
Power/speed.
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Figure 6.22 : Influence of B; on torque characteristics.
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Figure 6.23 : Variation of inductance versus current characteristics for various B;
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Figure 6.24 : Variation of ¢ and kjy, with respect to B;.

As a consequence, the reluctance and PM torque components increase with B;
increasing, as illustrated in Figure 6.22. It can also be seen that B; has a slight effect
on AT percentage. As for the constant-power region, since & and kg, ratios decrease
with B, increases (see Figure 6.24), torque and hence power regions decrease with
speed increases. In addition, the CS decreases, and the reason is similar to that of 0,
in Section 4.4. The influences of B, on L, vs iy and on L Vs i, are depicted in Figure
6.23. As can be observed, with B, increasing, L, increases while L, decreases

considerably.

6.3.7 PM Segmentation with Air - Npys

Itis reported in [5] and [221] that the FW capability of IPM machines can be improved
by employing segmentation of PMs with the help of iron bridges between PM
segments. In this study, the FW performance of NSW IPM machine with and without
iron bridges between segmented PMs are investigated. In order to maintain a

fair/accurate analysis, the total volume of PMs is kept fixed during the segmentation
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procedure. In addition, the optimal width of the bridges, usually determined by
considering the flux leakage amount and mechanical strength of flux bridges to ensure
the machine operated safely on high-speed region, is analytically calculated by using

(6.9) for each segment number.
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Figure 6.25 : Influence of Ny, on FW characteristics: (a) Torque/speed, (b)
Power/speed.
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Figure 6.26 : Variation of inductance versus current characteristics for various B,
parameters: (a) Ly VS iq, () Lq VS ig.
The FW performance results in case of segmentation with air is illustrated in Figure
6.25. It can be observed that the CS decreases with Np,, increasing. In addition, the

similar FW characteristics are observed for segment numbers of 1 and 2.

The constant-power speed range decreases with Np,, increasing. Because, the PM flux
linkage and hence PM torque component (see Figure 6.28) and L4 increases (see
Figure 6.26(b)). Moreover, as illustrated in Figure 6.30(a), both ¢ and kg, ratios
decrease as Np,, increasing. Therefore, it can be concluded that the magnet

segmentation with air results with poorer FW performance characteristics.
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6.3.8 PM Segmentation with Iron - Np

Once the segmentation is made with iron instead of air, a part of the magnetic flux

passes through the magnetic intervals, reducing the d-axis reluctance.

(b)

Figure 6.27 : Flux line and flux density distributions for rotor for both segmentation
type: (a) Whole distributions, (b) Rotor core only flux density distributions.

In addition, as depicted in Figure 6.27, flux lines occurs on the segmentation bridges
leading to an increase in flux leakage and a decrease in effective magnetic energy and
consequently a decrease in PM torque component (see Figure 6.28(b)). Therefore,
better FW performance characteristics can be achieved thanks to magnet segmentation

with iron as shown in Figure 6.29. The variation of ¢ and kgy,, illustrated in Figure
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6.30, verify that the magnet segmentation with air has a negative effect on FW ability
while segmentation with iron has a positive effect. It is also revealed that with Np,
increasing, L, increases (see Figure 6.31). However, L, increases until Np, becomes
2 and then it decreases back to its minimum once Np,, becomes 3. Considering Figure
6.30, it can be deduced that the higher the Np,,, the lower the torque ripple percentage

for both segmentation with air and iron.
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Figure 6.28 : Influence of Ny, on torque characteristics: (a) Air, (b) Iron.
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Figure 6.29 : Influecen of N, with iron on FW characteristic: (a) Torque/speed, (b)
Power/speed.
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Figure 6.30 : Variation of & and ky, with respect to Np,, with: (a) Air, (b) Iron.
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Figure 6.31 : Variation of inductance versus current characteristics for various Np,
parameters: (a) Ly VS iq, () Lq VS ig.

The influence of segmentation on PM loss due to the eddy current and core losses is
also investigated and the obtained results are summarized in Table 6.1. As can be
observed, the total and rotor core 10ss (P.re, and Prorep, respectively) generally
increase with Np,, increasing in both air and iron segmentation cases. On the other

hand, the PM loss Pp,, decreases as Np), increased.

Table 6.1 : Comparison of core and PM losses (mW).

PcoreT PcoreR PPM
Seg# Air Iron Air Iron Air Iron
0 1520 100.13 34.28

1 1588 1600 103.4 106.4 28.67 3391
2 1627  1518.2  105.3 104.1 26.32 32.2
3 1660 1520 107.3  103.747 2472 30.73

6.3.9 Results Analysis and Discussion

The influence of design parameters on performance characteristics including, CS,
maximum torque (MT), maximum power (MP), overall FW ability (FW) and torque
ripple (AT), are investigated and compared in Table 6.2. It can be concluded that N,
l;, and B, have a significant effect on the FW ability while 0, has a trivial effect. In

addition, other parameters have a moderate effect on FW ability.

It has been revealed that the higher values of the considered design parameters result
with lower CS, except for [ (Case#2). When compared to segmentation with air, the

segmentation with iron results with better FW ability. It has also been revealed that
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performance characteristics at both low- and high-speed operating regions do not
necessarily vary linearly with considered design parameters. Moreover, design
parameters, except for [, (both cases) and Npy (Air), having better performance in
low-speed region are typically in conflict with those that provide better flux-

weakening capability in high-speed region.

Table 6.2 : Comparison of the influence of design parameters on performance
characteristics.

Parameter CS MT MP FW AT
N, < > < 4 -
[, (Case#l) < > > 4 —
I, (Case#2) > 0 > 4 —
04 < 0 < 2 -
0, < < < 3 <
Ry < > < 3 4,4
B; < > < 4 >
Npp (Air) < 0 0 3 >
Npy (Iron) < < 4,3 3 >

Key-> :The higher the better. < :The lower the better.A: No direct correlation. 0: None. 1: Negligible.
2: Slight. 3: Moderate. 4: Significant.

6.4 Conclusion

A systematic analysis on the sole impact of key design parameters, including number
of turns, stack length, and six geometric rotor parameters, on the FW ability of NSW
IPM for EV applications is presented in this paper. It has been revealed that N, I
(both cases), and B, have a significant effect on the FW ability while 0, has a trivial
effect. In addition, R;;,, O, and N,,, (both cases) have a moderate effect on FW
capability. To expose the correlation between the FW capability andO, parameter,
variation of electromagnetic torque components, namely T..; and T,,,,, and inductance
components are investigated together with kgy, and ¢ ratios. In this way, the influence
of the considered design parameter on constant-power speed range is predicted at base
speed. Furthermore, except for I, (both cases) and Np,, (Air), design parameters that
provide better performance in low-speed regions usually conflict with those that have
better flux-weakening ability in high-speed regions. Certain findings achieved in this

study are specified in Table 6.2.
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7. EXPERIMENTAL VALIDATIONS

7.1 Model and Analysis of Prototyped NSW IPM

To validate the numerical and analytical calculations presented in this thesis, a globally
optimized NSW IPM prototype having the specifications given in Table A.1 (NSW-
SD) is manufactured. The FEA model of the NSW IPM machine is depicted in Figure
7.1.

Figure 7.1 : FEA Model of prototyped NSW IPM Machine.

7.2 Model and Analysis of Prototyped NSW IPM Prototype

The photos of the fabricated prototype and experimental setup are illustrated in Figure
7.2. Performed no-load, full-load, and FW test results are presented as follows. Figure
7.1(a) shows the axial length of the end-winding of the stator, Figure 7.1(b) and (c)
shows the whole stator and rotor components, respectively. The established test rig

based on the assembled prototype is shown in Figure 7.2.
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Figure 7.2 : Machine constructions: Radial view of Stator with NSWs: end-winding
axial length measurement with digital calliper, (b) Axial view of Stator with NSWs, (¢)
IPM rotor.

Figure 7.3 : Experimental setup (test rig components).
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The averaged phase resistance is measured and calculated as 0.101Q with 0.515 slot
fill factor and the one side axial length of the end-winding is calculated as 16.11mm.
However, as seen in Figure 7.1(a) it is measured as 15.27mm. This small difference is
occurred as a result of not considering the packing of the end-winding in the analytical

calculations.

The no-load back-EMF is measured for various rotor speeds ranging from 0.4krpm to
3krpm and the obtained waveforms and variation of the fundamental amplitude are
illustrated in Figure 7.3(a) and (b), respectively. In addition, the harmonic specrums
of the no-load back-EMFs measured at 0.4krpm and 1.5krpm and the obtained
waveforms and their harmonic spectra are shown in Figure 7.4. As clearly seen, the
measured back-EMFs agree well with the 2-D FEA predicted results. Note that owing
to the end-effects, manufacturing imperfections, and fabrication tolerance such as
inconsistent magnetization of PMs, the experimental results are somewhat lower than
that of the 2-D FEA predicted results. As clearly seen, the measured back-EMF agrees
well with the 2-D FEA predicted results.

The electric current loading test of the prototype has also been conducted and the
measured and predicted torque and efficiency curves agree well as illustrated in Figure
7.4. Since no cooling equipment is installed for the prototype machine, it is loaded up
to 2.5 times of its nominal current via very short period operating. Note that the current
density is 5.96 A/mm? for nominal operating condition. In addition, it has also been
demonstrated that although the prototype is loaded up to 2.5 times of its rated current,

no sign of irreversible magnet demagnetization is observed.

As seen in Figure 7.4, torque increases almost linear as the current increases whereas
the efficiency decreases. This is because the stator copper loss increases significantly
from 0.0032kW to 0.32kW with the excitation from 6.5A to 65A. In addition,
verification of the power factor cos ¢ at 0.4krpm for various phase current injection
(Apeak) is given in Table 7.1. The measured cos ¢ agrees well with the 2-D FEA
predicted results.
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Figure 7.4 : Verification of Back-EMF: (a) waveforms for various rotor speeds, (b)
variation of fundamental Back-EMF amplitude with rotor speed.
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Figure 7.5 : Comparison of predicted and measured Back-EMF: (a) waveforms for
different rotor speeds, (b) harmonic spectra of back-EMF waveforms.
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Figure 7.6 : Torque and efficiency n against current at 0.4krpm.
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Table 7.1 : Verification of power factor cos ¢ at 0.4krpm.

Is (A) FEA Meas. Is (A) FEA Meas.
6.5 0.75 0.71 26 0.67 0.64
13 0.71 0.68 52 0.56 0.53
5 2 100
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Figure 7.7 : Comparison of predicted and measured torque/speed characteristics
with simple v/f drive: (a) torque and power vs rotor speed, (b) efficiency vs rotor speed.

In order to conduct the torque-speed curve with simple v/f drive, the inverter having
48Vdc (max) and 30A (peak) has been employed. Note that no control/flux-weakening
algorithm could been employed at this stage. The obtained torque/power-speed and
efficiency curves at the constant torque operating region only have been illustrated in
Figure 7.6. It can be seen that the FEA predicted results agree well with the
measurements. Note that owing to the end-effects, manufacturing imperfections and
fabrication tolerance, the experimental results are somewhat lower than that of the 2-
D FEA predicted results.

7.3 No-Load Operating Test

The averaged phase resistance is calculated and measured as ~0.1Q with 51.5% slot
fill factor for 3-layer windings. The coil conductors having 0.7mm diameter with 4
stranded wires (0.7mmx4) have been used in the stator. The coils have been created as
to be identical by using winding wheel and assembled as to be started from the yoke
side of stator. One side axial length of the end-winding is calculated as 16.11mm and
it is measured as 15.27mm (see Fig. 25(b)). Difference with 0.84mm is occurred as a
result of not considering the inevitable bending and peening of the end-winding in the
analytical calculations. The no-load back-EMF is measured for 0.4krpm and 1.5krpm

and the obtained waveforms and harmonic spectra are illustrated in Figure 7.5. Note
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that owing to the end-effects, manufacturing imperfections, and fabrication tolerance
such as inconsistent magnetization of PMs, the experimental results are lower than that
of the 2-D FEA predicted results. As clearly seen, the measured back-EMF agrees well
with the 2-D FEA predicted results.

7.4 Electric Loading Test

The electric loading test of the prototype has also been conducted and the measured
and predicted torque and efficiency curves agree well as illustrated in Figure 7.6. Since
no additional cooling equipment except for the cooling frame is installed for the
prototype machine, it is loaded up to 2.5 times of its nominal current via very short
period operating. Note that the current density is 5.96 A/mm2 for nominal operating
condition. As seen in Fig. 27, torque increases almost linear as the current increases
whereas the efficiency decreases. This is because the stator copper loss increases
significantly from 0.0032kW to 0.32kW with the excitation from 6.5A to 65A.

7.5 Constant Torque Operating Test

Constant torque operating test has been conducted with inverter limits with 48Vrms
and 21Arms. The obtained torque/power-speed and efficiency curves at the constant
torque operating region have been illustrated in Figure 7.3. It has been deduced that
the FEA predicted results agree well with the measurements.

7.6 Flux-Weakening Test

The FW test has been conducted with inverter having the limits of 48Vrms and
18.5Arms and mechanical coupling limit of 6krpm. The predicted and measured
torque-speed and power-speed curves have been illustrated in Figure 7.8. As shown in
the figure, the MTPA control strategy is adopted below the corner speed while the FW
control is used to control the current vector when the speed exceeds the corner speed.
FW attempts to use the optimal phase current amplitude to provide the highest torque
within the voltage limit imposed by the inverter at any given speed. The predicted and
measured efficiency versus speed curves are compared in Figure 7.9. As predicted in
Section 5.1 (see Figure 7.10(d)), the maximum efficiency is achieved between 2—

5krpm speed range. It has been deduced that the FEA predicted FW performance
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results agree well with the measurements. The experimental measurements verify at
least one predicted FW performance given in Chapter 6.4, where a range of design

parameters covering also the optimal values are calculated.

Torque (Nm)

SO P N W B~ O

Figure 7.8 : Comparison of predicted and measured torque/speed characteristics
with simple v/f drive: (a) torque and power vs rotor speed, (b) efficiency vs rotor speed.
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Figure 7.9 : Comparison of predicted and measured efficiency-speed characteristic.

Note that although the FW ability of NSW IPM machine with segmented magnets is
better, rotor with unsegmented V-shaped magnets are used due to the manufacturing

difficulties and material shortage in prototyping stage.

The electromagnetic performance characteristics, including dg-axis flux linkage,
power loss coefficient, dg-axis excitation current matrices, etc, have been calculated
under steady-state simulations and the obtained matrices are adapted into the FW

algorithm presented in Chapter 6.
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Consequently, the FW algorithm, determining the MTPA for each excitation current
matrices, is employed and the FW characteristics, including power losses and
efficiency maps, illustrated in Figure 7.10 are achieved. In this study, the predicted

efficiency np of each case is calculated with (7.1),

_ Pout
Pout +Pcu+Ppm+Pcore +Padd

1 x 100 (7.1)

where P,,¢, Poorer Pruy Paaq @re output power, core loss, copper loss, PM loss due to
the eddy currents induced in PMs, and additional losses, respectively. Details about
the power loss calculations of the IPM machines having NSWs can be found in Chapter
4. As expected, P, increase with speed increasing while the P, and B,,, increase
with excitation current and hence torque increasing. On the other hand, as a
consequence of adopting of FW algorithm, the copper loss increases as a result of

increasing current value generated under the same electromagnetic torque. The
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efficiency map in Figure 7.10(d) represents the steady-state efficiency characteristics
of the NSW IPM machine for efficiencies above 45% with a DC link voltage of 48V.
The peak efficiency is 94% between about 2krpm and 4.5krpm and efficiencies above

85% are spread over a large area of the operation region.
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8. CONCLUSIONS AND FUTURE WORK

8.1 Conclusions

This thesis mainly investigates a novel winding topology characterized with low MMF
harmonic content and short end-winding length. Firstly, the current state-of-the-art of
the MMF harmonic reduction techniques for FSCW configurations, including
multilayer winding with phase shift, different number of turns per coil side (uneven
turn numbers per coil side) and stator flux barriers are investigated. Secondly, a novel
winding topology having significantly short end-windings compared to ISDWs and
substantially low MMF harmonics compared to FSCWs is developed. For the purpose
of establishing the best values of the winding parameters, including the winding layer
number, turn number combinations, and S/P combinations, their influences on air-gap
flux density and torque characteristics have been examined parametrically. In addition,
the proposed winding topology has been implemented into the IPM machines having
large and small dimensions. Thirdly, the effectiveness of the proposed winding
topology for different machine technologies, namely; IPM, SnyRM, PMaSynRM, and
DSRM have been studied by considering the influence of designing with different
winding topologies as well. Fourthly, a systematic design optimization method,
consisting of a combination of individual and global optimization methods, for IPM
machines with NSWs having large and small dimensions is developed. Finally, the
FW capability of IPM machine having NSWs is investigated with a particular
emphasis on the influence of key design parameters, including the number of turns,
stack length, and six geometric rotor parameters, on the FW ability is investigated. The
general findings and conclusions drawn from the research demonstrated in thesis are

detailed chapter by chapter as follows.
Chapter 2

A comprehensive comparative study on the electromagnetic performance
characteristics between IPM machines designed with the ISDW technique and the
FSCW technique combined with one/some of the used methods has been conducted.

In addition, thermal analyses have also been conducted by using the total loss
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distributions of the IPM machines. In this chapter, the obtained key findings can be

summarized as follows.

e The FSCW technique cause a dramatic increase in the eddy losses including

the rotor core and PM losses.

e Since the FSCW technique causes a substantially increased leakage flux

density, it generates lower averaged torque than its ISDW counterpart.

e Adopting the multilayer winding configuration increases the complexity of the
winding structure and causes to obtain lower fundamental winding factor and

consequently low torque production capability.

e Adopting the uneven number of turns per coil causes a decrease in the average
torque and a slightly decrease in PM loss, but it also leads an increase in the

efficiency. In addition, it also causes to less effective utilization of the slots.

e Adopting multilayer and phase-shifting method and using flux barriers on the
stator is not favourable in terms of average torque, output power, and

efficiency.

e It has been shown that the considered MMF reduction methods have very
limited effect on the MMF harmonics of the chosen 12S/8P combination,

which has no subharmonics.

e It has been revealed that since the large amount of MMF harmonics of the
FSCWs cause a significant increase in the total losses, the temperature of the
magnets is quite higher under the same operating condition. In addition, it has
also shown that reduction of the number of stator slots causes a remarkable

reduction at the heat dissipation area of the windings.

e The IPM machines equipped with FSCWs require more cooling equipment.

Chapter 3

The developed winding topology has been implemented into the IPM machines in
large and small power applications and the key performance characteristics have been
comprehensively compared with other IPM machines equiepped with ISDWs and

FSCWs. In this chapter, the obtained key findings are specified as follows.
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e It has been validated that thanks to the proposed NSW topology, the end-
winding lengths can be successfully shortened without increasing the MMF

harmonic content.

e The proposed NSWs do not require a special stator slot geometry. They can be
implemented into the stator of any existing electrical machine with ISDWs.

e The MMF distortion level of the proposed NSW is ~80% lower than that of
the FSCW.

e The main drawback of the NSW topology is that because of the semi-
overlapping windings it is not very suitable for automated manufacturing with

today's technology.

e Another disadvantage is that the high winding layer (3L) structure of NSW
causes a reduction in the copper fill factor due to the increase in the additional

insulation between layers of different phase windings.

e Under the same output power operating, the NSW IPM machine has 4.27%
higher efficiency and ~18.7% shorter axial length than its ISDW DL

counterpart.

e Thetorque ripple level of the IPM machine with NSWs is the same as its ISDW

counterpart.

e It has been revealed that for the IPM rotor, the FSCW topology is not feasible
for large power applications because of its quite large amount of PM loss

component.

e The poor power factor of electrical machines can be significantly improved

with extended stack length.

e The numerical studies on developing more compact IPMs with improved

performance have been successfully verified by the experiments.
Chapter 4

Severeal combinations of different rotor and winding topologies have been designed
and the obtained electromagnetic performance results have been compared

comprehensively and the obtained key findings are summarised as follows.
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It is validated that the electromagnetic performance characteristics of the IPM,
SynRM, PMaSynRM, and DSRM with the proposed NSW topology are
comparable to design with ISDW and FSCW topologies.

Implementation of NSWs into the considered machine technologies results
with:
o Significantly improved efficiency over ISDWs.
o Substantially shortened end-winding axial and radial lengths over ISDWs.
o Lower rotor losses, particularly PM losses over ISDWs and FSCWs.
o Lower risk of irreversible demagnetisation of PMs over ISDWs and FSCWs.
o Higher torque density over ISDWs and FSCW for all reluctance machines.

o Higher output power over FSCWs for all reluctance machines.

Since the lower winding factor is compensated by higher reluctance torque
component of NSWs, it does not require a greater number of turns compared
to FSCWs.

The highest torque/power density can be achieved by utilising IPM rotor.

Chapter 5

In order to determine the optimization parameters and constrains for reaching the

optimal solution quickly, sensitivity analyses have been conducted. The most

dominant parameters effecting the electromagnetic torque, copper loss, and torque

ripple have been determined. Furthermore, optimization parameters and objectives and

their weights have been justified for multi-objective global optimization of NSW IPM.

Moreover, a comprehensive electromagnetic performance comparison between
original (Toyota Prius 2010 IPM having ISDWs), initial (having NSWs), and globally
optimized (having NSW) designs have been presented. The key findings obtained

successfully within the framework are summarized as follows.

It has been revealed that among a large number of design parameters, split
ratio, stator tooth width ratio bs, stator slot height, rotor outer bridge width
between flux barriers, rotor inner bridge radius, flux barrier thickness, rotor
inner bridge width between flux barriers, height of flux barriers, magnetwidth,
and magnet thickness have been determined as the most dominant geometric

parameters effecting the average torque.
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e Stator slot opening width ratio, stator slot opening height ratio, rotor outer
bridge width between flux barriers, and rotor inner bridge radius parameters
have been determined as the most dominant geometric parameters effecting the

torque ripple rate.

e Thanks to the global optimization, time-averaged torque and output power are
increased by 8.6%, torque ripple is decreased by 21.32%, and the efficiency is

increased by 1.45% according to initial design.

e The reliability and effectiveness of the proposed optimization approach is

validated over large and small IPM machines.
Chapter 6

The FW capability of IPM machine with NSWs and the influence of design parameters
on performance characteristics including, corner speed, maximum torque, maximum
power, overall FW ability and torque ripple, are investigated and compared in this

chapter. The key findings of this study have been summarized as follows.

e It has been revealed that number of tursn, stack length, and width of main
magnetic bridge have a significant effect on the FW ability while distance

between V-shape magnets has a trivial effect.

e The radius between A magnets, distance between shaft and V-shape magnets,

and number of magnet segmets have a moderate effect on FW capability.

e It is found that except for stack length and number of segment parameters,
design parameters that provide better performance in low-speed regions

usually conflict with those that have better FW ability in high-speed regions.

8.2 Future Work

Although several research on single-excited synchronous machines having NSWs
have been carried out in this thesis, there are still potential directions for developing

this study furher, such as:

e It is planned to study on the improvement of IPM machines by using the several

different other methods summarized as follows.
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¢ Investigation of different S/P combinations having both subharmonics and
superharmonics (i.e. 9S/8P);

+¢ Influence of considered MMF reduction methods on the electric loading
capability of the IPM machines;

¢ Improvement of reluctance torque by optimizing the rotor's design parameters
(number and shape of flux barriers, PM diamensions and positions, etc.);

+* Investigation of magnet shape optimization (PM layers, dimension, angles,
etc);

+¢ Investigation of different rotor topologies (U-shape, V-Shape, W-shape, etc.).
Feasibility analyses of implementing proposed NSW topology into the other

machine technologies including the induction machines and machines having

outer rotor structures.

Investigation of the interaction among design parameters (crosseffects between
design variables) and feasibility analyses of employing NSW topology into the
PMSMs with outer rotors.

Anayses of thermal, mechanical stress, and fault diagnosis of IPM machine

designed with the proposed NSW topology.

Electromagnetic field and performance analysis of IPM machine designed with
the proposed NSW topology by 3-D FEA.
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APPENDIX A

The 2-D cross-sections and main specifications of the Toyota Prius 2010 IPM machine
(ISDW) and its FSCW counterpart, analyzed in Chapter 2, are presented in Figure A.1
and A.2 and Table A.1.
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Figure A.2 : BH curve of the W330_35 material.
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Table A.1 : Parameters of analysed IPM machines in Chapter 2.

Parameter ISDW FSCW Unit
Peak power 60 kwW
Peak torque 240 Nm
Max. speed 13500 rpm
Rated speed 1000 rpm
Voltage range (DC) 200-650 \/
Max. phase current (peak) 236 A
Pole number 8 -
Slot number 48 12 -
Number of turns per coil 11 26 -
Coil pitch 5 1 -
Air-gap length 0.73 mm
Stack length 50.8 mm
Stator outer diameter 264 mm
Stator inner diameter 161.9 mm
Rotor outer diameter 160.44 mm
Rotor inner diameter 51 mm
Lamination thickness 0.305 mm
Slot depth 30.9 27.9 mm
Tooth width 7.55 32.8 mm
Slot opening 1.88 8 mm
Tooth tip height 0.85 2 mm
PM width 17.88 mm
PM Thickness 7.16 mm
Permeability 1.05 Hm?
Conductivity 625000 s/m
Coercivity -805399.8 A/m
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APPENDIX B

The main specifications of the designed IPM machines with small (SD) and large
(LD=Toyota Prius 2010) dimensions are listed in Table B.1. The geometric dimensions
of the IPM machines designed in this study (except for the original Toyota Prius 2010
IPM machine) have been globally optimized by adopting Genetic Algorithm for
maximum average torque by keeping the current density, slot fill factor, outer
diameter, stack length, air-gap length, and PM volume constant (same as the Toyota
Prius 2010 IPM machine).

Table B.1 : Parameters of analysed IPM machines in Chapter 3.

IPM Mach. ISDW FSCW NSW

Parameter SD LD SD LD SD¢ LD
Peak current (A) 26 236 26 236 26 236
Rated Speed (rpm) 400 1000 400 1000 400 1000
Slot number 24 48 6 12 24 48
Pole number 4 8 4 8 4 8
Number of turns per phase 96 88 96 100 96 88
Number of strands per wire 1 12 1 12 1 12
Coil pitch 5 5 1 1 5/3/1  5/3/1
Stack length 50 50.8 50 50.8 50 50.8
Stator outer dia. 124 264 124 264 124 264
Split ratio 0.602 0.613 0.59 0.635 0.602 0.613
Air-gap length 0.5 0.73 0.5 0.73 0.5 0.73
Shaft dia. 35 51 35 51 35 51
Slot depth 9.2 26.75 5.2 26.75 9.2  26.75
Slot tip height 0.7 0.85 0.7 0.85 0.7 0.85
Tooth width 6.063 7.526 2213 30.02 6.063 7.526
Slot opening width 1.8 1.9 3 7.6 1.8 1.9
PM width 175 17.88 17.5 1788 175 17.88
PM thickness 2 7.16 2 7.16 2 7.16
PM Material N35UH_80C N35UH_80C N35UH_80C
PM Remanence (T) 121 1.05 1.21 1.05 121 1.05
PM Coercive force (KA/m) -905  -932 -905 -932 905  -932
Iron lamination M270 Steel M270  Steel M270 Steel

*All dimensions are in mm. NSW (S) is the prototyped IPM machine.
SPrototyped machine.
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APPENDIX C
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Figure C.1 : Winding layour of 24S/4P (3L) NSW.
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Figure C.3 : Winding configuration with slot numbers and winding polarizations.
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APPENDIX D

Initially, the machines are modelled in the dq plane and all the analyses done for dg model
of the machine. To be able to simplify the model and obtain the analysis results a bit faster,
current is directly injected to the stator windings. Since the current source is used for the
excitation source for the designed IPM machines, it is purely sinusoidal as illustrated in
Fig. A.1. However, the distortions of the excitation can also be observed from the back-

EMF (namely induced phase voltage) waveforms illustrated in Fig. 13, Fig. 14, and Fig.
23 in Chapter 2.
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Figure D.1. Injected stator currents for LD and SD IPM machines: (a) Phase ABC
current waveform for LD, (b) Stator dq currents for LD, (c) Phase ABC current
waveform for SD, (d) Stator dq currents for SD, (e¢) Harmonic spectrum of (a) for
LD, (f) Harmonic spectrum of (c) for SD.
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APPENDIX E

It has been explained previously that there is not a simple explanation revealing the
difference between the power factors of different machine topologies since the power
factor is affected by a large number of design and operating parameters. The variation
of the power factor in different designs at the fixed operating conditions (operating
with the same rotor speed, excitation current, etc.) could be as a consequence of:

e Difference in magnetic circuit elements, particularly in leakage reluctances,
leakage flux levels, and winding reactance;

o Different saturation levels of magnetic cores of different machines;

e Difference in flux linkage/air-gap flux density;

¢ Different number of turns and/or back-EMF magnitude;

e Different electromagnetic torque and hence output power;

¢ Different inductance magnitude and fundamental harmonic orders;

o Different phase resistance and phase current levels;

o Different power loss and efficiency levels of different machines.

The power factor cos ¢ of the designed machines have been calculated by using the
expression given in (E.1), where P,,; is output power, E, is the back-EMF
fundamental amplitude, I is the rms stator current, R,pqs. IS the stator phase
resistance, R is the equivalent iron core loss resistance, 1. is the core loss current and
n is the efficiency.

Pout
3(EO + Isthase + IcRc)Isn

cos @ = (E.1)

The calculated power factors have been given in Table 2.5 (in Chapter 2) for LD (large
power) machines and SD (small power) machines in Table 2.7 (in Chapter 2).

As clearly seen in equation (C1), the direct proportion between power factor and output
power while there is an inverse proportion between power factor and the summation
of terminal voltage and voltage drop due to magnetic circuit parameters, multiplied by
phase current and efficiency. Please not that, to be able to simplify the explanations,
the contribution of IR, has not been investigated in here because of it is negligibly
low value when compared to level of E, + IR,pqse. HOWeVer, its contribution is

included in the calculations for more accurate power factor values.

The key parameters affecting the power factor is summarized in Table E.1. for all
considered IPMs. Please not that Table E.1. is created from the data taken from Table
2.4, 2.5, and 2.7 of the manuscript. The abbreviation Incr. indicates the increase of
related parameter in percentage. Now, it can be clearly seen that the larger and longer
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machines have higher output power and higher power factor while small machines
have lower power factor. Therefore, it can be expected that the higher power factor
can be achievable with higher output power but lower phase resistance and lower back-
EMF amplitude. Also, this direct correlation can easily be observed from Table E.1.

Table E.1. Parameters of power factor and their variation with stack length.

IPM Lstack Incr. Ryhase Incr. Poue Incr. n Incr. Eq Incr. Lq Incr. cos Incr.
(mm) | (%) ©) (%) (kw) (%) (%) (%) () (%) Ly (%) )
ISDW SL 50.8 0.101 25.057 78.706 128.13 151 0.82
ISDW DL 50.8 0.084 24.381 81.051 122.82 119 0.78
. FSCW 50.8 0.074 24.739 77.544 145.98 0.93 0.73
o)
= | FSCW(L) 58.5 B 0.08 e 40.064 ke 81.562 ik 168.11 Sl 118 B 0.95 gl
NSW 50.8 0.079 25.025 82.231 108.6 1.73 0.89
NSW(L) 56 | %% | ooss | 3% | 35230 | %82 | gsear | *° 11071 | 0% | 182 | %2 | 097 | °
. ISDW DL 50 0.1682 0.216 74.814 21.907 0.65 0.67
ia FSCW 50 0.1062 0.197 81.895 20.487 0.83 0.69
NSW 50 0.1354 0.195 78.008 18.822 0.67 0.68
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Figure E.1. Approximate power factors®: (a) Approximate power factors of NEMA
Class B three-phase 60-Hz induction motors, (b) Power factors of standard class B
induction machines corresponding to (a).

Furthermore, it can be seen that the power levels of IPMs with SDs and LDs are quite
different. As clearly shown in Figure E.1 and E.2, the higher the output power rate, the
higher the power factor. This is mainly because of the fact that the IPMs having SDs
have higher phase reactance and hence require much more magnetizing current
[Ch2/42], [Ch2/48]. Moreover, it has been reported in Chapter 2 that a high inductance

ratio (L4/L,) leads to a small current angle, and thus to a small load angle and a good

® P. Pillay, “Applying energy-efficient motors in the petrochemical industry,” IEEE Industry
Applications Magazine, vol. 3, no. 1, January/February 1997, 32-40.
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power factor. As a consequence, the higher the L,, the lower the current need to
magnetize the d-axis, and the better the power factor. This finding is also validated in

Table R.1. As clearly seen, the higher the L, /L, ratio, the higher the power factor.
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Figure E.2. Power factor of a synchronous reluctance machine as a function of
current angle and load angle at various inductance ratios. The values are calculated
for a 30kW, four-pole, 50 Hz machine. The impractical Ld/Lq = 50 is indicated in the
figure only for academic interest [Ch2/42] (pp-401-403).
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APPENDIX F

In order to make a much fairer comparison, the combinations having no sub-harmonics
have been chosen. Because, as known very well, the higher the MMF harmonic
content, the higher the rotor losses, particularly PM loss. Although the 12S/10P
combination has very high fundamental winding factor, it has both sub- and super-
harmonics with very high amplitudes (please see Figure F.1). On the other hand, since
q =0.5 families show competitive results to the families g¢q >
1 (any integer number) in terms of MMF harmonic content, 6S/4P combination has
been selected. Alternatively, again in order to make a fair analysis, 4P combinations
have been chosen for all considered machines. If the pole number is not fixed, then the
comparison results will not be very fair because of significantly chancing winding
factor, inductance, reluctance, etc. By keeping the pole number at the same, these
factors have been limited considerably.

Another reason is that because of the low budget of the project, only a small prototype
can be built. Therefore, for such a small dimension, it is not very feasible to use high
pole number combinations for especially ISDW and NSW topologies, i.e. for 10-pole
counterparts of ISDW and NSW topologies, at least 60-stator slots are required for 5-
coil pitch (even short slot pitch). However, in order to verify the information given
above, IPM having 12S10P, 15S10P (which is non-sub-harmonic counterpart of 10P
family), and 6S4P have been designed by using exactly the same geometric and
operating parameters and the obtained characteristics have been comprehensively
compared for your consideration. Note that all the considered IPMs are optimized by
using the same method presented in the major revised paper. The obtained key
performance characteristics, including winding factor and MMF harmonic spectra,
back-EMF, air-gap flux density, flux-line and flux density distributions,
electromagnetic torque, and efficiency have been illustrated from Figure F.1 to F.5.

As clearly seen from Figure F.1, although the 12S10P has higher fundamental winding
factor and MMF amplitude, its order and level of winding factor and MMF harmonics
are significantly higher than those of 15S10P and 6S4P. The MMF THD level is close
to almost 100% (please see also the higher order MMF harmonics in Figure F.2).
Therefore, it can be predicted that these rich harmonics of 12S10P combination will
cause a significant increase in the level of rotor losses, particularly PM loss
component.

The 2D geometries and flux density and flux line distributions of the designed IPMs
are illustrated in Figure F.3. As clearly seen, there are some local saturations,
particularly stator toot tip and rotor flux bridge parts. Figure F.4 presents the key
electromagnetic performance characteristics including back-EMF, air-gap flux
density, dg-axes inductances, and torque. As can be seen, the distortion level of the
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10P combinations are lower than that of the 6P. This is due to the reduced effect of
slotting. On the other hand, considering the peak to peak variation of dg-axis
inductances, it can be concluded that the saturation level of 4P IPM is higher than the
others. As expected, under the same number of turns per phase and phase current
amplitude, the time averaged torque of 12S10P IPM is the highest due to its higher
fundamental winding factor (see Fig. D.1(b) and Fig. D.4(f)). On the other hand,
although the 15S10P and 6S4P has the same fundamental winding factor amplitude,
15S10P has higher torque. This is because of its lower saturation level and
consequently higher reluctance toque component.
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Figure. F.1 : Winding factor and MMF harmonic comparison for different S/P
combinations: (a) Comparison of winding factor harmonics; (b) Comparison of
MMF harmonics.
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Figure F.2 : High order MMF harmonics of different S/P combinations
(a) 12S10P; (b) 15S10P; (c) 6S4P.

Finally, the power losses and efficiency of the IPMs are illustrated in Fig. D.5. Since
the same number of turns, slot fill factor, and current density is assigned for all the
machines, their copper losses are similar. However, since the 10P combinations have
shorter end-winding lengths, they have lower end-winding copper losses. It is obvious
that the 12S10P has the highest core and PM losses due to its high MMF harmonic
content. Note that, 10P combinations have 20 pieces of PMs while 4P combination has
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8 pieces only. Therefore, the eddy current amplitude in the PMs of the 6S4P IPM is
2.5 times higher than that of 15S10P IPM. That is why no sub-harmonic counter part
of 12S10P combination, which is 15S10P, is considered in the analyses. As clearly
seen in Figure F.5(b), under the same amount of PM pieces, the 15S10P IPM has
significantly low PM loss than that of 12S10P IPM. As a result, the high PM loss of
6S4P is not due to the MMF harmonics, it is a consequence of low piece of PMs. In
conclusion, although the output power of the 15S10P IPM is quite lower than that of
12S10P, it has higher efficiency due to lower PM loss.

Figure F.3 : Flux density and flux line distributions of IPMs having different S/P
combinations.
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(e) dg-axis inductance waveform; (f) Electromagnetic waveform.
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APPENDIX G

The order of the torque ripple is related to the interaction between the stator slot
number and pole number. The order of the torque ripple O, can be predicted by using
(G.1) as follows.

S
Opr = — - for ISDW and NSW
p (G.1)

Opr = S — for FSCW

where S is the slot number and p is the pole pair number. As clearly seen in Figure G.1
(which is the zoomed version of Fig, 16 in the manuscript), the torque ripple order of
the machines with ISDW and NSWs are 12 (360° Elec. Deg.) while it is 6 for FSCW.
This is because of the fact that the FSCW has one phase winding per tooth while others
have not. If Figure G.1 is investigated closely, it can be revealed that the expressions
in (G.1) are consistent.
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Figure G.1 : Variation of torque T, with respect to rotor position.
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APPENDIX H

It is a fact that the proposed winding topology is difficult to manufacture because of
its different number of turns per coil arms. Some other key disadvantages of the NSWs
over FSCWs are given as follows.

Slightly lower winding factor than ISDW and FSCW counterparts: requires
slightly a greater number of turns to generate the same amount of torque with
its ISDW and FSCW counterparts under the same amount of phase current
excitation. However, due to higher reluctance torque component of the NSW,
it can generate higher electromagnetic torque than its FSCW counterpart.

Difficulty in manufacturing: Increased manufacturing process time and cost

Nevertheless, as presented in Chapter 3, the disadvantages of similar winding
topologies presented in [35]-[38] of Chapter 3 and summarized as follows have been
eliminated successfully thanks to the proposed NSW topology.

Fairly low (usually <0.63) fundamental winding factor (the proposed NSW has
minimum 0.834);

the number of turns between the winding sets are restricted to a constant rate,
otherwise it is impossible to cancel/reduce the MMF harmonic content;

half of the stator slots have not been fully filled causing to obtain quite low
torque/power density and efficiency.

In addition, the winding layout of the NSW seems to be comparable to a conventional
winding layout known as “concentric winding”’-8-° as shown in Figure H.1. The
differences are: (i) different number of turns per coil arm; (ii) only some coils are over-
lapped i.e. for 12-coils winding, only 2-coils are overlapped.

" Buksnaitis, J.J.: 'Sinusoidal three-phase windings of electric machines'. (Springer Press, Cham,
Switzerland, 2016)

8 Pyrhonen, J., Jokinen, T., Hrabovcova, V.: 'Design of rotating electrical machines' (Wiley and Sons
Ltd., West Sussex, 2007, 2nd edn. 2013)

® Hendershot, J.R., T.J.E. Miller: 'Design of brushless permanent-magnet machines' (Motor Design
Book LLC, Florida, 2010)
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APPENDIX |

The slot fill factor is copper packing factor. In other words, it indicates the occupancy
rate of stator slots. A winding topology with high slot fill factor is favourable due to
its tremendous advantages over winding topologies with low slot fill factor, such as
high-power density or improved efficiency, high torque density, etc. However,
achieving high slot fill factor is not easy since it requires segmented stator structure
and prepressed windings.

One of the key advantages of FSCW (non-overlapping winding) is the ability to
achieve significantly higher copper slot fill factor (compared to conventional
laminated stator structures) if coupled with segmented stator structures particularly if
the windings are prepressed %11, This can have a significant impact on the machine
power density. Jack et al.” reported a significantly high slot fill factor (ratio of copper
area to total slot area) of ~78% by using 450MPa pressed preformed windings known
as “soft magnetic composite (SMC) structures”, as shown in Fig. G.1. Furthermore,
Akita et al. reported a 75% slot fill factor using a “joint-lapped core” (please see Fig.
G.2). On the other hand, as a natural consequence of overlapping between the phase
coils of ISDWs, it is neither possible to use prepressed coils nor segmented stator
structures.

In Chapter 3, it is reported that compared to the FSCW configurations, the integer-slot
distributed winding (ISDW) configurations have lower copper packing (fill) factor
since prepressed windings with segmented stator structures cannot be used, and have
longer end-winding length, higher cogging torque, and less fault tolerant owing to
higher mutual inductance and winding overlapping.

As presented in Chapter 3, the slot fill factor of NSW topology is moderate when
compared to overlapping and non-overlapping windings. For NSW topology, a high
slot fill factor is required due to the increased winging layer and hence phase winding
insulation material. As can be seen from Figure 1.1, the proposed NSW topology has
3 winding layers. Therefore, it requires more fill factor that that of ISDWs (considering
both windings having the same number of turns per coil will be placed into same stator
slot). However, since a large number of windings coils are non-overlapping, partly
prepressed windings can be used. Therefore, a higher slot fill factor according to
overlapping windings can be achieved as evidenced from the prototype. We achieved
51.5% fill factor.

10 EL-Refaie, A.M.: ‘Fractional-slot concentrated-windings synchronous permanent magnet machines:
opportunities and challenges’, IEEE Trans. Ind. Electron., 2010, 57, (1), 107-121

11 Tangudu, J.K., Jahns, T.M.: ‘Comparison of interior PM machines with concentrated and distributed
stator windings for traction applications’. IEEE Vehicle Power Propulsion Conf. (VPPC'l 1), Chicago,
2011, 1-8
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(a) Coil sections: Pressing trial results (b) Manufactured core components and coil

Figure 1.1 : Segmented stator structure with coil sections and stator core components
and coils 2,

(@) Cross section of a joint-lapped core
machine

Figure 1.2 : Joint-lapped stator structure with pressed coils and stator components 3.

(b) Joint-lapped core after winding

12 Jack, A.G., et al:, 'Permanent magnet machines with powdered iron cores and pre-pressed windings'.
IEEE Ind. Appl. Conf. Thirty-Forth IAS Annual Meeting, Phoenix, 1999, 97-103. doi:
10.1109/1AS.1999.799934

13 Akita, H., Nakahara, Y., Miyake, N., Oikawa, T.: 'New core structure and manufacturing method for
high efficiency of permanent magnet motors'. 38th IAS Annual Meeting of Ind. Appl. Conf., Salt Lake
City 2003, 367-372. doi: 10.1109/1AS.2003.1257527
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APPENDIX J
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Figure J.1 : Oscilloscope screen shots under no-load operating for different speeds.
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Figure J.2 : Back-EMF waveform comparison for different speed at no-load
operating condition.
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APPENDIX K

The considered design parameters are chosen as a result of experience gained through
numerous investigations and comprehensive literature presented in Chapter 5. On the
other hand, following table is created for simply clarifying the unconsidered
parameters and reasons underlaying.

Table K.1 : Unconsidered parameters and underlying causes

Parameter Reason

Stator outer diameter °

It will affect the complete behaviour of the
machine as being in influence of number of turns
and stack length (see Figure 5.6). It can be
predicted that the higher the stator outer diameter,
the Dbetter the electromagnetic performance
characteristics;

The individual effect of stator outer diameter
cannot be investigated since it will affect all the
geometrical parameters.

Stator slot geometry o

Considering the number of turns, current density,
and magnetic saturation level, very limited range
can be investigated;

Effects too many design parameters such as
number of turns, phase voltage and current, slot fill
factor, current density, slotting effect, etc.

Shaft diameter °

It is determined by the mechanical constrains;
Trivial effect can be predicted.

Air-gap length o

It will affect the complete behaviour of the
machine as being in stack length (see Figure 5.6);
Limited by mechanical constraints.

Minimum value is determined by mechanical
constraints;

Maximum value causes a significant amount of
leakage flux; hence a poor performance can be
predicted.

It has similar effect with B, parameter.

Considering the dimensions of PMs (which fixed
for all analyses), very limited range can be
investigated;

It can be predicted that the large values can cause
a significant increase in the level of flux leakage
and consequently increases the saturation level of
rotor.
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