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A PERFORMANCE IMPROVEMENT STUDY OF A PERMANENT-
MAGNET ASSISTED SYNCHRONOUS MOTOR USED IN WASHERS

SUMMARY

Everyday more, synchronous reluctance motors are becoming one of the most
preferred type of electric motors used in different applications. Their simple, light
and easily maintainable rotor structure have made many researches to continue their
work on the optimization of the nowadays synchronous reluctance motors. Another
issue considered in the area of motor design, is the use of permanent magnets in
these motors. Such modification of synchronous reluctance machines has changed
their performance drastically, resulting in another type of electric motor nowadays
called as permanent magnet assisted synchronous reluctance motor. Permanent
magnet assisted synchronous reluctance motors have become the comparable
reluctance motors to the conventional induction and brushless DC motors, if not even
replacing them in several industrial and home appliances.

The complete structure of synchronous reluctance motors and permanent magnet
assisted ones (PMaSynRM), is composed of a multiphase stator, similar to those of
induction or permanent magnet synchronous motors. All of their advantages over
other motors come from the special rotor structure, having no windings and simple
structure. The special rotor structure includes flux barriers that guide the magnetic
flux coming from the stator to flow from one to another pole of the rotor. Such flux
guidance is possible due to the reluctance difference in different axes of the rotor.
The low reluctance axis is called as the direct or d-axis, whereas the high reluctance
axis is called as quadrature or g-axis. When currents flow in the stator, the magnetic
flux coming into the rotor tends to pass through minimum reluctance, thus it tries to
align the rotor axes accordingly. Thus, a rotating magnetic field induces a constant
torque on the rotor trying to align by following it at the same rotating speed. The
main purpose of the flux barriers is actually the minimization of reluctance in the d-
axis and maximization of the reluctance in the g-axis. The inductance values on these
axes would be vice-versa, meaning the d-axis inductance should be as high as
possible, whereas the g-axis inductance should be as low as possible. In literature,
there are many methods presented related to the optimization of inductance values of
the synchronous reluctance motors. One way of doing this, is the positioning of
permanent magnets inside the flux barriers in such way that they will decrease the g-
axis inductance by opposing the flux on this axis, whereas they will increase the d-
axis inductance by supporting the flux on this axis. Increasing the difference between
the d- and g-axis inductances means that the motor of the same size will be able to
induce larger torque than that without permanent magnets. Permanent magnets inside
the flux barriers are placed in different configurations and sizes. The location of
magnets and many other parameters related to the rotor design, including number of
flux barriers and size of the segments are optimized when the performance of
permanent magnet synchronous reluctance motor is to be improved. On the stator
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size, number of slots, slot shape and tooth shape are the parameters that are change
during optimization of synchronous reluctance machines.

On this thesis, the washer’s sample motor taken from another thesis, is further
optimized to get better performance on both washing and spinning mode operations.
The optimization work is started with the decrease of the air-gap length without
increasing the torque ripple too much. The effect of the distance between third rotor
barriers is also observed to see whether the desired performance is possible with
lower magnet volume compared to the sample motor. After the air-gap and the
magnet location is defined, having in consideration the maximum slot fill factor, the
stator yoke and tooth optimization is done such that the magnetic flux density in
these parts remains under pre-defined limits. When general dimensions of the stator
are defined, detailed optimization of the stator slot including slot shape, slot opening
height and width are done to see whether they have effect on the performance of the
motor. All of the analysis are simulated using finite element method solving software
Maxwell 2D. After the optimized prototype is selected, it is produced and tested
according to several electrical motor standards. Further, its thermal analysis is
performed using Motor-CAD, and then compared to that of the sample motor to see
the thermal advantages of the new prototype. Mechanical analysis of both the
optimized prototype and the sample motor are performed in ANSY'S Static Structural
module to see the mechanical integrity of the rotor at high speed spinning mode
operations.
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KALICI MIKNATIS DESTEKLiI SENKRON RELUKTANS MOTORLARDA
PERFORMANS ARTIRMAYA YONELIK BIR CALISMA

OZET

Elektrik motorlart kullanan farkli endiistriyel uygulamalar ve ev gerecleri giin
gectikce daha yiiksek performansa sahip ve daha verimli motorlara ihtiyag
duymaktadir. Bu ihtiyag, yliksek verimli ve yiiksek performansli motor tasarimi
konusunu, tiim diinyada yaygin bir arastirma konusu haline getirmistir. Giinlimiizde
bir ¢ok cesit elektrik makinesi gorece yliksek verimlerde isletilebilmektedir. Dolayis1
ile yenilik¢i ve daha yiiksek verimli makine tasarimi, tasarim miihendisleri igin giin
gectikce daha zor ve caba gerektiren bir konu olmustur. Bu tip yenilik¢i ve yliksek
performans hedeflerine sahip ¢alismalarda en sik rastlanan motorlardan biri senkron
reliiktans motorlaridir. Senkron reliiktans motorlari, bir ¢ok uygulamada en ¢ok
tercih edilen motorlardan biri haline gelmektedir. Senkron reliiktans motorlarin
diger motorlardan ayiran basit, hafif ve bakim gerektirmeyen rotor yapist;
arastirmacilart bu motorlarin rotorlar tizerine bir ¢ok eniyileme yapmaya itmistir.
Senkron Reliiktans Motorlarinin Jaroslav Kostko tarafindan 1923’de tanitilmasindan
itibaren gecen siirede motorun hem stator hem rotor yapisinin iyilestirilmesi hem de
performansinin artirilmasina dair {lizerine sayisiz ¢alisma literatiire kazandirilmustir.
Bu eniyilemeler motorun ¢esitli tiplerde ¢ikik rotor yapilari, laminasyon tipleri, farkli
aki bariyeri tasarimlar1 vb. gibi konular1 kapsamaktadir. Bunlarla beraber Senkron
Reliiktans Motoru eniyilemesinde karsilasilan bir diger konu ise siirekli
miknatislardir. Senkron reliiktans motorlarina yapilan siirekli miknatis eklemesi,
performans lizerinde c¢ok ciddi bir etki yaratmis ve bugiinlerde karsimiza ¢ikan
Siirekli Miknatis Destekli  Senkron Reliiktans Motorlarin1  (PMaSynRM)
olusturmustur. PMaSYnRM’ler belirli endiistriyel ve ev geregleri uygulamalarinda
asenkron motorlar, PMSM ve BLDC’lerin yerini almanin yaninda, bu motorlara tiim
uygulamalar i¢in ¢ok ciddi bir alternatif olmustur. PMaSynRM’ler sozii edilen bu
motorlara kiyasla, iletken kaybindan yoksun bir rotor, ¢ok daha diisiik miknatis
hacmi, firca kolektoér sisteminin olmamasi gibi bir ¢ok avantaji beraberinde
getirdiginden daha verimli, bakimi az ve iretimi kolay motorlar olarak 6ne
¢ikmaktadirlar.

Senkron Reliiktans ve Miknatis Destekli Senkron Reliiktans Motorlarinin yapisi, ¢ok
fazli bir statordan ve igerisinde herhangi bir uyarma sargis1 bulunmayan bir rotordan
olusmaktadir. Stator yapisi, sikca karsilastirildigi asenkron, senkron ve stirekli
miknatislt senkron motorlar gibi bir¢ok motor ile aynidir. Tiim avantajlari igerisinde
iletken barindirmayan ve basit bir yapiya sahip rotorundan ileri gelmektedir. Bu 6zel
rotor yapist, statordan gelen manyetik akiya yol verecek aki bariyerlerine sahiptir. Bu
akiya yon verme davranis1 farkli eksenlerde farkli reliiktanslara sahip yollar fiziksel
olarak olusturarak moment indiikleyecek reliiktans farkim yaratir. Diisiik reliiktansa
sahip yol {izerine d-ekseni ve yliksek reliiktansa sahip yol iizerine ise g-ekseni adi
verilmektedir. Stator sargilari igerisinden akimlar akmaya basladiginda, stator
alanindan gelen aki diisiik reliiktans yollarini izleme egilimi gosterecek ve rotorun
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diisiik reliiktans eksenini stator alanini ekseni iizerine getirecek sekilde bir moment
indiikleyecektir. Dolayisi ile stator tarafinda olusturulan bir doner alan, rotoru da
stirekli olarak ayni hizda donmeye zorlayacaktir. Bu agidan aki bariyerlerinin amaci,
g-ckseni tizerindeki reliiktans1 en yiiksek ve d-ekseni tizerindeki reliiktansi da en
diisiik yapmaktir. Bu yollar iizerindeki indiiktans degerleri de tam tersi olacak ve d-
ekseni indiiktansi, g-ekseni indiiktansindan biiyiik olacaktir. Performans bazinda ise
bu indiiktans farki arttikga, indiiklenen moment de artacaktir. Dolayisi ile eksenler
aras1 indiiktans farkinin, tasarim siirecinde olabilecek en biiyiik degerlere getirilmesi
hedeflenmektedir. Bu indiiktans farki beraberinde iki Onemli tasarim Kkriterini
getirmektedir. Bu tasarim kriterlerinden biri ¢ikiklik orani olarak adlandirilan Ld/Lq
orani, digeri ise indiiktans farki (Ld-Lq)’dur. Bu iki Kriteri; bir senkron reliiktans
motorunun performansimni belirleyen en kritik iki parametredir. Indiiktans farki
indiiklenecek maksimum momenti belirlerken ¢ikiklik oranmi da isletmedeki en
yiiksek gii¢ faktorii lizerinde belirleyici rol oynar. Literatiir incelendiginde, ayni
geometri i¢in bu iki parametrenin eniyilemesine dair birgok ¢alisma goriilebilir. Bu
caligmalar incelendiginde indiiktans farkindan dogan bu iki tasarim parametresi
iizerine etkisi olan tasarim kriterlerinden en 6nemlileri aki bariyeri sayisi, aki bariyeri
genisligi ve sekli ve demir boliit genislikleridir. Siirekli Miknatis Destekli Senkron
Reliiktans Motorlarinda ise bu indiiktans farkini artirmanin yolu, bu parametrelerin
eniyilemesinin yaninda, miknatislar1 statordan gelen g-ekseni uyarmasini azaltici
sekilde ve d-ekseni akisini destekleyici sekilde aki bariyerleri igerisine
yerlestirmektir. Bu yontemlerle d ve q-ekseni indiiktans farkini artirmak, ayni
boyuttaki bir miknatissiz bir motora kiyasla daha yiiksek moment elde edilebilecegi
anlamina gelmektedir. Siirekli miknatislar1 aki bariyerleri igerisine yerlestirme
sirasinda miknatislarin aki bariyeri igerisindeki konumu ve hacimleri, motor
performanst iizerine biiyiikk etkide bulunur. Elde edilebilecek tiim miknatis
kombinasyonlar1 arasindan miknatislart mile yakin yerlestirmek, hem goreceli olarak
daha iyi bir performans vermekte hem de miknatis yerlesim siirecini
kolaylastirmaktadir. Stator tarafinda ise oluk sayisi, oluk ve dis sekli, SynRM
eniyilemeleri sirasinda {izerinde durulan parametrelerdir. Fakat stator tarafi
eniyilemelerinin performansa etkisi rotor tarafi eniyilemelerinin etkisi kadar belirgin
olmamaktadir. Tiim bu avantajlarinin yaninda, PMaSynRM’lerin dezavantajlarindan
da bahsetmek gerekir. Bu dezavantajlarinin en onemli iki tanesi isletme sirasindaki
moment titresimi ve karmagsik kontrol sistemi gereksinimleridir. Bu motorlardaki
moment titresimi, aki1 bariyerli ve bdliitlii rotorun, stator disleri altindan gegisinde
olusan ve hiza bagh frekansla degisen farkli relilktans yollarindan
kaynaklanmaktadir. Bu yollardaki reliiktans degisimleri isletme sirasinda indiiklenen
momentin anlik degisimlerine yol acarak moment titresimlerine sebep olmaktadir.
Bu moment titresimleri ise yliksek hizlarda daha belirgin olmakta ve motorun
mekanik titresimine ve akustik giiriiltilye sebep olmaktadir. Moment tiresimini
azaltmak icin bir¢ok ¢alisma yapilmistir. Bu ¢alismalardan en etkili sonucu veren
stator oluk sayisinin ve rotor aki bariyeri sayisinin belirli kombinasyonlara goére
secilmesidir. PMaSynRM’lerin kontrolleri tarafindaki dezavantaji degisken frekansh
bir evirici sistemi gereksinimidir. Bu motorlar; dogrudan sebekeden kalkis
yapamamakta, konum algilayicisi ve degisken frekansli eviriciler ile kalkis
yapabilmekte ve isletmede kalabilmektedirler. Siiriicii devresi gereksinimi de bu
makinelerin kurulum, isletme ve bakim maliyetlerini artirmaktadir.

Bu tez ¢alismasinda, referans alinan bir ¢amasir makinesi motorunun eniyilenerek
yikama ve sikma esnasindaki performansinin artirilmasi amaglanmigtir. Tezin ikinci
boliimiinde, bu motorlarin analitik tasarimi ile ilgili belirli tasarim parametreleri,
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tanimlar ve denklemler verilmistir. Bu parametreler arasinda, kutup sayisi, izolasyon
oranlari, aki bariyerlerinin ve demir bdliitlerin konumu ve boyutlarinin performans
tizerindeki etkileri aciklanmistir. Aki bariyerlerinin  ve demir bdliitlerin
konumlandirmasi ve boyutlandirlimasi ile ilgili senkron reliiktans motorlardaki rotor
tasariminda kullanilan denklemler verilmistir. Bu denklemlere gore, rotorun dis ¢ap1
ve mil ¢ap1 gibi boyutlar1 kullanarak, d- ve - ekseni iizerinde tanimlanan izolasyon
oranlarma gore, bu eksenlerdeki aki bariyerlerinin ve demir boliitlerin genisligi
tanimlanir. Referans olarak alinan motorun izolasyon oranlarinin en uygun oldugu
varsayildigindan bu tez caligmasinda bu oranlar degistirilmemistir. Eniyleme
caligmalara gore cizilen rotorlarin sadece dis ¢aplari ve mil ¢aplar1 degistirilmistir.
Bu denklemlerden elde edilen aki bariyeri ve demir boliit genislikleri, tezde verilen
d- ve Q-ckseni indiiktanslarin hesaplanmasi igin gelistirilen analitik yontemde
kullanilmistir. Bu yonteme gore indiiktans degerleri, aki yollar1 belirlenerek ve bu
yollar iizerindeki manyeto motor kuvveti denklemleri ¢oziilerek hesaplanmaktadir.
Bu denklem sisteminin sonucu olarak elde edilen hava aralifindaki manyetik aki
yogunlugu kullanilarak, d- ve (Q-eksenindeki toplam aki ve indiiktanslar
hesaplanmaktadir. Eniyileme siireci ise moment titresimi {izerindeki etkisi de goz
oniinde bulundurularak hava araligi azaltmasi ile baslamistir. Devaminda, hava
aralig1 uzunlugu ile rotorun her bir ¢ceyregindeki ticlincii aki bariyerlerinin arasindaki
mesafenin etkisi drnek motora kiyasla ayni performansi saglayabilecek sekilde
incelenmistir. Ayrica miknatislarin  hacimleri ve aki bariyerleri igerisindeki
konumlar1 da bu eniyilemeler sirasinda incelenmis ve sonuglart sunulmustur. Hava
araligi uzunlugu ve miknatis konumlarina karar verildikten sonra, en yiiksek oluk
doluluk oran1 g6z oniinde bulundurularak stator boyunduruk ve dis eniyilemeleri 6n
tanimli doyma degerleri de gozetilerek yapilmistir. Stator eniyilemeleri, sargi
tiplerinin incelenmesi ile devam etmistir. Tek ve ¢ift tabakali sargilar denenerek
ortalama moment ve moment titresimi tizerindeki etkileri belirlenmistir. Kullanilan
malzemeler tarafinda ise, iki farkli ferromanyetik malzemenin performansa etkisi
incelenmistir. Stator ve rotorda M700 ve M350 sinifi silisli ¢elik kullanarak demir
kayiplari lizerinde etkisi arastirilmis ve prototipleme asamasi i¢in uygun olana karar
verilmistir. Stator ilizerindeki genel maksatli eniyilemeler tamamlandiktan sonra
geometrinin detaylarindaki eniyilemeler yapilmis stator oluk sekli, oluk agiklig
yiiksekligi ve oluk agikligi genisligi eniyilenerek prototip performansi {izerine
etkileri incelenmistir. Tiim elektromanyetik analizler Maxwell 2D ve Motor-CAD
isimli ticari paket programlarinda sonlu elemanlar yontemi ile iki boyutlu olarak
modellenmis ve analiz edilmistir. Stkma modu isletmesindeki alan zayiflatma bolgesi
de dahil olmak iizere tiim hiz araliginda verim haritas1 Motor-CAD yazilimi ile
cikartilmig ve isletme kosullarina iligskin akim, moment ve faz agilar1 gerilim ve akim
siirl bolgeler i¢in verilmistir. Tasarim siireci sonunda elde edilen prototip tiretilmis,
testleri yapilmig ve deneysel sonuglar ile benzetim sonuglari karsilastirilarak
uygulanan yontemin dogrulugu gosterilmistir. Elektormanyetik analiz ve prototip
sonuglarina gore eniyilenen prototip motorun 1sisal analizi Motor-CAD yazilimi ile
yapilmistir. Elde edilen 1sisal analiz sonucglar1 referans motor ile karsilastirilarak
eniyileme siirecinin olumlu sonuglari sunulmustur. Isisal analize motorun tiim
bolgelerindeki bakir ve demir kayiplari dahil edilmistir. Isisal analizi mekanik
zorlanma analizleri takip etmektedir. Mekanik zorlanmalarin ve mekanik biitlinliigiin
saglandigini analiz etmek amaci ile prototip ve referans motor ANSY'S Statik Yapisal
Modiil iizerinde hem yikama hem de sikma modunda analiz edilmistir. Yiiksek
hizlarda yaricapsal merkezkag¢ kuvvetinin etkilerinin yol actigi mekanik bozulmanin
boyutlari sunulmustur.
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1. INTRODUCTION

Synchronous reluctance machines, since their foundation in 1923 by J. K. Kostko
[1], have changed and developed slowly but sustainably with the technology. When
they were introduced, they were very disadvantageous compared to other brushless
electrical machines because of their high torque ripple, low power factor and
efficiency values. After several rotor models and drive mechanisms were introduced,
the first usable and applicable synchronous reluctance motors were designed in 1960
[2]. However, their acceptance and usage in industry was low until 1990s. New
researches on semiconductor drive mechanisms and rotor designs made the 90s the
brightest years for the reluctance machines leading to a drastic increase in the
performance of reluctance machines. Thus, improved performance and
constructional advantages of reluctance motor designs over the conventional

induction and PM motors finally attracted the attention of industry.

Reluctance machines operate and drive the loads by taking advantage of the
reluctance torque induced in their rotor. Their stator construction is the same as the
stator of induction motors, having laminations and distributed 3-phase windings for
developing a constant rotating magnetic field. The reason of using laminated steel is
the same as in all electrical machines, to decrease the flowing eddy currents and
minimizing iron losses. Depending on the starting and control mechanism, it may
have also windings on the rotor for inductive starting. The induced torque of
reluctance motors highly depends on the saliency ratio (Xq / Xg) of their rotor. The
direct axis reactance (Xq) should be as high as possible, whereas the quadrature axis
reactance (Xq) should be as low as possible in order to have a significant and usable
induced torque value on the rotor. Since the reactance is directly proportional to
inductance, higher inductance in direct axis will allow magnetic flux to pass easily,
whereas lower inductance in the quadrature axis will not allow much flux to flow in
this axis. This phenomena of different inductance in d- and g-axis, is created by
using air-gaps inside the rotor. Obtaining better saliency ratio for better performing

reluctance motors became the most important research issue for all researches of this



filed. There are two types of machines working on reluctance torque principle:

Switched Reluctance Machine and Synchronous Reluctance Machine.

1.1 Purpose of the Thesis

In the thesis a sample Permanent Magnet Assisted Synchronous Reluctance motor
designed and prototyped for washing machine application is optimized with respect
to several objectives and limitations. Having into consideration the stator’s outer
radius and the maximum slot fill factor applicable, optimization analysis of stator,
rotor and permanent magnets of the sample motor are given in details with all the
measured physical parameters. Initially, referring to the desired output torque and
torque ripple, the air-gap is changed to find its optimum length. Air-gap change is
followed by stator optimization, magnet type and volume optimization, distance
between first barriers (D) optimization, number of winding layers’ optimization, type
of ferromagnetic material and finally by detailed slot optimization. After the final
optimized design is selected, its electromagnetic, thermal and mechanical
comparison to the sample motor is given with all measured physical quantities to
have better idea for the overall performance advantages of the new design over the
sample motor. The geometry of the sample PMaSynRM prototype is given in Figure
1.1.

Figure 1.1 : Geometry of the sample PMaSynRM [3].

The new motor that is going to be selected at the end of this thesis, aims to have the
required torque output at the same current value but with a better efficiency. Input

current and the stack length of the motor is going to be kept the same as that of the



sample rotor, whereas winding turns, magnet volume and position may be changed

until the aimed output is satisfied.

1.2 Literature Review

Synchronous Reluctance Motors are new electrical machines that have first appeared
after the researches, related to “Polyphase reaction synchronous motors”, of J. K.
Kostko in 1923. According to Kostko, adapting slits along the d-axis of the rotor
would maintain high flux through this axis, whereas it would minimize the flux along
the g-axis of the rotor [1]. This rotor configuration became the basis for all the rotor
models that would be designed later with flux barriers barrier, segmental rotor and

axial lamination structures.

Most of the researches that were done later were related to the rotor structure,
because the stator of synchronous reluctance motor was essentially the same as the
stator of induction motors. After the foundation of J. K. Kostko, researches done by
P.F. Bauer [4] and N. Risch [5] resulted in new rotor structures, which provided
more efficient operating motors, that included flux guides/barriers and segments.
This kind of segmental rotor designs were further developed by Lawrenson, who is
actually known as the father of Switched Reluctance Drive [6]. P. J. Lawrenson rotor
designs were made of salient circumferential segments in the rotor periphery divided
by non-magnetic material in between that increased the g-axis reluctance and the
saliency ratio [7]. Circumferential segments directed the magnetic flux from one pole
on the circumference to the other. Flux was not flowing radially any more as in the
previous salient rotor designs. Center of segments paths with nonmagnetic material
in between increased the saliency ratio more, thus giving a better motor performance.
In his paper of “Theory and Performance of Polyphase Reluctance Machines”, he
emphasizes that such designs have better torque and power factor performances [8].
Moreover, in one of his papers, Lawrenson emphasized that instead of using starter
windings, addition of axial conductor channels inside the rotor segments of the
synchronous reluctance motors induced higher pull-out torque relative to the break-
down torque of induction machines of the same size, and such designs showed better
power factor values than 0.8 [9]. Later, A. F. Cruickshank and A. J. O. Anderson on
their work proposed axial laminated rotor structure [10]. According to them,

experimental results of motor designs with axial lamination, showed that they had



higher power capabilities and better performance compared to salient pole reluctance
motors. Such designs were also comparable to the most advanced motor designs of
that time [10]. The most used types of laminations in synchronous reluctance motors

are showed in Figure 1.2 and Figure 1.3.
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Figure 1.2 : Axially laminated anisotropy rotor [14].
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Figure 1.3 : Transversally laminated flux barrier rotor with cut-outs in the g-axis
[14].
Considering the magnetic field of rotor, axial lamination shows better performance
than the radial lamination type. This advantage, in the research work of Rao related
to the axial lamination, was better accepted and patented later in 1978 [11]. In 1972
B. J. Chalmers proposed a rotor design with solid (bulk) ferromagnetic material, that
using the eddy currents induced in the core, started as an induction motor and after a
while it reached synchronous speed [12]. Later on in 1992, according to A. Fratta it
was stated that rotors with axial lamination were more suitable and better in high
dynamic application areas [13]. The effect of the flux barriers on the laminated
motor’s efficiency was better explained later in 1998 by Kiriyama, in a study
according to which a synchronous reluctance motor prototype used, when driven by
the same inverter drive, it showed to be 6% more efficient than induction machine

[14]. Researches of Boglietti later in 2008, emphasized that for the same motor size,



synchronous reluctance motors were capable of inducing 10% to 15% higher rated
torque values than induction motors, due to the lack of excessive rotor active losses
[15]. Another optimization work on synchronous reluctance motors done by Fratta,
included small permanent magnets located inside the stator slots for better flux
management. This work showed that such motors can have further improved torque

and their performance can be compared to that of PM [16].

In his research work which got him a patent in 1996, A. Vagati came up with an
analytical relation between the stator slot number and the number of rotor slots. His
work showed that without skewing, the torque ripple of synchronous reluctance
motors could be significantly decreased if the following conditions are used for

determining the stator slot and rotor segment number:

ns: Slot number per pole pair
nr: Rotor slot number per pole pair

[ ] ns-nr750andns-nr75ﬂ:2
o ng > 6
e nNs#mxnr, M iS a constant

[ ] Ns - Ny = Z':4
These conditions and other design features, including saturable rotor end ribs, barrier

bridges and permanent magnet location, are explained in details in his patent [17].

R. R. Moghaddam in the near past, came up with a simple analytical model related to the
sizes of segments and flux barriers of synchronous reluctance motors. Considering
sinusoidal MMF in the air-gap, he divided the d- and g-axis MMF components and
according to this flux distribution he developed expressions that give the width of each

segment and barrier inside the rotor [18-20].

When it comes to the control of synchronous reluctance motors, they are controlled
by either vector control or scalar control. For simple control applications, direct
starting models that have rotor windings are available. Initially they start as induction
motors, later they reach synchronization. In most applications, these motors are
provided with sensors that are used for position, speed and torque measurements.
Another way of sensorless control and estimation of such variables is by

instantaneous phase current and voltages [21]. Several switching mechanisms used in



induction motors are also applicable on synchronous reluctance motors in much
easier and simpler way because of the lack of slip [22]. In terms of multiphase
applications, solid state control mechanisms provide much higher flexibility. 10
switching devices are used to drive a 5-phase synchronous reluctance motor which

shows 10% higher torque for the same current value than 3-phase models [23].

Since torque ripple is the primary problem of modern SynRMs, many work is
conducted in order to reduce the torque ripple. In 1998, Vagati et. al. proposed a
method for reducing torque ripple caused by slot harmonics. In their proposed
method they defined separation points between rotor segments which in turn defines
how many barriers/slots in rotor and they achieved low torque ripples even with full

pitched windings on par with surface mounted PM counterparts [24].

The PMaSynRMs are identical to SynRMs in construction but with permanent
magnets inserted into the flux barriers so as to cancel out the g-axis excitation flux.
This results in better operational performance because SynRM performance depends

largely on Ld/Lg, namely saliency ratio.
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Figure 1.4 : Performance of difference PM insertions [25].

In 2001, S. Morimoto et.al. in their much cited paper, examined PMaSynRMs for

wide constant-power operation. By properly adding PM inside the flux barriers they



showed that the machine can exhibit large constant-power speed range, high
efficiency and high power factor in comparison to normal SynRMs. And adding to
that they showed that decrease of efficiency in high speed regions and uncontrolled
generator mode operation which occur in conventional PM drives are nor present in
PMaSynRMs [25]. Figure 1.4 gives different arrangements of permanent magnets
inside the flux barriers. The effect of each configuration on the constant torque and
limited voltage and current region it can be seen from the speed-torque
characteristics of each arrangement. It is clearly seen that higher magnet volume
results in better performance of the motor in all operating regions [25].

In 2004, M. Sanada et.al. proposed asymmetrical barrier configuration to further
reduce torque ripple. The motivation behind this is to prevent barrier ends passing
under stator slots at the same time, which is causing a torque ripple [26]. In Figure
1.5 results corresponding to three different machines are presented for both

symmetrical and asymmetrical arrangements of barriers.
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Figure 1.5 : Torque ripple of asymmetric barrier configuration. IPMSM A magnet is
300 kA/m and IPMSM B is 900 KA/m [26].



The torque ripple results, given for different load angle values, show a drastic
decrease in the asymmetric arrangement of barriers. The machines used have the
same stator, one of them is SynRM and two others are interior permanent magnet
synchronous motors (IPMSM) A and B, with permanents magnets having 300kA/m

and 900kA/m coercive force, respectively [26].

In 2008, Vagati et.al. inspected the injected plasto-ferrites in order to skew the rotor
more efficiently to reduce torque ripple. They filled up the barriers with melted
magnet material and then magnetized it for more flexibility in terms of conventional
skewing in PM machines which is step skewing [27]. In 2009, N. Bianchi et.al.
proposed Romeo & Juliet configuration. Romeo & Juliet type of lamination is given

in Figure 1.6.
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Figure 1.6 : Two barrier conventional PMaSynRM & Evaluation of Machaon from
R&J [28].

This involves two set of barrier shapes which are different from each other on

different laminations and aligning these laminations in alternating fashion. Also they



proposed a Machaon structure which incorporates these two shapes together on same
lamination. Also they skewed the rotor while using these laminations. Results are

promising, torque ripple caused by higher order harmonics are suppressed [28].

The induced torque and torque ripple results of the rotor types given in Figure 1.6 are
given in Figure 1.7. ‘Romeo & Juliet’ barrier configurations show decrease of both
the torque ripple and the average torque value when compared to the conventional
PMaSynRM. The Machaon rotor type, however, has the average torque value of a

conventional reluctance motor and the low torque ripple of a R&J type rotor.
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Figure 1.7 : 2 barrier PMaSynRM rotor b) R&J rotor ¢) Machaon rotor all at 1 = 5.3
A[28].

Since PMaSynRMs incorporate PMs, there has to be some countermeasures

regarding PM demagnetization. M. Sanada et.al. proposed a rotor structure for such

countermeasures. By altering the barrier ends by some specific geometries,

demagnetization can be minimized. Authors compared three different machines, one

with conventional barrier shape, two with optimized shapes. By changing the shape

of first barrier demagnetization is reduced since the first magnet closest to air-gap is



the most effected from changing fields [29]. The modified flux barrier shapes B-type
and C-type being compared with conventional A-type shape are given in Figure 1.8.
Due to the reverse magnetic field coming from the stator windings, the resulting
percentage demagnetization curves for A-type conventional flux barrier type rotor,
B-type rotor with wider first flux barrier and C-type rotor with tapered flux edges are
given in Figure 1.9 for different values of excitation current. First layer corresponds

to the barrier closest to the air-gap whereas third layer is furthest one form the air-

gap.
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(a) Rotor structure of type.B.
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(a) Type-B.

(a) Rotor structure of type-C Flux distnbution around the flux barrier of the first layer.

Figure 1.8 : Structures against demagnetization [29].

Concerning the effect of stator winding configuration, authors Bianchi et.al.
presented a study detailing the effect of fractional slot or integral winding. Authors
separated the PM and reluctance torque components when investigating the machine
behavior. They have found out that contrary to common expectations, fractional slot
machines exhibit a high reluctance torque. Under overload conditions both PM and
reluctance components are reduced. This study concluded that under nominal
working conditions there are no differences between fractional and integral slot
windings but in overload conditions fractional slot windings exhibit lower average

torque and higher torque ripple compared to integral winding machines [30].
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Figure 1.9 : Demagnetization percentages against demagnetizing excitation of
different barrier types [29].

In 2010 Vagati et.al. presented a trade-off in their study between the torque ripple

and core loss. They presented the optimal slot numbers for both stator and rotor in

order to have minimal torque ripple [31]. The results corresponding to the torque

ripple for different combinations of stator and rotor slot number are given in Figure
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Figure 1.10 : Torque ripple results of analytical model and FEA simulations [31].
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Selection of the PM excitation amount is also an important subject. Bianchi et.al. in
one of their studies explained the optimal selection of PM flux linkage. Authors
stated that for over 0.8 power factor and nominal current, optimal g-axis PM
excitation should be three times more than the g-axis flux in that situation. That in

turn should correspond to 0.25-0.3 times the nominal flux linkage [32].

1.3 Working Principle and Mathematical Model of SynRM

Reluctance torque is what makes the rotor of a synchronous reluctance motor rotate.
The stator of synchronous is the same as that of an induction motor, having three
phase distributed windings. The distribution of the three phases is in such way that a
rotating constant magnetic field is produced inside the motor. Due to its saliency, the
rotor tries to align the low reluctance axis with the magnetic field, thus it
continuously rotates following the magnetic field generated from the stator. Beside
the stator design, the performance of synchronous reluctance motors is strongly
dependent on the design of its rotor. Motor types that can be directly connected to the
AC supply are known as line start, and they have a shorted conductor cage structures
inside the rotor. The induced currents in the conductor cage help the rotor start as an
induction motor until it reaches synchronization. After the motor reaches
synchronization, the conductor cage serves as speed fluctuation damper. Another
type of synchronous reluctance motors requires to be driven by inverters. They do
not contain any conductive cages in the rotor, however, several sensors detect the
position of the rotor and then supply the 3-phases to the stator with the required

phase angle.

Figure 1.11 : 3 phase 2 pole SynRM [21].
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Such motors start simply by the reluctance torque induced initially on their rotor.
This flux guidance in inverter fed synchronous reluctance motors is realized with
special electronic circuits. Moreover, the directed flow of the magnetic flux through
the laminated segments of the rotor, that are divided by the flux barriers and bridges,
results in higher torque per volume ratio due to the higher saliency ratio of the rotor.
In Figure 1.11 a simple two pole synchronous reluctance motor is given and the

mathematical model in the following sections is derived for this type of motor.

For a distributed winding configuration with q > 2, the MMF distribution with
respect to the rotor position is close to sinusoidal waveform. The general 3-phase

system will be given first, followed later by its Park’s transformation.
q = # of slots/(# of poles = # of phases) (1.2)

For any phase “a” of the motor, the voltage equation is written as follows:

do .

= Vo~ laRs (1.2)
Where ¢ denotes the flux linkage of corresponding phase, V is the phase voltage, i is
the phase current and Rs is the phase resistance. Knowing that the flux linkage of
each phase is proportional to the phase inductance as a function of rotor position, the

flux linkage vector of all three phases is written as:

Pa tq
Pp| = |Labc(9er)| lp (13)
Pc i.

In equation 1.3, 0¢ denotes the electrical angle of the rotor and | Lanc (Oer) | is the
inductance matrix containing self and mutual inductance of all three phases, as

function of the rotor position.

In the conventional 3-phase system, the induced electrical torque equation is as given

in Equation 1.4:

p . 10Lape(Ber)| |
Te=§|lalb il % ;b (1.4)
C
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where p is the number of pole poles, i’s denote the phase currents and L denotes the
phase inductances that change with respect to rotor position. Finally, the complete

equation representing the dynamics of the rotor is given as:

J dw,
p dt

=Te — Tioaa (1-5)

Where w,- denotes the angular velocity of the rotor defined as given in Equationl.6:

dBe,

w
dt T

(1.6)

The currents of all three phases change in time, whereas the phase inductances
change with respect to the position of the rotor. Since the multiplication of phase
currents and inductances give the flux linkages, their analysis in the phasor reference
frame becomes difficult due to the sensitivity on both time and rotor position. Park’s
transformation is a useful method to simplify the complex 3-phase system into
constant direct and quadrature variables. Without giving the computational details,
the equations that appear as a result of Park’s Transformation, or the dg0 equations,

are as shown in the following sections.

The equation corresponding to the d-axis voltage:

d
;:fd =Va —igRs + wr@q; Pa = Lala; La = Lsg + Lam (1.7)

The equation corresponding to the g-axis voltage;

doq
dt

Vg = igRs + 0r@a; ¢q = Lgiq; Ly = Lo + Lgm (1.8)

The derivative of the flux linkage over time is sometimes called as the transformer
component, whereas the multiplication of the flux linkage and the angular speed is

also known as the speed voltage component.

The equations corresponding to the d-g axes magnetizing inductances:

3 3
Lom = E (Lh + LO); Lqm = E (Lp — Lo) (1.9)
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The induced torque equation on d-q reference frame:
3 ..
T, = Ep(Ld = Lg)igiyg (1.10)

The motor’s dynamic equation is the same as in the phasor reference frame:

J dw,
p dt

=Te — Tioaa (1-11)

In the dqgO equations above, d and q subscripts denote the corresponding axis of the
values given. Ln stands for magnetizing inductance, Ly, for stator leakage inductance,
Ln for magnetizing inductance of stator, Lo for the sinusoidal varying component of
air-gap inductance due to saliency, wr for mechanical speed of rotor and again p for

pole pairs.

The term Lg«ig corresponds to the d-axis and it represents the magnetic saturation.
Even though there is a transient component in the d-axis inductance, which was
neglected in the previous equations, g-axis inductance is constant. However, for
higher values of iq, the effects of the transient d-axis inductance on Lg4 should be
considered as shown in the following equation:

0Ly .

Ldt = Ld + - la (112)

Old

Consideration of the transient inductance in the d-axis and its substitution in the

voltage equations gives the final equations for the d and q axes as follows:

Voltage equation in d-axis:

dig . .
th = Vd - ldRS + (A)qulq (113)
Voltage equation in g-axis:
di
qd_gz%_iqu_erdid (1.14)

Referring to the d- and g-axis voltage equations shown above, the equivalent circuits
for both axes are shown in the Figure 1.12 below where “p” indicates the derivative

function with respect to time.
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Figure 1.12 : d & g-axis equivalent circuits neglecting core losses [21].

The previous circuits do not account for the iron losses in the stator and the rotor.
The core losses corresponding to the stator core, are added parallel to the d- and g-
axis induced voltages. Since they are relevant to the g-axis components, the losses
arising from the harmonics of the g-axis field are added parallel to the speed voltage
component of d-axis and the transformer voltage component of the g-axis. The final
equivalent circuits of d- and g-axis voltages, including the iron losses of stator and

rotor, are implemented as given in Figure 1.13 below.

o, Lq(iglig

Figure 1.13 : d & g-axis equivalent circuits including core losses [21].

1.3.1 PMaSynRM’s mathematical model

The mathematical model of PM assisted synchronous reluctance motor
(PMaSynRM) is derived by adding the flux linkage of the permanent magnet 4,, on

the final torque as given below in Equation 1.15.

3
T, = b1~ LYty + Ai] 15)
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2. ANALYTICAL ROTOR DESIGN AND INDUCTANCE CALCULATIONS

The performance of PMaSynRM, as it was mentioned before, is significantly
dependent on the rotor design. Stator design does not have much effect on the overall
performance of the motor. Important design parameters on the rotor side include pole
number, number of flux barriers and insulation ratio. Depending on these
parameters, rotor and shaft radii, the structure of the rotor is designed analytically.
Such analytical design defines the location and geometrical dimensions of the flux
barriers and segment inside the rotor. Moreover, the segment and barrier dimensions
are used in the calculation of the d- and g-axis magnetizing inductances of the rotor.
Rotor design parameters and the modified inductance calculation method are

explained in details in the following sections.

2.1 Pole Number

In synchronous reluctance machines, the number of poles is determined by the rotor
rather than stator. The number of rotor poles in such machines is the same as the
number of blocks of flux barrier around the circumference of the rotor. In literature
synchronous reluctance machines having 2,4,6 and 8 poles are present. From these
structure the one that is most used and preferred is motor with 2p=4 poles, where p

denotes the pole pair number.

Since the PMaSynRM being optimized is used in washing machines, it has a small
rotor diameter which is not practical for high pole number constructions. Both
numerically and from the literature, it can be clearly seen that small diameter rotors
with large number of poles are not suitable designs for synchronous machines.
Therefore, in all the following optimization analysis, the optimum pole number is

chosen to be as in the prototype 2p=4.
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2.2 Number of Barriers

The overall performance and the induced torque of PMaSynRM is strongly related to
saliency ratio, which changes significantly with the number of barriers and the
air/iron ratio of the rotor. Being one of the most important design parameters of
synchronous reluctance motors, the number of barriers has a direct effect on the
induced torque. Moreover, the position of these barriers in the rotor has a direct

effect on the output torque ripple of the motor.

Number of barriers can be selected independently form the insulation ratio. However,
it has a significant effect on the output torque and torque ripple of the motor. Related
to the number of barriers, K. Wang and Z. Q. Zhu in their work with a 24 slot motor,
have obtained the ripple vs. barrier number results as given in Figure 2.1 [33]. From
the plot, it can be clearly seen that 3 barrier designs have the minimum torque.
Therefore, the number of barriers in the following optimization analysis is also kept

constant as in the prototype motor to be 3.
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Figure 2.1 : Barrier number effect on torque ripple [33].

2.3 Insulation Ratios

The output performance of synchronous reluctance motors is strictly related to the
saliency ratio, which is determined by the air barriers in the rotor. Special design of
the air barriers, their location and size directly effects the output torque, torque ripple

and other electromagnetic parameters of the motor.

The parameters that define the saliency ratio of the rotor are the insulation ratios in

the g- and d-axis of the rotor. The insulation ratio in the g-axis determines the ratio of
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the total barrier width to the total width of the flux segments of the rotor in the g-
axis, whereas the insulation ratio in d-axis, determines the total barrier width to the
total segment width perpendicular to that axis of the rotor. The selection of the g- and
d-axis directions and their insulation ratios will be explained in details in the

following sections. The insulation ratio is defined as given in Equation 2.1.

Total barrier air lenght on q,d — axis

kwq,a (2.1)

~ Total segment iron lenght on q,d — axis

Selection of the insulation ratios for synchronous reluctance motors is related to the
motor’s geometry also. According to A. O. Dulanto’s thesis, the g-axis insulation
that gives the largest inductance difference between Lq and Lq is between 0.3 and 0.6,

as shown in Figure 2.2 [34].
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Figure 2.2 : Change of inductance values with respect to g-axis insulation ratio [34].
2.4 Positioning of Barriers and Segments

While positioning the barriers and the segments constant slot pitch is used as a
general method. According to this method, the angle between two adjacent segment
ends is kept constant. The barriers in between the segments are considered as slots,
and in order to minimize the torque ripple, their midpoint position is adjusted with
respect to the stator slot number. Equation 2.2 gives the angle between two adjacent

segments in the constant slot pitch method [35].
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Figure 2.3 : Barrier pitch, imaginary angle and insulation ratio [35].

In the expression of rotor slot pitch, « is the slot pitch angle, p is the pole pair
number, k is the number of barriers and /8 is the angle remaining between the last k™"

segment and the g-axis. There parameters can be better understood from Figure 2.3.

2.5 Segment Width

The segment width in the d-axis is determined using the per-unit MMF values on the
that axis. Considering a sinusoidal MMF waveform, the width of any segment is
determined by the average MMF between the starting and ending point of that
segment. According to R. R. Moghaddam [35], the width of the segments should be
constant so that the magnetic flux density in the whole segment should be the same,
thus the ferromagnetic material will be used more efficiently. The sinusoidal MMF
waveform, and the average per-unit MMF values under each segment in the d-axis is
shown in Figure 2.4. As it can be seen from this figure, the width of each per-unit

MMEF block is the same as the slot pitch angle a.
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Figure 2.4 : P. u. MMF distribution in the d-axis [35].

Referring to the MMF distribution above, the width of the segments in d-axis can be

determined using the following Equation 2.3 and 2.4 [32].

2n-1
z ¢ . 2h—1 . 2h—3
f2h2—3a cos(pa) da g, (pTa) — sin (p 5 a) (2.3)
fdhz = ,h=1...,k
a pa
2p , 2k —1
. Zkz_la cos(pa) da ) 1 — sin (p 5 a) (2.4)
kel = a+f - p(a+p)

In these equations fd, represents the per unit MMF coming out from the ht" segment.
Equation 2.4 is used for calculation of the per unit MMF of the last segment. If the
segment width is kept constant on both axes, d-axis segment width is determined by
the total iron width between the shaft and rotor radius, and the insulation ratio in the
g-axis. However, if they are to be different, the segments width in the d-axis can be
calculated and positioned along lq according to the insulation ratio kws. Equation 2.5
gives the proportions for calculating the width of each segment using p.u. MMF

values.

25 _fd s fdy
S, fdy’ Sn+1 fdpsr

h=12 .k (2.5)
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2.6 Flux Barrier Width in Q-axis

The MMF distribution in the g-axis is also assumed to have a sinusoidal form.
Taking the d-axis as reference, the sinusoidal distribution of per-unit MMF block in
the g-axis is given in Figure 2.5.
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Figure 2.5 : P. u. MMF distribution in the g-axis [35].

As it can be seen from the figure, the difference of MMF values Afx between two
adjacent segments can be calculated and used for the calculation of the optimum
barrier width in g-axis [35]. The following equations are used for calculation of the
per-unit MMF values in the g-axis.

fqg.=0,h=2,..,k (2.6)
2n-1,
2 ; 2h—3 2h —1
o f2h2—3a sin(pa) da _ cos (p 5 a) — cos (p ) a) (2.7)
an = P B pa
LS d 2k —1
. i 2, sin(pa) da cos (p ; a) 2.8)
Bhe+1 = a+p ~ pa+p)

Equations 2.6-2.8 are used for calculation of the p.u. MMF values of each flux block

in the g-axis.
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The difference between two adjacent MMF blocks is given by Equation 2.9-2.10
[35].

cos (%) — cos (31%“) 2.9)

pa

Afi=fq,— fq1 =

(2a+B)COS(P Zkz_ 1“)—(“5)”5(’”%7_3“) (2.10)

Afn-1= pa(a+ )

The ratio of the barrier width is equated to the square of the corresponding MMF

difference ratios, and calculated as given in Equation 2.11 [35].

2
Wiy =(Afh) =1 k-1 (2.11)
Wine:  \Bfure

2.7 Barrier Width in D-axis

While defining the barrier width in d-axis, it is very important to select the right
perpendicular axis to it. The position of this perpendicular axis is directly related to
the magnitude of the imaginary angle £. In this thesis, in order to define lq, the total
length available in the d-axis, the angle B is equated to o/2. Thus, the new slot pitch
angle a is calculated as given in Equation 2.12.

I

2

C g T

=

(2.12)

Therefore, the width of the complete d-axis lq¢ given in Figure 2.6, stretches from the
center of d-axis to point C which is at angular distance of (%4)*a away from the g-

axis. The length of lq is calculated as given in Equation 2.13 [4].

Dy T  3a',
— (= _ in(— — 2.13
la= (5~ 9) =sinG — 7™ 213
In Equation 2.13, Ds denotes the inner diameter of the stator, g is the air-gap length
and p is the number of pole pairs. Since lq is the total width of the d-axis, it does not
give any idea related to the width of the barriers in this axis. By keeping the ratio of

the barrier widths in d-axis the same as the ratio of those in g-axis, the following
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Equation 2.14 together with the insulation ratio kws determine the width of each

barrier in d-axis [35].

Why Wi,

m la—ekseni = Wh-}-l |q—ekseni (2.14)

q

~ (X

e :

Figure 2.6 : Determination of point C and distance lq on the geometry [35].
2.8 Direct and Quadrature Inductance Calculation

In this section of the thesis, a modified analytical method for calculation of the direct
and quadrature magnetizing inductance values is presented and applied for the first
sample prototype and the optimized prototype models. The calculation method is a
modification of the procedure presented by V.B. Honsinger [36] for synchronous
reluctance motors with more than one flux barriers. The maximum flux as a function
of l¢ and Iq currents in d- and g-axis is calculated with the following Equation 2.15

and Equation 2.16, respectively.

_4 m 21Nk, (2.15)

F
mog 2 P
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F =—x—x——— (2.16)

In the previous equations, m represents the number of phases, kw defines the winding

factor and P is the total pole number of the model.
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Figure 2.7 : Magnetic flux lines in the g-axis [35].
Multiplication of the maximum MMF values with its per unit calculated under each
segment, gives the real value of the MMF at that portion. Following the flux lines in
the g-axis as defined in Figure 2.7 and assuming that the ferromagnetic material has
infinite permeability, the MMF in the air-gap would be equal to the sum of MMF

values in the barriers through which the corresponding flux line passes. Thus, the

equation corresponding to line F1 is as given in Equation 2.17.
Bchlq + BZCWZq + BSCW3q + B4CW4q + Bg5 gS - qu x fq5 X ,Ll (2-17)

Bgs is the air-gap magnetic flux density between g and r1 axes, whereas B¢, Bac, Bac

and Bac are the magnetic flux density in the center part of the barriers. Wiq represents
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the width of the i barrier in the g-axis. Moreover, fqs defines the per-unit MMF
value between g and r1 axes as defined in equation. Multiplying this variable with the

maximum Fqm gives the real time MMF on that portion of the air-gap.

The MMF equation corresponding to line F is written as given in Equation 2.18.
Blswld + BZCWZq + B3cW3q + B4CW4q + Bg5 g5 - qu X fq5 X H (2-18)

Bi1s defines the magnetic field density at the side part of the first barrier, whereas W1qg
is the width of the first barrier in the d-axis. In the same manner MMF equations for
the remaining lines (Fs...Fg) are written following the corresponding lines. At last, the

equation corresponding to line Fg is written as given in Equation 2.19.
By, 01 = Fyn x T x (2.19)

Furthermore, by equating the MMF in a single flux barrier with the MMF on the air-
gap in such way that they make up a closed loop, “k” more equations can be defined

to make the system of equations solvable for the required variables.
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Figure 2.8 : MMF lines along the flux barriers [35].
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Referring to Figure 2.8, the equation corresponding to the 4" barrier is as given in
Equation 2.20.

DS -0 714
( 2 )[I7am/2 Bg5dg] = L4c X B4c + L4s X B4s (220)
L4 defined the length of the center part whereas Lass defines the length of the side
part of the 4™ barrier. Similarly, the equations for the barrier 3 is written as given in
Equation 2.21.

D, -9, 74 Tap /2
(= [ Busd0+ [ " "B, d0]= L, x By + L, xB, (2.21)

In these equations, Ds is the stator inner radius, whereas g is the air-gap length. The
equations for the third and fourth barriers are written in the same way by equation the

MMF along the barrier to the corresponding MMF sum in the air-gap.

With the least equations written the number of variables and the number of
independent equations is equal. Solution of this system, gives the magnetic field
density at the center and side part of barriers and the magnetic field density under
each segment in the air-gap as a function of the quadrature axis lq current. The total

flux in the g-axis ¢, using the magnetic field densities calculated above is calculated

with the following Equation 2.22.
DS zl4
g=2-L |, Bdo (2.22)

Total flux calculated above is a function of Iq current whereas L is the stack length of

the motor. The flux linkage v, in the same axis is given in Equation 2.23.

Vg =K, N@, =V2L 1, (2.23)

Replacing the flux equation in the flux linkage equation, the inductance in the q-axis

is calculated with the following Equation 2.24.

Vg KNG,

Ly = NI (2.24)

27



In Equation 2.23 and Equation 2.24 Kk, is the winding factor, N is the total number of

turns per phase. For calculating the direct axis inductance, we again assume that the
permeability of the ferromagnetic material is infinite, therefore we neglect the MMF
in the flux segments and we consider only that in the air-gap. According to the flux
lines defined in Figure 2.9, equating the MMF in the air-gap with the calculated
value using the maximum and the per-unit MMF under each segment, the equation

becomes as given in Equation 2.25.
Byg=F,, x f;xu (2.25)

i=1...5 defines the number of the corresponding segment. The variables calculated
from the system of equations are the magnetic flux densities in the air-gap under

each segment and they are calculated as a function of lg.
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Figure 2.9 : MMF lines along the flux segments [35].

Similar to the g-axis flux, the total flux in the d-axis as a function of I4 current is

calculated by summing the magnetic flux density under each segment multiplied by
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the corresponding section area under that segment. The total flux in the d-axis ¢, is

calculated as given in Equation 2.26.

¢d _ 2% LJ-ﬁ/473a'/4

> B,d6 (2.26)

0

The flux linkage for the calculated total flux in the d-axis y,, is calculated using

Equation 2.27.
Wina = KNy =211 (2.27)

Replacing the flux equation in the flux linkage equation, the inductance in the d-axis

is calculated with the following Equation 2.28.

L = Y _kwN¢d

LTI (2.28)

Using the analytic method explained above, the d- and g-axis inductances for the
sample and the optimized prototype models are calculated and recorded in Table 2.1

below. The given inductance values are in unit of [mH].

Table 2.1 : Inductance values and saliency ratios.

Model Lms Lo SRa‘;'thCg

Sample Prototype 1134 10.9 10.4
Optimized Prototype 156.3 12.3 1245

29






3. FINITE ELEMENT METHOD

Finite Element Method is a numerical analysis method developed in 1940 by Courant
for solving mechanical and stability problems [37]. In the following years this
method was used in solving problems related to airplane designs, elasticity problems,
structural analysis, fluid dynamics and electromagnetic field problems. Such
analysis method, is based on discretization of the model being analyzed into small
parts, and solving the relative physical equations (thermal, mechanic,
electromagnetic) for each part separately. In this thesis, the electromagnetic analysis
Is done using the finite element method solving software package known as ANSY'S

Maxwell, and all models are analyzed in the two dimensional module.

3.1 Maxwell Equations

The finite element solution of an electromagnetic model whose boundary conditions
are defined, is related to solution of the Maxwell Equations over the same model.
This set of equations explained the macroscopic behavior of all electromagnetic
phenomena. Developed firstly by James Clerk Maxwell, these equations were later
detailed in the research work of Michael Faraday, Andre Marie Ampere and Carl
Friedrich Gauss, explaining the behaviors of electromagnetism very close to the real

one. The following equations give the derivatives of the Maxwell equations:

OB
= —— 3.1
VxE o (3.1)
oD

_ 3.2

VxH o +] (3.2)
V.D=p (3.3)
V.B=0 (3.4)

In equations 3.1 to 3.4, E [V/m] is the electric field intensity, D [C/m] is the electric
field density, H [A/m] is the magnetic field intensity and B [T] denotes the magnetic
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field density. When the derivative of the fields with respect to time becomes zero for

electrostatic and magneto-static field cases, the equations are changed as follows:

VXE =0 (3.5)
VxH =] (3.6)
V.J=0 (3.7)

In this case, it is obvious that there is no relation between electric and magnetic
fields. Therefore, in case of unchanging fields with respect to time, electric and
magnetic field are independent of each other.

The equations 3.1 to 3.3 are known as the basic Maxwell Equations. However, since
there is larger number of unknowns than the number of equations, it is still and
undefined system of equations. When the equalities given in equations 3.8 to 3.10 are

replaced, Maxwell Equations become definite.

D= ¢E (3.8)
B=uH (3.9)
J=0E (3.10)

In equations 3.8 to 3.10 ¢, p and o denote the material dielectric [F/m], magnetic

permeability [H/m] and conductivity [S/m], respectively.

3.2 Boundary Conditions and Periodicity

To be able to analyze a system using the finite element methods, it is required to
define the boundary conditions of the system. In finite element analysis, the
boundary conditions that are most met are the Dirichlet and Neumann boundary
conditions. Dirichlet boundary condition is an indispensable condition for the
solution of the problem, because it defines the value of the variable at the boundary
of the solution space. For electromagnetic analysis, this variable is the magnetic flux.
Neumann boundary condition defines the value of the derivative of variable at the
boundary, which in all is equal to zero. If Dirichlet boundary condition is defined,
Neuman condition is automatically satisfied during the solution of the problem.
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Another issue that requires attention in finite element method analysis is the
periodicity of the model. If the model to be solved is a periodical model, except the
boundary conditions, the symmetry axes are defined for the smallest repeating part of
the model. Thus, the model becomes smaller, the number of equations to be solved

and the solving time are decreased.

3.3 Discretization of Model and Mesh Structure

As it was mentioned above, finite element analysis is realized on models that are
discretized into small parts. The discretization process or meshing, divides the model
in numerous small subspaces called as elements. Optimum meshing of the models is
very important regarding the solving time and the data stored during solution. A
model having large number of elements gives better results, however solving time of

such model last longer and require larger data storage capacities.

The elements resulting from the meshing process of a model, come up in different
forms depending on the number of model dimensions. For example, dividing a
regular two dimensional rectangles into smaller rectangles and dividing an irregular
geometry into small triangles would give the optimum solution for an optimum
solving time. Figure 3.1 gives different element geometries used in model meshing.
In single dimensional geometries nodes and lines, in two dimensional geometries
surface triangles and rectangles, whereas in three dimensional models volumic

pyramids, triangle or rectangle prisms are used as meshing elements.

_— N ]

L I

Figure 3.1 : (a) Single dimension (b) Two dimension (c) Three dimensional mesh
element geometries [37].

The structure of the mesh and the number of elements built inside it have a

significant effect on the accuracy of the solution and solving time. A denser mesh
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will give more accurate solution, however in regions of the model where the physical
parameters do not change much dense mesh is unnecessary. For example, while
modelling a synchronous machine, the mesh on the stator and the air-gap should be
dense because the magnetic field changes direction and magnitude more frequently,
whereas in the stator the field is nearly constant and smaller number of elements
would be enough. Thus, both accuracy and optimum solving time are satisfied while
analyzing the model. The electromagnetic optimization analysis in the following

section are all performed using finite element method solving software Maxwell 2D.
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4. OPTIMIZATION ANALYSIS OF THE SAMPLE PROTOTYPE

The sample prototype that is optimized in the following sections, as it was mentioned
before, is designed for washing machine applications. It has two different operating
speeds, washing and spinning mode operation. During washing mode operation the
motor operates at constant torque region with a rotating speed of 563 min, whereas
at spinning mode the motor reaches up to 13000 min at voltage and current limited
regions. At voltage and current limited region operation the magnetic field is
weakened, therefore the most critical electromagnetic design is the constant torque
operation where the magnetic field is higher. The geometrical and electromagnetic
characteristics together with the output performance of the sample motor at washing

mode rated current are given in Table 4.1.

Table 4.1 : Characteristics of the sample prototype [3].

Parameter Value
Turns/phase 420
Phase Resistance [ohms] 6.7
Slot Fill Factor [%] 40
Air-gap [mm] 1
Outer Diameter [mm] 120
Stack Length [mm)] 32

Magnet Volume [cm®]  19.16

Washing Speed [min] 563
Current [A] 1.62
Torque [Nm] 0.9

The purpose in the following sections is to increase the output torque of the motor for
the same rated current to target value of 1.2 Nm. The outer diameter, stack length
and the slot fill factor are limited so they will not change during optimization work
also. All other parameters including air-gap length, magnet type, magnet volume,
turn number etc. may change if required. The combination of stator slot and rotor
barrier number is also kept the same as the prototype motor, meaning that the stator
will have 36 slots and the rotor will have three flux barriers per pole. The

ferromagnetic material used in the following analysis is SURA M700 50A type,
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whose magnetizing curve is given in Figure 4.1, and the maximum saturation value

of the final selected model should not pass 1.3 T.

o 1000 2000 3000 4000 5000 6000 7000 8000 Q000
H{A/m)

Figure 4.1 : Magnetizing curve of M700 ferromagnetic material [38].
4.1 Analysis of Air-gap Length’s Effects

Keeping all the parameters the same and changing only the rotor diameter, the effect
of the air-gap length has been observed by solving the prototype model using FEM in
Maxwell software. Stator structure, teeth, yoke, magnet volume and turn number are

kept constant during this investigation.

4.1.1 Motor model with g=1mm

Motor model with air-gap length of g=1 mm is the prototype itself. To have a better
comparison analysis, the prototype simulation and results are given in this section

also. It geometry is given in Figure 4.2.

Figure 4.2 : Geometry of prototype model with g=1 mm.
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The simulation results including magnetic flux and the equi-flux lines of the

prototype motor are given in Figure 4.3.

B [teslal A [Wb/m] —_—
2. 0OBRE+0a0 | || 7.8651E-803 L
1.8667E+000 6. BL64E-003 |/ || fosy |

l 1:7335€+200 5.76776-003 | | | 4
1, 60BRE+00a | P | 4. 7199E-B03
1, 4667E+200 3. 6703E-003
1, 3333E+000 | 2.6217E-003

| 1, 2000E+000 | 1.5730E-003
1,0667E+000 | Y 5.2430E-00Y |\
9. 3334£-001 | -5.2438E-g@4 |
8.0PO1E-PO1 -1.5731€-m03 || -
6. 6668E-001 -2.6217E-003 |

| 5.33356-001 -3. 67046003 | 1/
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2. 6668E-001 -5.7678E-003 |
1.3335E-0011 -6.8165E-203 | /(L)\LJ
2. 1A63E -B@5 -7.8651E-0@3 |

Figure 4.3 : Magnetic flux density and equi-flux lines of model prototype model
with g=1 mm.

4.1.2 Motor model with g=0.9mm

In this model the air-gap length is decreased by 0.1 mm by increasing the rotor
diameter. The simulation results of magnetic flux density and equi-flux lines of the

model having air-gap length of g=0.9 mm are given in Figure 4.4.

B [teslal A [Wh/m]

2. ODPBE +000 8.5891E-093 |
1. 8667E+000 7. Y439E-003 |
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| 5.3335E-001 -4, BP33E-003
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1.33356-001 | B -7.4439E-8@3 |
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Figure 4.4 : Magnetic flux density and equi-flux lines of model prototype model
with g=0.9 mm.

Decrease of the air-gap length, as it was expected, resulted in higher saturation of the

motor ferromagnetic material.
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4.1.3 Motor model with g=0.8mm

Similarly, the air-gap is further decreased to a value of g=0.8 mm. The magnetic flux
density and equi-flux lines of the model having air-gap length of g=0.8 mm are given
in Figure 4.5.

B [teslal A [Wh/m]
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2. 1A6BE-BAS -9, 4621E-003

Figure 4.5 : Magnetic flux density and equi-flux lines of model prototype model
with g=0.8 mm.

4.1.4 Motor model with g=0.7mm

The magnetic flux density and equi-flux lines of the model having air-gap length of

g=0.7 mm are given in Figure 4.6.

B [teslal A [Wh/m]
2. PEBRE+2a0 | | | 1,@516E-002 |||
1. 8667E+000 | 3 9. 1149E-993
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Figure 4.6 : Magnetic flux density and equi-flux lines of model prototype model
with g=0.7 mm.
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4.1.5 Motor model with g=0.6mm

The magnetic flux density and equi-flux lines of the model having air-gap length of
g=0.6 mm are given in figure 4.7. The saturation of the stator teeth due to narrow air-
gap length has resulted in saturation of the ferromagnetic material over the knee

region of the magnetizing curve.

B [teslal A [Wh/m] e
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Figure 4.7 : Magnetic flux density and equi-flux lines of model prototype model
with g=0.6 mm.

4.1.6 Motor model with g=0.5mm

The magnetic flux density and equi-flux lines results of the model having air-gap
length of g=0.5 mm are given in Figure 4.8. Saturation on both teeth and yoke has

passed the knee region magnetic flux density.
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Figure 4.8 : Magnetic flux density and equi-flux lines of model prototype model
with g=0.5 mm.
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4.1.7 Comparison results and analysis

The simulation results observed from the FEM analysis of the previous models are
given in this section. The induced torque graphs for all the models with different air-
gap lengths are given in Figure 4.9. Decrease of the air-gap increases the induced
torque. However, at the same time it increases the torque ripple which is not

desirable in washing machine applications.
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Figure 4.9 : Torque graph comparison for different air-gap lengths.

As the air-gap length decreases, the increase of the magnetic field rotating in the
stator of the motor induces higher voltages in the motor windings, thus increasing the
output power of the motor. The induced voltage graphs for all models with different

air-gap length are given in Figure 4.10.
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Figure 4.10 : Induced voltage graph comparison for different air-gap lengths.
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Another physical quantity that is helpful to be investigated is the magnetic field
density distribution in the air-gap. Ideally, this should be as close as possible to a
perfect sinusoidal waveform. However, real time air-gap flux densities have a lot of
harmonics causing torque ripple and noisy operation. The air-gap magnetic field
density for all the models with different air-gap length are given in Figure 4.11.
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Figure 4.11 : Air-gap magnetic flux density comparison for different air-gap lengths.

The harmonic amplitude for the models having air-gap length of 0.5, 0.8 and 1 mm
are given in Figure 4.12. The complete harmonic amplitudes for all the models are
given in Table 4.2.
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Figure 4.12 : Harmonic amplitude comparison for different air-gap lengths.
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Table 4.2 : Harmonic component amplitudes for different g.

Frequency Amplitude [mT]

Component g=1mm g¢=0.9mm g=0.8mm g¢g=0.7mm g=0.6mm g¢g=0.5mm
1 383.9 4206 463.8 515.7 575.0 630.2
3 75.4 82.4 91.3 100.9 1125 125.0
5 27.4 29.9 32.6 36.9 41.9 46.3
7 30.9 34.4 38.6 44.1 51.0 57.3
9 23.5 26.5 30.3 34.6 38.9 40.1
11 23.6 27.2 31.9 38.1 45.2 50.4
13 20.8 23.5 27.3 319 37.4 40.2
15 6.3 7.1 7.7 9.0 10.5 12.9
17 50.0 58.4 68.9 824 99.1 119.2
19 18.8 219 26.5 32.3 41.1 54.4
21 5.1 6.2 7.6 9.7 12.7 16.7
23 6.0 7.2 8.1 9.5 11.0 11.9
25 5.0 5.0 55 6.0 7.1 8.5
27 2.5 3.1 3.6 4.7 6.1 8.8
29 4.1 4.9 5.7 5.8 6.0 3.7
31 4.3 5.1 5.9 6.4 6.8 4.5
33 3.2 4.0 4.6 6.1 7.9 9.6
35 20.4 25.7 31.6 38.4 45.7 45.9
37 12.6 16.2 20.9 26.4 33.3 35.4
39 3.1 4.1 5.1 6.6 8.1 7.0

Complete comparison of the physical quantities analyzed in this section are given in
Table 4.3. The model having air-gap length of g=0.6 mm has reached the target
output torque. However, the maximum saturation and the torque ripple for this model
are high, therefore it makes unsuitable for selection. The maximum saturation value
is required to not pass 1.3 T and torque ripple should not be too high. As a result, it is
insufficient to modify the prototype by only changing the air-gap length. Thus, the
following sections other parameters will be optimized to obtain the target output

under the pre-defined limitations.

Table 4.3 : Average and RMS data comparison for different g.

ﬁ:;r']g?ﬁ rms I.?g:lgjg Induced Teeth Bmax Torque
[mm] [T] (Nm] Voltagems[V] [T] Ripple [%]
0.5 0472 1417 27.4 1.65 14.75
0.6 0.43 1.29 24.86 1.56 12.9
0.7 0.383 1.17 22.3 1.43 11.8
0.8 0.343 1.06 20.1 1.3 8.5
0.9 0.31 0.97 18.26 1.18 7.5
1 0.282 0.9 16.7 1.08 6.67
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4.2 Selection of the Magnet Type and Dimensions

In this part of the thesis, the effect of the magnet volume placed in the side section of
first flux barrier of the PMaSynRM is investigated. Keeping the stator structure the
same, the motor is simulated for cases with different magnet volume and air-gap
lengths. The results, including those of the sample prototype, are given in Table 4.4.

Table 4.4 : The effects of magnet volume and air-gap length on the induced torque.

Air-gap Magnet  Induced

Turn Number Torque
ISlot '-[f;‘r?]t]h V[g';;gge T[‘I’\'{gﬁe Ripple [%]
1 (prototype) 19.2 0.9 6.67
1 25.34 1.04 6.73
70 0.9 25.34 1.12 8.04
0.8 25.34 1.21 8.26
0.7 25.34 1.31 9.92

In the two models having air-gap length of 0.8 and 0.7 mm, the target output torque
of 1.2 Nm is satisfied. In both cases the side of the first barrier is completely filled
with magnet, resulting in an increased magnet volume to 25.34 cm®. Even though the
target torque is reached, the torque ripple is also increased due to the decrease in the
air-gap length. In the following parts of the thesis, optimization of techniques will
tend to decrease the torque ripple as much as possible. The magnetic field density
and the equi-flux lines results of the model with g=0.8 mm and a magnet volume of

25.34 cm? is given in Figure 4.13.
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Figure 4.13 : Prototype motor with increased magnet volume.
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The type of the magnet used in the prototype is ferrite magnet. Considering the effect
of the magnet volume, two types of magnet including ferrite and NdFeB are used in
the following investigation. Both types of magnet are used in models with air-gap
length of g=1mm as the prototype and g=0.8mm as the model which induced the
target output torque of 1.2 Nm. The results for the models with ferrite magnet in
Table 4.5, whereas of those with NdFeB magnet given in Table 4.6. In the same
tables, considering the maximum slot fill factor of 40% in the sample prototype, two
different conductor sizes 0.6 mm and 0.7 mm have been used, resulting in a
maximum turn number per slot of 70 and 52 turns, respectively. The geometry cross

section of the models with different magnet volume are given in Figure 4.14.

Figure 4.14 : Prototype motor with 19.2 cm? (left) and 25.34 cm? (right) volume of
magnet.

The simulation results for different air-gap lengths and magnet volume for models
using ferrite magnet are given in Table 4.5 whereas of those using NdFeB are given
in Table 4.6.

Table 4.5 : Air-gap length and magnet volume’s effects using ferrite magnet.

Co_nductor Turn g Mag. Vol. Torque Ab_solute Ripple
Diameter ~ Number [mm] [Cr'ng] ' [Nm] Ripple [%]
[mm] /Slot [Nm]
1 19.2 0.9 0.06 6.67
0.6 70 1 25.34 1.04 0.07 6.73
0.8 25.34 1.21 0.1 8.26
0.7 52 1 19.2 0.57 0.038 6.67
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Table 4.6 : Air-gap length and magnet volume’s effects using NdFeB magnet.

Conductor Turn Absolute

Diameter  Number [mgm] M?gr'n\g/]m' T[?\m]lie Ripple RE(%)]IG
[mm] /slot [Nm]

1 19.2 1.688 0.317 18.78

0.6 70 1 25.34 1.96 0.33 16.84

0.8 25.34 2.11 0.438 20.76

0.7 52 1 19.2 1.16 0.26 22.41

The target output torque has been reached by decreasing the air-gap length and the
ferrite magnet volume, therefore the use of NdFeB type of magnet in such
application is unnecessary and disadvantageous due to high price and high saturation
of the ferromagnetic material. Therefore, ferrite magnet is decided to be the type of

magnet for the oncoming optimization analysis.

4.3 The Effects of Distance Between First Barriers “D”

Figure 4.15 : Distance between first flux barriers ”D”.

To analyze the effect of the distance between first barriers on the induced torque and
ripple, parameter D has been changed as given in Figure 4.15. During this analysis,
the shaft diameter of the motor, and the insulation ratios on the d- and g-axis are kept
constant by redrawing the flux segments and barriers accordingly. The results of this

analysis are given in Table 4.7.
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Table 4.7 : Effect of distance “D” on the induced torque and ripple.

Magnet Air-gap Induced .
[mDm] Volume Length Torque Torqu[(;)l?lpple
[cm?] [mm] [Nm]
22.1 12.16 1 0.617 8.27
39.66  12.16 1 0.748 8.56

As it can be seen from Table 4.7, placing the magnets closer to the air-gap results in
higher induced torque for the same magnet volume. Therefore, as an upcoming task,

this effect is required to be analyzed for different magnet location and volume.

4.3.1 Magnet volume, air-gap length and “D” length’s effects

The effect of the distance D with different magnet configurations and different air-
gap length is analyzed and the results are given in Table 4.8. The table includes the
cross sectional view of the models simulated, torque data and the maximum magnetic
field density occurring in the stator teeth for each model. The models that give an
output of 1.2 Nm and higher are highlighted with green color. From Table 4.8 it can
be seen that the model with g=0.7 mm and D=39.66 mm that gives the target torque
has several disadvantages over the model having g=0.8 mm and D=22.1 mm, like
higher torque ripple and different magnet dimensions. Different permanent magnet
dimensions are problematic during production because they increase the production

cost.
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Figure 4.16 : Cross sectional view of models with different D and magnet volume.
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Table 4.8 : Effects of D, magnet volume and air-gap length on the average torque

and ripple.
Magnet .

D g Torque Absolute Ripple
[mm] Model V[g';;gfe [nm] [Nm] Ripple [Nm] [%] BmedT]
1 0.758 0.053 6.99 0.99
0.9 0.83 0.064 7.71 1.08
A 1408 g 0o 0078 848 12
07 1.02 0.12 11.76  1.34
1 0.9 0.06 6.67 1.08
09 0974 0.07 719 118
B 19.35 0.8 1.06 0.09 8.49 1.3
99 1 0.7 1.16 0.14 12.07 1.43
' 1 1.02 0.074 7.25 1.18
0.9 1.095 0.089 8.13 1.28
c 24.5 0.8 1.18 0.107 9.07 14
0.7 1.286 0.135 10.50 1.52
1 1.04 0.07 6.73 1.2
09 1.124 0.084 747 13
D 234 48 12 0.11 9.09 14
0.7 1.31 0.135 10.31 1.53
1 0.763 0.056 7.34 0.997
0.9 0.837 0.069 8.24 1.1
E 14.08 0.8 0.923 0.083 8.99 1.21
0.7 1.04 0.108 10.38 1.36
1 0.813 0.056 6.89 1.03
0.9 0.888 0.072 8.11 1.13
F 14.08 0.8 0.976 0.09 9.22 1.24
29,66 0.7 1.088 0.11 1011 1.37
' 1 0.88 0.058 6.59 1.076
0.9 0.952 0.08 8.40 1.17
G 16.12 0.8 1.04 0.1 9.62 1.28
0.7 1.14 0.12 10.53 1.41
1 0.985 0.085 8.63 0.96
0.9 1.06 0.098 9.25 1.05
H 24.5 0.8 1.16 0.11 9.48 1.16
0.7 1.28 0.15 11.72 1.29

Referring to the table results, changing distance D is not suitable for this application
since the space for placement of magnets in the first barrier decreases and the second
barrier should be filled up with magnet also to satisfy the target torque value. Thus,
for further optimization the distance D is decided to remain as in the prototype motor
(D=22.1mm). In the following sections detailed analysis of the highlighted models is

given including magnetic field density, equi-flux lines, induced torque and voltage.
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4.3.1.1 Motor model with g=0.8mm/D=22.1mm

As it was mentioned before, all the structure except the air-gap length and the magnet
dimensions of the prototype are kept constant for this model. The air-gap length is
decreased to g=0.8mm and the magnet dimensions are increased so that the side of
the first barrier is filled completely. The magnetic field density and the equi-flux

lines of this model are given in Figure 4.17.
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Figure 4.17 : Magnetic flux density and equi-flux line of model with
g=0.8mm/D=22.1mm.

4.3.1.2 Motor model with g=0.7mm/D=22.1mm

Similarly, for this model the air-gap length of the prototype is further decreased to
g=0.7 mm and all the remaining structure is kept constant. Its FEM results are given
in Figure 4.18.
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Figure 4.18 : Magnetic flux density and equi-flux line of model with
g=0.7mm/D=22.1mm.

48



4.3.1.3 Motor model with g=0.7mm/D=39.66mm

The following results correspond to the model in which the parameter D has been
changed from 22.1 to 39.66 mm by keeping the insulation ratios and other
parameters constant. Drawing of such model is done by increasing the shaft radius
value in the equations corresponding to the analytical design procedure given in
section two of this thesis. After the flux barriers have been drawn using the enlarged
shaft radius, the shaft radius is decreased again to its initial value. Decrease of the
shaft radius after the barriers are pushed towards the air-gap, increases the total
length of the magnetic iron in the g-axis, thus decreasing the insulation ratio on this
axis. On the other hand, the magnetic flux does not penetrate too much towards the
center of the rotor, therefore the model having enlarged shaft radius and the model
having small shaft radius do not differ too much in their induced torque value. For
comparison, the model having the sme shaft radius as the sample prototype is
selected. Its air-gap is 0.7mm and the magnets are placed in the center part of the
first and the second barrier. The magnetic field density and equi-flux lines results of

the corresponding model are given in Figure 4.19.
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Figure 4.19 : Magnetic flux density and equi-flux line of model with
g=0.8mm/D=22.1mm.

4.3.1.4 Comparison of results and analysis

The comparison of the FEM results of the models given in Table 4.8 above that
showed the target performance is given in the following section. The models are
compared with respect to the induced torque graph, induced voltage, air-gap

magnetic field density and its harmonics. The torque graphs of all the models are
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given in Figure 4.20. All three models have average torque around 1.2 Nm, however
the models having air-gap length of g=0.7 mm have slightly higher average torque

and torque ripple.
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Figure 4.20 : Torque graph comparison for different g and D values.

The induced voltage graphs for a single phase of the highlighted models are given in
Figure 4.21. Similarly, the models having air-gap length of g=0.7 mm have larger

magnetic field passing through the air-gap, thus the induced voltage is higher.
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Figure 4.21 : Induced voltage graph comparison for different g and D values.
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Another physical quantity that has been considered in this section is the air-gap
magnetic field density. The magnetic field density distribution for all the models are

given in Figure 4.22.
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Figure 4.22 : Air-gap magnetic flux density comparison for different g and D values.

The air-gap magnetic density is desirable to have as close as possible a sinusoidal
waveform, however, single layer windings generate a harmonic magnetic flux
density in the air-gap. The harmonic amplitude comparison for the magnetic flux
densities of the three models being analyzed are given in Figure 4.23.
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Figure 4.23 : Harmonic amplitude comparison for different g and D values.
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The complete harmonic content of the models with numerical values up to 39"

harmonics are given in Table 4.9.

Table 4.9 : Harmonic component amplitude for different g and D values.
Amplitude [mT]

ggﬁggr?gr{t g=0.7mm  g=0.8mm g=0.7mm
D=22.1mm D=22.1mm D=39.66mm
1 515.3 466.5 516.1
3 123.4 110.5 36.9
5 42.9 37.2 34.8
7 53.7 45.3 26.0
9 37.2 32.9 154
11 35.7 29.9 38.5
13 32.7 28.4 36.8
15 12.6 10.1 2.7
17 81.7 70.1 79.7
19 40.6 34.8 39.1
21 11.3 8.6 0.8
23 9.9 8.7 13.0
25 11.6 9.6 144
27 6.1 5.3 1.8
29 7.9 7.3 3.3
31 5.3 4.9 3.3
33 8.5 6.9 1.5
35 36.8 32.8 39.5
37 26.2 22.3 26.6
39 5.6 4.6 0.6

Complete comparison of the physical quantities analyzed in this section are given in
Table 4.10. All models satisfy the target torque value, however models having
D=22.1 mm that have low torque ripple, have high tooth saturation over 1.3 T. The
model having lower tooth saturation lower than 1.3 T and D=39.66 mm has high
torque ripple and different magnet dimensions. Therefore, the distance D for the

following analysis will be kept the same as that of the prototype motor.

Table 4.10 : Average and RMS data comparison of the three selectable models.

Induced  Induced Teeth Magnetic ~ Torque

Model ?fl_"is Torque Voltagems Field Density Bmax Ripple
[Nm] W\ [T] [%]

gzg;rl"r;"r:] 0387 131 223 153 10.31
82228?;% 0349 121 202 1.4 9.1
ngsoé?Grgmﬁn 0376 128 224 1.29 11.72
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4.4 Stator Yoke and Teeth Optimization

The optimization analysis that were shown until now, are performed by keeping the
prototype stator structure unchanged. Decrease of the air-gap length and increase in
the magnet volume used in the rotor, have caused magnetic field density in the stator
to increase significantly and saturate the ferromagnetic material. Therefore, it is
required that the tooth and yoke width are optimized such that the ferromagnetic
material will be magnetized and demagnetized in the linear region. For different air-
gap lengths (0.5-1 mm) the stator is optimized such that the maximum tooth and
yoke magnetic field density remains between 1.2 and 1.3 T. The slot fill factor is
45%, and as the air-gap length is decreased, the turn number per slot is decreased by
trial and error such that the output torque of each model is over the target value of
1.2 Nm. For each model, the FEM results including induced torque, induced voltage,
magnetic field density, equi-flux lines, air-gap flux density and its harmonics are

recorded and analyzed.

4.4.1 Motor model with g=0.5mm

The stator tooth and yoke width are changed according to the maximum magnetic
field density so that it remains within the pre-specified limits. The magnetic field
density and equi-flux lines results corresponding to this model are given in Figure
4.24.
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Figure 4.24 : Magnetic flux density and equi-flux lines of model with g= 0.5 mm.
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4.4.2 Motor model with g=0.6mm

Similarly, the stator tooth and yoke width are changed according to the maximum
magnetic field density so that it remains under the specified limits. The magnetic

field density and equi-flux lines corresponding to this model are given in Figure 4.25.
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Figure 4.25 : Magnetic flux density and equi-flux lines of model with g= 0.6 mm.
4.4.3 Motor model with g=0.7mm

The stator tooth and yoke width for this model are changed according to the
maximum magnetic field density so that it remains under the limit. The magnetic
field density and the equi-flux lines corresponding to this model are given in Figure
4.26.
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Figure 4.26 : Magnetic flux density and equi-flux lines of model with g= 0.7 mm.
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4.4.4 Motor model with g=0.8mm

The stator tooth and yoke width are changed according to the maximum magnetic
field density so that it remains under the pre-specified limits. The magnetic field
density and equi-flux lines results corresponding to this model are given in Figure
4.27.
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Figure 4.27 : Magnetic flux density and equi-flux lines of model with g= 0.8 mm.
4.4.5 Motor model with g=0.9mm

The stator tooth and yoke width for this model are changed so that the maximum
magnetic field density does not violate the specified limit. The corresponding
magnetic field density and the equi-flux lines are given in Figure 4.28.
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Figure 4.28 : Magnetic flux density and equi-flux lines of model with g= 0.9 mm.
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4.4.6 Motor model with g=1mm

Similarly, the stator tooth and yoke width are changed according to the maximum
magnetic field density so that it does not violate the upper saturation limit. The
magnetic field density and equi-flux lines corresponding to this model are given in
Figure 4.29.
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Figure 4.29 : Magnetic flux density and equi-flux lines of model with g= 1 mm.

4.4.7 Comparison of results and analysis

The result obtained from FEM analysis of the previous models are summarized in
Table 4.11. Each model is simulated using two different magnet volumes, and they
are compared with respect to induced torque, torque ripple, efficiency and the
maximum magnetic field density values in the stator. All the models have been
driven at the rated washing mode current of the prototype. However, to maintain the
target output torque, as it can be seen from the table, increase in the air-gap length is
replaced with increase of number of winding turns. The models which have reached
the target output torque of 1.2 Nm, are highlighted with bold font. Even though all
the highlighted models show similar performance, due to geometrical and efficiency
advantages the most suitable model that shows the required performance is chosen to
be the one having an air-gap length of g=0.8mm, turn number per slot 75 and ferrite
magnet volume of 21.5 cm3. The following analyzes will be performed on this model

for further optimization of its performance.
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Table 4.11 : Stator yoke and tooth optimization results.

Magnet Induced Torque
Volume Torque Ripple
[cm®]  [Nm]  [%]

14.9 1.13 6.37 55.98 1.21 1.287

Turn g
Number/Slot [mm]

Efficiency  Bmax Bmax
[%0] tooth [T] yoke [T]

%0 1 19.76 13 6.54 59.40 1.3 1.27
80 0.9 16.25 1.072 7.28 57.49 1.18 1.255
21.5 1.23 7.32 60.81 1.28 1.24
75 0.8 17 1.087 8.65 59.34 1.21 1.3
22.6 1.245 8.67 62.50 1.31 1.27
79 0.7 16.2 1.09 11.47 60.35 1.27 1.28
21.45 1.22 11.97 63.01 1.2 1.3
65 0.6 22.6 1.18 16.44 64.51 1.28 1.29
60 0.5 21.7 1.13 20.88 65.27 1.25 1.25

Graphical comparison of the models satisfying the target output torque including
torque, induced voltage, air-gap flux density and its harmonics, is given in the
following sections. The graphs of the induced torque for all highlighted models are
given in Figure 4.30. All the models have similar average torque, however torque
ripple increases as the air-gap length decreases.
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Figure 4.30 : Torque graph comparison at different air-gap values for the optimized
tooth and yoke.

Since the magnetic field in all the models is nearly the same, induced voltage of all
the models is also similar. The induced voltage graphs for all the models that satisfy
the target output torque are given in Figure 4.31. The air-gap magnetic field density

distribution for all the highlighted models above is given in Figure 4.32.
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Figure 4.31 : Induced voltage graph comparison at different air-gap values for the
optimized tooth and yoke.

As expected, all the models have similar magnetic field density distribution in the
air-gap. However, there is a slight increase in the peak magnetic field density as the

air-gap length decreases.
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Figure 4.32 : Air-gap magnetic flux density comparison at different air-gap values
for the optimized tooth and yoke.

The comparison of the harmonic amplitudes for the previous models is given in
Figure 4.33. As the air-gap increases the harmonic amplitudes decrease, except the
fundamental component. The model having air-gap length of g=0.9 mm has the
lowest fundamental component of air-gap magnetic flux density, and that is related to

the magnetic field induced inside that model.
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Figure 4.33 : Harmonic amplitude comparison at different air-gap values for the
optimized tooth and yoke.

The numerical values of the amplitudes for the harmonics are given in Table 4.12.

Table 4.12 : Harmonic component amplitudes at different air-gap values for the
optimized tooth and yoke.

Frequency Amplitude [mT]

Component g=0.7mm g=0.8mm g¢g=0.9mm g=1mm
1 528.4 494.1 4755 4853
3 120.8 111.7 103.1 98.8
5 41.2 38.0 35.6 35.3
7 50.5 44.7 40.6 38.4
9 37.1 34.2 31.0 29.1
11 34.9 33.8 30.3 28.5
13 32.1 30.3 27.0 25.9
15 12.6 10.1 9.0 8.3
17 84.8 75.0 66.6 65.7
19 40.9 35.7 30.2 27.3
21 10.6 8.9 7.4 6.5
23 59 7.9 6.7 6.0
25 4.7 6.0 54 4.5
27 5.6 4.5 3.4 2.8
29 6.3 5.8 4.9 4.5
31 3.9 6.7 55 5.1
33 8.0 59 4.4 3.8
35 40.0 334 25.3 23.4
37 29.7 23.8 17.7 15.7
39 7.9 6.5 4.6 4.0
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A complete and final comparison of the models is given in Table 4.13. Since the
magnetic fields of all the models are nearly the equal, air-gap magnetic field density,
induced voltage and induced torque are also similar to each other. However, there is
significant increase in the torque ripple as the air-gap length of the models is

decreased.

Table 4.13 : Average and RMS data comparison for different improved models.
Teeth

Air-gap Induced Induced -
Length ?.rl_”is Torque  Voltagems Mggr?seitlcg teld RiT O:‘gu[ﬁ/o]
[mm] [Nm] Y oo
0.7 0.396 1.22 21.47 1.2 11.97
0.8 0.369 1.245 21.6 1.31 8.67
0.9 0.352 1.23 21.87 1.28 7.32
1 0.358 1.3 24.48 1.3 6.54

4.5 Analysis of Multilayer Winding’s Effects

The design of the stator windings in electric motors, requires that the MMF
waveform produced by each winding is as close as possible to sinusoidal waveform.
However, the MMF waveforms of electric motors are not sine waveforms, therefore
they contain several harmonics, which cause unwanted rotating magnetic fields
induced in the air-gap. These unwanted rotating magnetic fields have negative effect
and reduce the MMF of the main field. They also cause excess torque ripple and iron
losses. To minimize such negative effects, stator windings in motors should be
distributed in a sinusoidal manner, thus resulting in a sinusoidal MMF distribution.
However, distribution of the conductors in a sinusoidal manner is problematic during
production. One other method of sinusoidal distribution is by changing the coil pitch
angle by shifting half of the distributed winding turns such that the MMF waveform
gets closer to sine wave. Depending on the harmonic of the air-gap magnetic field
that is to be reduced, half of the winding may be shifted accordingly. This is possible

by dividing the turns in a slot into fractions making several layers of winding.

During the optimization analysis of this thesis, the model that was selected in the
stator and yoke optimization, one having air-gap length of g=0.8mm, has been
simulated with double layer distributed winding with 20 and 40 degree shift of the
coil pitch angle. To be comparable to other models, the turn number per slot is kept

constant, only divided into two fractions. The FEM results obtained and recorded
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during this analysis show the effect of double layer windings on the induced torque
and the torque ripple of the motor. Looking at the theoretical MMF distribution of
the single and double layer models given in Figure 4.34, it is clear that as the shift

angle increases the MMF waveform gets closer to sinusoidal form.
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Figure 4.34 : Theoretical MMF of single and double layer models.

FFT analysis of theoretical MMF distributions gives the winding factors
corresponding to each harmonic component. The winding factor kwi of the i®

harmonic component is calculated as given in Equation 4.1.

_ Pxﬂ-XFpeaki><I

K . 4.1
" 4xN x| 1)

In this equation, i is the harmonic contents index, P denotes the pole number, N is the
number of phase windings, Fpeai is the amplitude of the i™ harmonic content
calculated in the FFT analysis of the theoretical MMF distribution. The calculated
winding factors of the 1%, 5, 7" 11" and 17" harmonics are given in Table 4.14.

Table 4.14 : Winding factors for single and double layer models.
Harmonic  Single Double Layer Double Layer

Factor Layer 20° shift 40° shift
Kw1 0.957 0.944 0.901
Kws 0.188 0.118 0.039
Kw7 0.203 0.100 0.135
Kwi1 0.136 0.028 0.135
Kwi7 0.986 0.955 0.901
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The analysis results of the selected model show that the 11" harmonic of the model
with 20° shifted layer and the 5" harmonic of the model with 40° shifted layer are the
harmonic contents mostly suppressed. The winding factor of the fundamental

harmonic also decreases as the angle shift of the winding layer increases.

4.5.1 Motor model with 20° shifted winding layer

The cross sectional view of this model is given in Figure 4.35. The magnetic field
density and equi-flux lines results corresponding to this double layer model are given
in Figure 4.36.
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Figure 4.36 : Magnetic flux density and air-gap flux density of the double layer-20°
shifted model with g= 0.8 mm.
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4.5.2 Motor model with 40° shifted winding layer

The geometry of this double layer model is given in Figure 4.37. The corresponding

magnetic field density and equi-flux lines results are given in Figure 4.38.
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Figure 4.38 : Magnetic flux density and air-gap flux density of the double layer-40°
shifted model with g= 0.8 mm.

4.5.3 Comparison results and analysis

In this section of thesis, single and double models are compared to each other based
on the induced torque graphs, induced voltage graphs, air-gap field density and its
harmonics. Including also the single layer winding model, the comparison of the

induced torque graphs is given in Figure 4.39. Single layer and the model having 20°
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shifted layer have nearly the same average torque, however the torque ripple for the
double layer model is clearly decreased. As it was expected, the model having 40°

shifted layer has lower average torque due to lower amplitude of the fundamental

MMF component.
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Figure 4.39 : Torque graph comparison of single and double layer models.

The induced voltage for each model is given in Figure 4.40. Decrease in the
fundamental MMF component of the double layer models decreases also the induced

phase voltage, thus decreasing the output power of the model.
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Figure 4.40 : Induced voltage graph comparison of single and double layer models.
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The air-gap magnetic flux density of the single and double layer models is given in
Figure 4.41. All three models have similar air-gap magnetic flux distribution,
therefore its helpful to perform FFT analysis and to check the frequency components

of each model.
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Figure 4.41 : Air-gap magnetic flux density comparison of single and double layer
models.

The amplitudes of frequency components observed from the FFT analysis of the air-
gap magnetic flux density are given and compared in Figure 4.42. Their complete

numerical values are given in Table 4.15.
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Figure 4.42 : Harmonic amplitude comparison of single and double layer models.
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As it was predicted from the FFT analysis of the theoretical MMF distribution and
the harmonic winding factors, single slot shift resulted in light decrease of the 11"
harmonic whereas double slot shift resulted in significant decrease of the 5%

harmonic.

Table 4.15 : Harmonic component amplitudes for single and double layer models.
Amplitude [mT]

ggﬁsgrqut Single Double Layer Double Layer
Layer 20° shift 40° shift
1 494.1 486.5 464.2
3 111.7 120.2 109.0
5 38.0 22.8 8.4
7 44.7 25.4 16.8
9 34.2 40.4 33.8
11 33.8 20.1 23.2
13 30.3 14.3 14.1
15 10.1 13.2 10.7
17 75.0 72.2 69.3
19 35.7 394 34.0
21 8.9 155 8.1
23 7.9 2.8 0.9
25 6.0 1.7 6.1
27 4.5 5.7 3.7
29 5.8 4.5 5.7
31 6.7 9.2 2.8
33 59 7.7 6.3
35 334 394 30.6
37 23.8 26.6 22.8
39 6.5 8.4 4.7

A complete and final comparison of the single and double layer models is given in
Table 4.16. The model having a 40° shifted layer has both low average torque and
high torque ripple, making it unsuitable for selection.

Table 4.16 : Average and RMS data comparison for single and double layer models.
Teeth

Induced Induced Magnetic Field Torque
. rms
Layer No: [T] Torque  Voltagems Density Bmax  Ripple [%]
[Nm] \Y M

1 0.369 1.245 21.6 1.31 8.67

2
[20° shift] 0.363 1.216 20.83 1.18 6.7

2
[40° shift] 0.344 1.13 18.96 1.16 7.4
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The FEM results of the double layer model having 20° shifted layer show that this
method can be used for reduction of the induction torque ripple by suppressing
specific harmonic contents of the air-gap flux density and not decreasing average
torque too much. However, the decrease of the average torque value, non-significant
decrease in the torque ripple and production difficulty makes the use of double
winding in this application not useful. Therefore, further optimization process will

continue using single layer winding.

4.6 Effects of the Ferromagnetic Material

All the analysis that have been performed until now are done using M700 type of
ferromagnetic material. Another material that is available for production of the new
prototype is M350 type. The magnetizing graph of M700 and M350 are quite similar
as it is shown in Figure 4.43. However, when it comes to the core losses, M350 has
significant lower W/kg losses compared to M700. The loss graphs at 50Hz for both
materials are given in Figure 4.44. The following optimization analysis of the
previously selected model of 0.8 mm air-gap length is done using M350 material.
The FEM results obtained from this analysis are recorded and analyzed below, they
are also compared with the results of M700 material with respect to the induced

torque, induced voltage, air-gap flux density and its harmonics.
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Figure 4.43 : Magnetizing graphs of M700 and M350 ferromagnetic materials
[38,39].
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Figure 4.44 : Loss graphs of M700 and M350 ferromagnetic materials at 50 Hz
[38,39].
The magnetic flux density and equi-flux lines results corresponding to the model
with M350 ferromagnetic material are given in Figure 4.45. These results are quite

similar to those of the model with M700 material.
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Figure 4.45 : Magnetic flux density and equi-flux lines of g=0.8mm model with
M350 ferromagnetic material.

As it was observed from the B-H curve of the different ferromagnetic materials,
electromagnetically they are quite similar. Therefore, the induced torque, induced
voltage and air-gap magnetic flux density are quite similar for both models. Average
and RMS comparison of the electromagnetic parameters for different materials are

given in Table 4.17.
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Table 4.17 : Average and RMS data comparison for different materials.
Teeth

. Induced Induced - Torque
Material — Bums torque  Voltagems Magnetic Field Ripple
Type [T] [Nm] V] DensEt% Brmax [%]

T
M700 0.369 1.24 21.6 131 8.64
M350 0.369 1.26 21.6 1.32 9.5
The induced torque graphs for both models are given in Figure 4.46.
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Figure 4.46 : Torque graph comparison of models with M700 and M350.

The air-gap magnetic field density distribution for both models is nearly the same,

and their comparison is given in Figure 4.47.
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Figure 4.47 : Air-gap magnetic flux density of models with M700 and M350.
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Figure 4.48 : Induced voltage graph comparison of models with M700 and M350.

The similarity of the electromagnetic parameters can be seen also from the similarity
of the air-gap magnetic flux density harmonics. The fundamental and other
harmonics are nearly the same when compared, as it can be seen in Figure 4.48.
However, if the efficiency of the motor is considered, lower iron losses of the model
with M350 ferromagnetic material result in better efficiency than the model with
M700 material. The core losses and the efficiency values for both models are given
in Table 4.17. For the final prototype both materials may be used, however there is
not a significant change in the efficiency of the motor. This efficiency advantage of

M350 would be much more significant for higher power motors.

Table 4.18 : Effect of ferromagnetic material on core loss and efficiency.

Material I?g?;jg Core  Efficiency
0,
Type [Nm] Loss [W] [%]
M700 1.24 1.53 62.50
M350 1.26 0.97 63.17

4.7 Analysis of the Slot Opening Dimensions’ Effects

Regarding the slot opening geometry and its effects on the performance of
PMaSynRM, slot opening width and slot opening height’s effect have been

investigated in this section. This investigation has been done for different slot

opening and height measures.
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4.7.1 Slot opening width

The effect of the slot opening width on the efficiency, induced torque and the torque
ripple is analyzed in this section. Narrowing the slot opening width too much
increases the leakage flux between stator teeth, whereas its widening increases the
reluctance between the stator and the rotor, therefore the results in decrease of the
total flux passing through the air-gap. The model with 0.8 mm air-gap that was
selected in the previous analysis, has a slot opening width of 2 mm. In this analysis,
different slot opening widths, 1 mm, 1.5 mm, 2 mm, 2.5 mm and 3 mm have been
simulated and analyzed. For each case, the FEM results including induced torque,
torque ripple, magnetic field density and efficiency have been recorded and given in
Table 4.17.

Table 4.19 : The effect of the slot opening width on torque, core loss and efficiency.

Slot Opening jrdds=0 e Btooth ~ Byoke Core Efficiency
Width [mm] Torque  Ripple 7] 7] Loss [%]
[Nm] [%] [W]
1 1.32 6.81 141 138 1.75 63.95
15 1.29 7.5 136 133 1.65 63.42
2 1.24 8.7 131 126 151 62.50
2.5 1.2 9.9 1.25 1.17 139 61.72
3 1.15 11.08 1.18 1.1 127 60.71

The magnetic flux density on the tooth and yoke of the model having slot opening of

1 mm is given in Figure 4.49.

B [teslal

2., BEEE E +BEE
. GEETE+BEE
. F333E+0aa
. BEEAE +B3a
. YEEVE+BBA
. 3333E+088
 ZHEBRE +BiaE
HEEVE+BBE
. 3333E-B91
 EEEEE -8 1
. BEEVE-B1
. 3333E-B81
BEERE -BE1
. BEEVE-BE1
. 3333E-BE1
B, BEEEE +BE3

o I = € T = R T= B o o o S S S

Figure 4.49 : Stator yoke and tooth magnetic flux density of model with slot opening
of 1. mm.
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The magnetic flux density on the tooth and yoke of the model having slot opening of

1.5 mm is given in Figure 4.50.
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Figure 4.50 : Stator yoke and tooth magnetic flux density of model with slot opening
of 1.5 mm.

The magnetic flux density on the tooth and yoke of the model having slot opening of
2 mm is given in Figure 4.51.

B [teslal

. BEEAE +BEE
. . A6 7E+BE0

. TI33E+060
. GEBAE +B66
. YE6E7E+BE@
. 3333E+060
. ZEBAE +B68
. A6 7E+BEE
. 5333E-8E1
. BIREE E -GE 1
. GEGTE-BE1
. 3333E-2E1
. BAEEE -5 1
. BEETE-BE1
. §333E-BE1
. BEEAE +BE5

[ R L = - e e e e e

Figure 4.51 : Stator yoke and tooth magnetic flux density of model with slot opening
of 2 mm.

The magnetic flux density on the tooth and yoke of the model having slot opening of

2.5 mm is given in Figure 4.52.
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Figure 4.52 : Stator yoke and tooth magnetic flux density of model with slot opening
of 2.5 mm.

The magnetic flux density on the tooth and yoke of the model having slot opening of
3 mm is given in Figure 4.53.
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Figure 4.53 : Stator yoke and tooth magnetic flux density of model with slot opening
of 3 mm.

The model having slot opening of 1 mm shows the best electromagnetic
performance, however insertion of the winding conductor through this opening
makes production of the motor problematic. Therefore, the slot opening width is kept

at 2 mm.
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4.7.2 Slot opening height

The optimization analysis of the prototype continues with the analysis of the effect of
slot opening height (H) shown in Figure 4.54. The previous prototype has a slot
opening height of H=0.6mm. To get an idea of its effect, H is changed from 0.2 to 1

mm, and simulated on different models.

Figure 4.54 : Geometrical definition of slot opening height “H”.

The FEM results obtained from the analysis of different slot opening heights are

given in Table 4.20.

Table 4.20 : Effect of slot opening height on the average torque and ripple.

Induced

Slot Opening Torque Torque
Height [mm] [Nm] Ripple [%]
0.2 1.235 9.2
0.4 1.242 8.9
0.6 1.245 8.7
0.8 1.246 8.7

1 1.246 8.7

Form the results given in Table 4.19 it can be clearly seen that the slot opening
height does not have a significant effect on the induced torque and torque ripple of
small motors. Therefore, the slot opening height of the previous prototype will not be

changed in the following optimization analysis.
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4.8 Analysis of the Slot Shape’s Effects

4.8.1 Effect of parallel tooth edges and parallel slot edges

Depending on the size and the output power of the electrical machines, the types of
slots that may be used are parallel slot edge or parallel tooth edge slots. Larger power
machines are constructed with parallel slot edges for better placement of the strip
conductors, whereas in smaller machines parallel tooth edge slots are used for better
usage and minimization of the stator structure. The disadvantage of the parallel slot
edge slots in small electrical machines is because of the decrease of the inner stator
radius and ineffective usage of the ferromagnetic material. Decrease in the stator
inner radius means decrease of the rotor radius, thus the output torque of the motor
decreases also. Ineffective usage of the ferromagnetic material means that the
magnetic field density is not constant through the stator tooth. When thin part of the
teeth is avoided from saturation, the magnetic field density on the wide part is lower.
On the other side, parallel tooth slots have larger available slot area for the same
stator inner radius. The thickness of the teeth is constant, therefore there is no
difference in the magnetic field density throughout one tooth. As a result, with larger
rotor radius the motor may induce larger output torque. However, for larger slot area
with larger number of turns, production of small machines becomes difficult as the

slot opening gets narrower.

During the optimization of the prototype, in order to see the effect of the parallel slot
edge type of slot, the slot area is changed according to the slot fill factor of 45% and
turn number/slot of 75. Keeping the air-gap length constant (g=0.8 mm) the rotor
radius is decreased due to decrease of the inner stator radius. The FEM results,
including induced torque, induced voltage, air-gap flux density and its harmonics are
recorded and analyzed below. The geometry of the model with parallel slot edges is
given in Figure 4.55. In the following sections, FEM results corresponding to the
model with parallel slot edges are given including magnetic field density, induced
torque graph, induced voltage and air-gap magnetic field density. By looking at the
geometry it can be clearly seen that for the same number of turns per slot, the rotor
radius for parallel slot edge model is smaller, therefore the induced torque is also
lower. Moreover, the magnetic field density near the slot openings takes values

higher than the pre-defined maximum limit of 1.3 T.
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Figure 4.55 : Geometry of g=0.8mm model with parallel slot edges.

The magnetic field density and the equi-flux lines results of the model with parallel
slot edges are given in Figure 4.56.
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Figure 4.56 : Magnetic flux density and equi-flux lines of g=0.8mm model with
parallel slot edges.

To be comparable to the previous model, the slot opening in this model is also kept
the same width of 2 mm. The induced torque graphs for both models, with parallel
tooth edges and parallel slot edges, are given in Figure 4.57. Even though the number
of turns/slot and air-gap length are kept the same, decrease of the rotor radius has

decreased the average torque under the target torque value.
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Figure 4.57 : Torque graph comparison of g=0.8mm models with parallel tooth and
parallel slot edges.

The induced phase voltages of both models are given in Figure 4.58. Narrower stator
yoke and longer teeth increases the reluctance through which the magnetic field
passes. Therefore, with lower magnetic flux, the induced voltage in the model having

parallel slot edges is lower.
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Figure 4.58 : Induced voltage graph comparison of g=0.8mm models with parallel
tooth and parallel slot edges.

The air-gap magnetic flux density for both models is given in Figure 4.59. As it was
expected, the air-gap magnetic flux density of the model having parallel slot edges is

slightly lower than the original model.
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Figure 4.59 : Air-gap magnetic flux density comparison of g=0.8mm models with
parallel tooth and parallel slot edges.

The fact that the total magnetic flux is lower in the model with parallel slot edges is
clearly seen also from the frequency components of the air-gap magnetic field
density. The fundamental component and the majority of other components have
lower amplitude than the model having parallel tooth edges. The comparison of the
frequency component amplitudes is given in Figure 4.60. Their complete numerical

values can be observed from Table 4.21.
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Figure 4.60 : Harmonic amplitude comparison of g=0.8mm models with parallel
tooth and parallel slot edges.
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Table 4.21 : Harmonic component amplitudes for different slot types.

Frequency Amplitude [mT]
Component  Parallel Tooth Edge Parallel Slot Edge
1 494.1 489.8
3 111.7 106.1
5 38.0 38.5
7 44.7 44.0
9 34.2 32.0
11 33.8 31.9
13 30.3 28.1
15 10.1 11.2
17 75.0 74.0
19 35.7 36.1
21 8.9 10.1
23 7.9 7.1
25 6.0 6.7
27 4.5 4.4
29 5.8 4.1
31 6.7 3.7
33 59 5.6
35 33.4 26.3
37 23.8 20.8
39 6.5 5.1

Since the induced torque of the parallel slot edge model is lower than the target
output torque, this type of slot is not useful for the optimization of the prototype,
therefore the optimization will be continued using parallel tooth edges type of slot.

The results of the final comparison are given in Table 4.22.

Table 4.22 : Comparison results of parallel tooth and parallel slot edge models.

B Magnet  Induced Induced  Torque B B
Model [”T Volume  Torque  Voltagems Ripple 780 700
[cm3] [Nm] [V] [%]
Parallel
Tooth Edge  0-369 22.6 1.245 21.6 8.67 131 1.27
Parallel
SlotEdge  0-364 19.5 1.13 20.22 8.3 1.3 132

4.8.2 Effect of slot’s inner wall

Considering the fact that the inner wall form of the slot affects the flow of the flux
lines in the stator, in the following optimization analysis simulations of four different
slot wall types are performed for the parallel tooth edge model selected previously.

The FEM results for each model are recorded and analyzed comparing the induced
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torque and the torque ripple for each configuration. Figure 4.61 shows the four types

of inner slot walls that have been considered in this analysis.

(a) (b)

(c) (d)

Figure 4.61 : Different slot type configurations.

The results obtained from the simulation of the four models are given in Table 4.23.

Models are compared with respect to average induced torque and torque ripple.

Table 4.23 : Effect of slot’s inner wall on average torque and ripple.

Slot  Torque Absolute Ripple L?pr)cp])lljs

Model  [Nm] [Nm] [%]
A 1.24 0.108 8.71
B 1.25 0.105 8.4
C 1.21 0.113 9.3
D 1.21 0.112 9.3

Even though there is not a significant difference between the results, the optimum
slot inner wall would be the B type. The model with the B type inner wall shows

better performance on both average torque and torque ripple.

4.9 Effects of Tooth Bottom’s Shape

One of the techniques to reduce the torque ripple in electrical machines is to make

the tooth bottoms rounded outwards the stator by keeping the average air-gap length
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constant. Generally, this technique is used in motors having small number of slots
and concentrated windings. The following analysis is performed to see how does

outwards round tooth bottom affects the induced torque and ripple.

The air-gap length of the optimized model after last analysis is 0.8 mm, therefore to
keep the average air-gap length constant, in the model with outwards round tooth
bottom the air-gap length at the closest point is chosen as 0.7 mm whereas at the
furthest point is chosen as 0.9 mm. The geometry and the zoomed view of the stator

teeth of this model are given in Figure 4.62.

Figure 4.62 : Outwards round tooth bottom geometry.

The magnetic field density and the equi-flux lines results for the model having

outwards tooth bottom are given in Figure 4.63.
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Figure 4.63 : Magnetic flux density and equi-flux lines of g=0.8mm model with
outwards rounded tooth bottom.
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The induced torque graphs of both models having inwards and outwards tooth
bottom are given and compared in Figure 4.64. The equivalent reluctance faced by
the magnetic flux in the model having outwards tooth bottom is lower, therefore the
magnetic flux passing through the air-gap is higher. Thus, the induced torque of this
model is slightly higher than the previous model.
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Figure 4.64 : Torque graph comparison of inwards and outwards rounded tooth
bottom models.

Higher magnetic field passing through the air-gap induces higher voltages in the

motor windings. The induced voltages in both models are given in Figure 4.65.
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Figure 4.65 : Induced voltage graph comparison of inwards and outwards rounded
tooth bottom models.
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Figure 4.66 : Air-gap magnetic flux density comparison of inwards and outwards
rounded tooth bottom models.

The air-gap magnetic flux density distributions of the models being compared are
given in Figure 4.66. Due to the minimum air-gap length of 0.7 mm under each
tooth, the magnetic flux density makes sharp peaks. These peaks cause that the
fundamental component and the majority of the harmonic amplitudes of the model
having outwards tooth bottom are higher than the original model. The comparison of

the frequency components is given in Figure 4.67.
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Figure 4.67 : Harmonic amplitude comparison of inwards and outwards rounded
tooth bottom models.
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The numerical values for all the frequency component amplitudes is given in Table
4.24.

Table 4.24 : Harmonic component amplitudes for different tooth bottom.

Amplitude [mT]

(l:: gﬁsgrqgr{t Inwards Round Outwards round
Tooth Bottom Tooth Bottom
1 494.1 511.0
3 111.7 115.8
5 38.0 39.2
7 44.7 48.4
9 34.2 36.1
11 33.8 35.2
13 30.3 31.9
15 10.1 12.5
17 75.0 83.3
19 35.7 43.6
21 8.9 11.0
23 7.9 4.3
25 6.0 5.1
27 4.5 4.5
29 5.8 4.2
31 6.7 3.0
33 5.9 2.6
35 334 14.6
37 23.8 8.3
39 6.5 2.4

The final and complete comparison with respect to torque of both models having
different tooth bottom is given in Table 4.25. Sharp peaks in the air-gap magnetic
field density of the model with outwards tooth bottom increases its torque ripple.
Even though the average torque for the outwards round tooth model is slightly
higher, the torque ripple increase for about 1.6% makes this model unsuitable for
selection. Therefore, the previous model with inwards tooth bottom is chosen as the

optimum one for further optimization.

Table 4.25 : Effect of tooth bottom shape on induced torque.

Tooth Bottom Model Induced Torque [Nm] Torque Ripple [%]

> 1.26 10.3

& 1.25 8.64
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Other parameters for the models being compared are given in Table 4.26. Slightly
higher magnetic field in the model with outwards tooth bottom results in higher teeth

saturation and higher induced phase voltages.

Table 4.26 : Average and RMS data comparison for different tooth bottom.

Induced Teeth
Brms Magnetic Field
Model [T] Voltagems Density Bmax
[V] [T]
Inwards Round
Tooth Bottom 0369 216 Lt
Outwards Round 0381 29 1.34

Tooth Bottom

4.10 Final Electromagnetic Comparison

The final and complete electromagnetic comparison of the FEM results of the sample
and optimized prototypes is given in Table 4.27. For the same input current of 1=1.62
A, the optimized prototype satisfies the target output torque of 1.2 Nm and has better
efficiency than the sample prototype. The higher magnetic field induced inside the
optimized prototype due to smaller air-gap length and higher number of turns per
phase, can be observed from its higher induced voltage and RMS value of the air-gap
magnetic field density values. The phase resistance value of the optimized prototype

used in calculating its efficiency is 5.375 ohms, which was predicted by Motor-CAD.

Table 4.27 : Electromagnetic comparison of the sample and optimized prototype.

n IS

Model S ot —as—

Sample Optimized

Parameter Prototype Prototype
Speed [min] 563 563
Current [Ams] 1.62 1.62
Induced Voltage [Vims] 16.73 21.7
Induced Torque [Nm] 0.9 1.245
Brms [T] 0.283 0.369
Efficiency [%] 49.6 62.7
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The induced torque graphs for both models are given in Figure 4.68. Increase in the
average torque has also increased the torque ripple of the optimized prototype.
Beside the air-gap magnetic field density, decrease in the air-gap length has also

significant effect on the torque ripple increase.
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Figure 4.68 : Torque graph comparison of the sample and the optimized prototype.

The induced phase voltages for the sample and optimized prototypes are given in
Figure 4.49. Higher peak values of the induced voltage in the optimized prototype
are another sign that the induced magnetic field inside it is higher compared to that of

the sample prototype.
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Figure 4.69 : Induced voltage graph comparison of the sample and the optimized
prototype.
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Figure 4.70 : Air-gap magnetic flux density comparison of the sample and the

optimized prototype.
The air-gap magnetic field of the optimized prototype is much denser than the air-
gap of the sample prototype. The comparison of the air-gap magnetic field of both
models is given in Figure 4.70. The amplitudes of the frequency components are
given and compared in Figure 4.71. Having the same components, optimized
prototype has higher amplitudes than the sample prototype due to higher magnetic
field.
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Figure 4.71 : Harmonic amplitude comparison of the sample and the optimized
prototype.
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The complete numerical values for all the components up to 39" one, are given in
Table 4.28.

Table 4.28 : Sample and optimized prototype’s air-gap flux density harmonics.

Amplitude [mT]

g)ﬁssggzt Sample  Optimized
Prototype prototype
1 384.2 500.1
3 75.4 112.1
5 27.4 38.3
7 30.8 44.9
9 235 33.3
11 23.5 31.7
13 20.8 28.9
15 6.3 9.7
17 50.4 72.7
19 18.8 33.3
21 51 7.8
23 6.1 7.3
25 4.8 5.6
27 2.5 4.9
29 4.2 6.3
31 4.5 4.3
33 3.3 6.9
35 21.1 36.1
37 13.0 25.2
39 3.3 6.3

4.11 Test Results of the Optimized Prototype Motor

The final optimized motor has been produced and tested according to IEC 60034-2-1
and IEC 60034-18-41 standards. In this section, test results of the optimized motor
have been compared to the FEM results obtained in optimization analysis. Due to
limitations in the inverter side, test results are taken only for washing mode operation
at 563 mint. The test setup, as it can be seen from the Figure 4.72, it includes the
prototype motor, inverter and the load. During the test, the speed of the motor is kept
constant at 563 min* and the load is increased gradually. For different load torque
values the input current of the motor is observed and recorded. On the other side, for
the same current values, simulations in Maxwell 2D are run to observe the induced

torque for each case and later compare them to the test results.
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Figure 4.72 : Test setup of the optimized prototype.

The current and torque values for the washing mode test are given in Table 4.29.
Referring to the torque comparison graph, it is clearly seen that the test and FEM
torque values are quite close to each other with a maximum error of 8.57%. This
error is due to the small value of the output torque, whereas for higher output torque
values the error drops to very small values. Such small error values show that the
FEM analysis performed earlier during the optimization of the sample prototype is
highly accurate.

Table 4.29 : Test and simulation torque values of the optimized prototype for
different input current.

1 [A] T [Nm] T [Nm] Error

(Test) (Simulated) [%]
0.71 0.35 0.38 8.57
0.83 0.45 0.47 4.44
0.96 0.55 0.58 5.45
1.04 0.65 0.65 0.00
1.15 0.75 0.75 0.00
1.24 0.85 0.84 1.18
1.33 0.95 0.93 2.11
1.48 1.05 1.09 3.81
1.54 1.15 1.16 0.87
1.6 1.25 1.23 1.60
1.68 1.35 1.32 2.22
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The graphical comparison of the torque values for different input current values is

given in Figure 4.73.
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Figure 4.73 : Current—torque graphs of the optimized prototype.
Similar to the torque values, the test efficency of the prototype is compared to the

efficincy calculated by FEM. The results are recorded in Table 4.30.

Table 4.30 : Test and simulation efficiencies of the optimized prototype for different
input current.

Efficiency [%] Efficiency [%] Difference

HAL ™ (Test) (Simulation) [%)]
0.71 62.50 72.35 9.85
0.83 61.67 70.45 8.78
0.96 61.15 68.85 7.70
1.04 59.85 67.88 8.04
115 59.72 66.65 6.93
124 58.93 65.85 6.92
133 58.31 65.00 6.68
1.48 57.29 63.77 6.48
154 56.47 63.38 6.91
16 55.80 62.98 717
168 55.24 62.36 7.11

The graphical representation of the efficiency values is given and compared for both
cases in Figure 4.74. The efficiency difference given in Table 4.30, having a
maximum value of 9.85%, is due to the difference in the winding resistance which

was predicted to be 5.375 ohms, however, the calculated resistance of the produced
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prototype appeared to be 6 ohms. Moreover, in FEM analysis, the windage and
friction losses of the motor are not included, since mechanical transients are excluded

from FEM solutions.
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Figure 4.74 : Current-efficiency graphs of the optimized prototype.
4.12 Complete Performance of Sample and Optimized Prototype

The complete torque-speed and current-speed characteristics of both models have
been modelled in Motor-LAB module of Motor-CAD. Both models have been driven
by a maximum peak current of lpeak=3 A and a peak line voltage of Vpeak=311V. The
main purpose of this analysis is determination of the motor performance during
spinning mode operation at 13000 min. During high speed operation the magnetic
field is weakened by changing the load angle of the motor up to 90° electrically.
Increase of the load angle increases the reluctance of the flux path, thus the motor’s
output torque decreases while it reaches high speeds under limited current and

voltage values.

The operation modes of the model can be clearly seen from the torque-speed
characteristics of the sample prototype is given in Figure 4.75. The first mode defines
the current limited region, where the motor operates at constant current and constant
load angle. This mode continues until the motor reaches its base speed, and the

current and the voltage reach their limits.
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Figure 4.75 : Torque-speed characteristics of sample prototype.

After the base speed, the motor enters current and voltage limited region. In this
region the output torque decreases by increasing the load angle, whereas the current
remains constant. The third region is the voltage limited region, where the voltage
remains at its maximum but the current decreases to further weakening the magnetic

field.
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Figure 4.76 : Current-Speed characteristics of sample prototype.

From current-speed characteristics of the sample prototype given in Figure 4.76, it is
clearly seen that this model undergoes operation through all three regions until it
reaches the spinning speed of 13000 min™. If the sample prototype was to be used for

the same application with output torque of 1.2 Nm, the parameters for both washing
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and spinning modes would be as given in Table 4.31. The copper and iron losses

given in this table are later used in the thermal analysis of the sample prototype.

Table 4.31 : Complete parameter values for sample prototype.

Oﬁ)\%aéleon Washing Spinning
Speed [min] 563 13000
Current [A] 1.99 1.98
Torque [Nm] 1.25 0.4
DC Copper Losses [W]  79.6 77.97
Iron Losses [W] 0.9 28.86
Efficiency [%] 47.5 83.6

Similar to the sample prototype, the torque-speed characteristics of the optimized
prototype are obtained in Motor-LAB module. The characteristics are obtained for
the same maximum peak current and line voltage as given in Figure 4.77 and Figure

4.78.

156

10

Shaft Torque (Nm)
Efficiency (%)

0.5

0.0

0 2000 4000 6000 8000 10000 12000

Speed (rpm)
Figure 4.77 : Torque-speed characteristics of the optimized prototype.

Lower phase resistance makes the optimized prototype more efficient at lower speed
values. The maximum efficiency region seen in Figure 4.77 is wider and corresponds
to lower speed values compared to that of the sample prototype. Moreover, the model
does not enter too much in the voltage limited region of operation where the current
is decreased for further field weakening. From the current-speed characteristics of
the optimized prototype it can be seen that to reach a speed of 13000 min* the motor
undergoes a slight decrease of the current in the voltage limited region. Thus the
induced torque at this speed is higher than that of the sample prototype.
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Figure 4.78 : Current-speed characteristics of the optimized prototype.

The complete parameters for washing and spinning modes for the optimized
prototype are given in Table 4.32. As it can be seen, the optimized prototype has
better efficiency in both operation modes. The copper and iron losses of the
optimized prototype are later used in its thermal analysis.

Table 4.32 : Complete parameter values for optimized prototype.

Orl)\?lrc')a;:aon Washing Spinning
Speed [min] 563 13000
Current [A] 1.62 2.1
Torque [Nm] 1.24 0.45
DC Copper Losses [W] 47.24  78.31
Iron Losses [W] 1.08 51.8
Efficiency [%] 60.2 82.46
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5. THERMAL ANALYSIS

One of the most important stages of an electrical motor design is its thermal analysis.
The heat that is generated inside the motor windings due to its copper losses is
transmitted through other parts of the motor to the outside medium. Considering this
heat transfer, thermal analysis determines the temperature values of different parts of
the motor and it defines the required insulation class of the winding isolator.
Therefore, it is very important thermal analysis of electric motors to be performed
right and accurately. In literature, there are two different thermal models of electric
motors used in such analysis. First one are the models that use finite element
methods. Such models perform thermal analysis by dividing the motor geometry into
small parts and solving the heat transfer equations for each part. However, this
method requires high data storage capabilities and its calculations last for long
periods. The second method includes analytical solutions of thermal circuits defined
by dividing the motor in several parts. Each of these parts corresponds to a node
where the temperature is going to be measured. Between motor nodes, depending on
the geometry and the material characteristics, thermal resistances are calculated for
further calculation of the heat transfer from the windings to the outside medium.
Thus, depending on the thermal resistance values, the temperature values at each
node is calculated as a result of the heat transfer through the thermal circuit. The
majority of the active losses in electric motors occur in stator or rotor windings,
therefore the maximum thermal stress occurs at these parts. Calculating the
temperature values of the windings, the insulation class should be chosen
accordingly so that the motor will operate for longer times without damaging the
winding insulation. In order to keep the temperature values inside an electric motor
within pre-defined limits, different cooling methods like natural convection, self-
ventilation cooling, housing water jackets, wet rotor, spray cooling and radiation can

be applied. All these methods can also be modeled analytically.
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5.1 Heat Transfer

Heat transfer occurs as a result of temperature difference between two points in the
same or different media. Depending on the surrounding conditions, heat may be

transferred through different ways and with different speed.
Heat is transferred through:

e Conduction
e Convection

e Radiation

5.1.1 Conduction

If there is a difference (gradient) in temperature values between two points of an
object, the heat inside is flows from the part where the temperature is higher to the
parts where the temperature is lower, as given in Figure 5.1. This kind of heat
transfer is known as conduction. The amount of heat transferred Q is directly
proportional to the cross sectional area A and the normal temperature gradient.

or

Q= —kA& (5.1)

oT _ T,-T; . o L
Here, Py % is the temeperaure gradient in the heat transfer direction. The

factor k in the equation is known as the conduction constant and it depends on the
material characteristics of the object. The negative sign in the equation results due to
the second law of thermodynamics. The unit of the conduction constant k is
[ W/m°C] whereas the unit of heat transfer Q is [W].

—

—
7 5

L

Figure 5.1 : Heat transfer due to temperature difference inside the object [40].
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While designing the thermal circuit of any object, for each node inside the object the

equation of energy conservation can be written as:

Entering heat energy + generated heat energy = change in the stored energy +

leaving heat energy
Mathematically, the energy conversion equation is defined as follows.

Entering heat energy:

— AT
Qx— 'kAax (52)
Generated heat energy:
Q Adx (5.3)
Change in the stored energy:
oT
pcA;dX (5.4)
Leaving heat energy:
oT ar  d oT
Qe = 'kAa |X+dX: 'A[ka + % (k a) dx] (5.5)

In the above equations, Q’ is the generated heat energy in unit volume [ W/m®, c is
the material specific heat capacity [ J/kg®°C] and p is the material density [ kg/m?®].

The node equation of energy conversion equation is written as given in Equation 5.6.
oT oT or  d oT
- — 4 ’ = — - — —_ —
KA ™ Q’Adx =pcA aTdX A[kax + - (k ax)dx] (5.6)

This is a single dimension heat transfer equation. For a multidimensional model,
energy conversion over a unit volume should include the energy transfer through

conduction in each direction. In such cases, the equation becomes,
Qx + Qy + Qz +Qgenerated = Qx+dx +Qy+dy +Qz+dz+dE /drt (5-7)

| dE_ or
where: P pcdxdydz p (5.8)
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5.1.2 Convection

Convection is the heat transfer from any object occurring as a result of the motion of
the fluids around them. The simplest example of such heat transfer is the faster
cooling of a hot metal object with a fan put in front of it. The heat energy from the
metal object is said to be transferred through convection. The change of the
temperature values during convection is directly proportional to the transfer rate of
the fluid transferring the heat. For example, faster flowing fluids result in greater

temperature changes.

To define the effect of the convection, Newton’s cooling law is used. Thus, the

equation is written as:
Q = hcA(Tw'Too) (59)

The value of heat transfer Q depends on the temperature values of the object and the
fluid, the contact sectional area and the material characteristics of the transferring
fluid. In the equation, hc is the convection constant and it depends on the transferring
fluid. A is the contact sectional area between the object and the transferring fluid,
whereas Tw and T are the temperature values of the object being cooled and the

transferring fluid, respectively.

While calculating the constant he, some systems use analytical solutions. However, in
more complex systems, this constant is determined experimentally. Its unit is
[W/m?°C] dir. Moreover, the heat transfer through convection is also dependent on
the thermal characteristics of the transferring fluid, like thermal conductivity,

specific heat capacity and density.

5.1.3 Radiation

In conduction and convection, the heat transferred through a medium or between two
media that are in contact. However, the heat can be also transferred when there is no
transfer medium around the cooling object. This kind of heat transfer occurs as a
result of electromagnetic radiation. According to the results obtained from
thermodynamic researches, the heat being radiated from a perfect radiative object, is
directly proportional to the fourth power of the objects temperature and its sectional

area A.
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Qradiated =gAT* (5.10)

In Equation 5.10, the constant ¢ is known as the Stefan-Boltzmann constant, and its
value is 5.669x10® [ W/ m?K*]. According to the equation above, the net radiation
between two different surfaces is directly proportional to the fourth power of the
temperature difference between them (T1 and T2). Mathematically the net radiation
between two surfaces it takes the following form.

Qradiate ~
s~ (T — T))=o(Tf — T3) (5.11)

5.1.4 Motor-CAD software

Motor-CAD is a software developed by Motor Design Ltd. for electromagnetic and
thermal analysis of electric motors and generators. The software used both analytical
and finite element methods for thermal analysis whereas it uses only finite element
methods for electromagnetic analysis. This software has several motor models for
analysis including brushless permanent-magnet motors (BPM), outside rotor motors,
induction motors, permanent magnet DC motors, etc. Moreover, for all type of motor
models, different cooling systems like natural convection, self-ventilation cooling,
housing water jackets, wet rotor, spray cooling and radiation can be modelled and
analyzed [41]. It is accepted that the development and the high accuracy of the
thermal models of electric motors is more difficult than their electromagnetic
models. In Motor-CAD, instead of using motor drawings from other software, the
geometry of the motor is obtained by changing several numerical parameters defined
in the software interface. Such software plays a significant role and are becoming
more and more important in designing more efficient and compact electrical
machines by performing fast and accurate thermal analysis for different operating

and cooling conditions.

5.2 Thermal Analysis of the Sample Prototype

In this section of thesis, thermal analysis of the sample prototype is performed in
Motor-CAD. The steps how the motor is modeled in Motor-CAD software is
explained only for the sample prototype motor, later the thermal results are compared

for both sample and optimized motors.
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5.2.1 Geometry settings

In the software used for thermal analysis, the geometry of the motor is defined by
changing the parameters given corresponding to the geometry settings. The geometry
settings and the defined geometry is given in Figure 5.2. The stator of the first design
defined in Motor-CAD is exactly the same as the geometry defined in Maxwell.
However, as a result of limited parameter number in the rotor side, the defined
geometry is an approximation of the original one. The magnet length is changed by a
single parameter, therefore, the magnet volume in the Motor-CAD geometry is
distributed in three barriers with the same ratio as in the original geometry.

Figure 5.2 : Radial and axial view of the sample prototype motor.

Figure 5.3 : 3D view of the motor.
5.2.2 Windings settings

In the winding settings, the available parameters include the winding type, slot fill
factor and conductor diameter. In the performed analysis, the conductor number/slot
is chosen as 70. ’Ewdg MLT”’ factor defined the ratio of the winding length that

remains outside the stack length. Since the motor’s stack length is small and the
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winding is distributed, the end-winding mean length is calculated to be 200 mm. The

conductor configuration in a single slot is given in Figure 5.4.

Figure 5.4 : Winding and slot configuration.

5.2.3 Loss parameters

The sample prototype at 1.62 A induces a torque of 0.9 Nm. At this current value,
this motor is not usable for washing application due to low output torque. Therefore,
to make the sample prototype comparable to the final optimized motor, its input
current is increased to 1=2 A, value at which the sample prototype induces the target
output torque of 1.2 Nm. Using this current value, the losses of the motor calculated
in Motor-CAD at 563 min are as given below:

e Copper losses: Pcy=79,6 W

e Stator yoke core losses: Pyoke=0,4856 W

e Stator tooth core losses: Ptooth=0, 378W

e Rotor core losses: Protor=0,021 W

The copper losses do not vary with speed. They only vary with temperature, and the
temperature at which the copper losses are calculated is defined in the settings.
However, the core losses are directly proportional to the rotational speed of the

motor, and at any speed they are calculated with the following equation [42].

Shaft Speed )1.5

P =P; X
speed nput (Re ference speed

(5.12)
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The reference speed is actually the washing mode speed of the motor. Since the shaft
and the reference speed are equal in this thermal model, the iron losses will remain
the same as the entered values. The detailed window showing the losses settings is
given in Figure 5.5. The change of the copper losses with temperature is selected to
take into account the change of the winding resistance as the temperature values

increase. The copper losses are inserted for 20°C.

0 Geometry D Winding [ input Data F Temperatures  E5| Output Data @ Transient Graph E: Sensitivity ° Scripting
4 Cooling Wk Losses ghy Materials 1 Intefaces () Radistion 177 Natural Convection (% End Space 1 DutyCycle € Settings #8 Material database
M Loss Models J0l Loss Distibution

Loss Variation with Speed: Copper Loss Variation with Temperature:
coef[A] Speed Dependent Losses [ Copper Losses Vary with Temperature
Plspeed] = Plinput] x I: gs::j;?g :I Shaft Speed [pm] 563 Winding Temperature at which Stator Copper Losses Input
[ Single value of Speed[REF] [pm] 563
Component Plinput] | Speed[REF] | coef[A] Wrka | Plspeed] Loss Variation with Temperature & Load:
[ Losses Vary with Temperaturs & Load
Contant Torgue or Constant Cumrent
3 | |
— iStis L g s Constant Torque Constant Current
Loss [Stator Capper] 79.6 563 0 94,45 796 20
20
Loss [Stator Back Iron] 0,4856 563 15 1,151 0,4856 Shaft Torque [Nm] (@Peu defined): 12
199
Loss [Stator Tooth] 0.378 563 15 1.258 D378 -
Loss [Magnet] 0 563 2 0 1] 1
67
Loss [Embedded Magnet Pole] 0,021 563 15 0,05363 0,021 02
Loss [Rotor Back Iron] 0.0001456 563 15 0.00146 0.0001456 g
Losses Notes:
Loss [Windage] 0 563 3 1] 0 Type in user Losses notes here
Loss [Windage] (Ext Fan) 0 563 3 1] 1]

Figure 5.5 : Active power loss settings.
5.2.4 Material settings

In the performed thermal analysis, the material for each part of the motor is defined
as show in the settings window in Figure 5.6. Motor-CAD has registered in its
database the properties of each material, therefore is enough only to select the type of
the material for each corresponding part of the motor. The most important parts and
their material are given as follows:

e Stator and rotor: M700 ferromagnetic steel

e Front and rear endcaps: aluminum

e Stator winding: Copper

e Shaft: Steel

e Magnet: Y30H-2 (Ferrite magnet)
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@ Geometry D Winding Dﬂ Input Data F Temperatures 5= Output Data & Transient Graph Ec Sensttivity 0 Scripting
3% Cooling M Losses ﬁ Materals 1 Interfaces (51 Radiation ITI‘[ Natural Convection @ End Space E Duty Cycle o Settil

Component Material from Database Thermal Specific | Density | Weight | Weight | Weight | Weight
Conductivity | Heat Intermal | Multiplier| Addition | Total
Urits WimsC Jikg/C kg/m3 kg kg kg
Stator Lam (Duter) cogertM700 v 30 460 7650 0.2574 1 0 0.2574
Inter Lam {Outer) cogertM700 v 30 460 7650 0.00796 1 0 0,00796
Endcap [Front] Aluminium (Mloy 155 Cast) |~ 168 333 2790 0,2235 1 i} 0,2239
Endcap [Rear] Aluminium (Mloy 195 Cast) |~ 168 333 2790 02235 1 0 0,2239
Stator Lam (Back Iron) cogertM700 v 30 460 7650 0.4219 1 0 04219
Inter Lam {Back Iror) v 002723 1007 1127 [ 1922E06 1 0 1.922E-D6
Stator Lam (Tooth) cogertM700 v 30 460 7650 0.3006 1 0 0,3006
Inter Lam {Toaoth) v 002723 1007 1127 | 1,369E-06 1 0 1,369E-D6
Stator Lamination 09878 05878
Winding [Active] Copper (Pure) o 401 385 8533 0.2026 1 0 0.2026
Winding [Front End-Wdg] Copper (Pure) o 401 385 8533 0.3201 1 0 0.3201
Winding [Rear End-Wda] Copper (Pure) e 401 385 8533 0.3201 1 0 0.3201
Winding [Total] 0.8428 0.8428
Wire Ins. [Active] v 0.21 1000 1400 | 0.006865 1 0 0.006365
Wire Ins. [Front End-Wdg] v 0.21 1000 1400 | 0.008961 1 0 0.008961
Wire Ins. [Rear End-Wdg] v 0.21 1000 1400 | 0.008961 1 0 0.008961
Wire Ins. [Total] 0.02479 0.02479
Impreg. [Active] v 0.2 1700 1400 0 1 0 0
Impreg. [Front End-Wdg ] v 0.2 1700 1400 0 1 0 0
Impreg. [Rear End-Wdg ] v 0.2 1700 1400 0 1 0 0
Impreg. [Total] 0 0
Slot Liner v 0.21 1000 700 0 1 0 0
Magnet I 'Y30H-2 fenmite v 29 800 5000 0.1425 1 0 0,1425
Inter Magnet Gap v 30 460 7650 0.1116 1 0 0,1116
Rotor Lam (Back Iron) cogent M700 ~ 30 460 7650 0.09965 1 0 0,09969
Rot Inter Lam {Back: Irom) v 002723 1007 1127 | 4542E07 1 0 454207
IPM Magnet Pole cogertM700 v 30 460 7650 0.3522 1 0 0,3522
Rotor Lamination [Total] 0.,5634 0,5634
Shaft [Active] Mild Steel v 25 450 7800 0.04459 1 0 0,04439
Shaft [Front] Mild Steel v 25 450 7800 0.09702 1 0 0,05702
Shaft [Rear] Mild Steel w 25 450 7800 0.05484 1 0 0.05484
Shaft [Total]l 0.1969 0.1969
Bearing [Front] w 30 460 7800 0132 1 0 0132
Bearing [Rear] w 30 460 7800 0132 1 0 0132
Mator Weight [Total] 347 347

Figure 5.6 : Material settings.
5.2.5 Interface settings

Between any two different parts of the motor, there is a remaining interface that
affects the heat flow negatively. The empty space remaining as a result of
imperfections between the surfaces of motor parts decreases the heat flow and causes
the temperature of inner parts of the motor to take higher values. The interfaces in
this model are all chosen as average quality interfaces, and the completed and

detailed interface settings of the sample prototype are given in Figure 5.7.
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22 Cooling * Losses & Materials I Interfaces @f‘.’ﬂ Radiation ITIT Natural Convection L'%) End Space E Duty Cycle ﬁ Settings

Component Gap Details Resistance Conductance
@T=100,0C @T=100,0C
Units mm m2.C/AW Wim2/C
Stator Lam - Endcap[F] 0.005 Metal-Metal - Average surface Contact ~ 0.0001577 6343
Stator Lam - Endcap[R] 0.005 Metal-Metal - Average surface Contact (0,005) ~ 0.0001577 6343
Magnet - Rotor Lam 0,005 Metal-Metal - Average surface Contact (0,005) ~ 0,0001577 6343
Rotor Lam - Shaft 0,005 Metal-Metal - Average surface Contact ~ 0.0001577 5343
Bearing Efective Gap [F] 04 High Effective Gap [Torino Testing] ~ 001261 7925
Bearing Effective Gap [R] 04 High Effective Gap [Torino Testing] ~ 0.01261 7929
Bearing - Endcap [F] 00112 Stainless-Stainless - Medium suface Contact ~ 0.0003531 2832
Bearing - Endcap [R] 0,0073 Stainless-Aluminium - Medium surface Contact ~ 0,0002302 4344
Bearing - Shaft [F] 00112 Stainless-Stainless - Medium suface Contact ~ 0,0003531 2832
Bearing - Shaft [R] 0,012 Stainless-Stainless - Medium suface Contact ~ 0,0003531 2832

Figure 5.7 : Interface settings.
5.2.6 Radiation settings

The heat transfers between the inner parts of the motor due to radiation is neglected
in our model, therefore radiation is effective only between the motor and the outer
medium. The motor parts that have the emissivity factor defined are those that are in
contact with the outer medium, including stator outer surface, end and front endcaps.
For all these parts, an approximate emissivity value equal to that of grey color is

inserted as 0.9 [42]. The detailed settings corresponding to radiation are given in

Figure 5.8.
Component Emissivity | View Factor | hr @dT=100.0C Area Rt @dT=100.0C

Units W/m2/C mm?# CAW
Housing [Active] 03 1 8,791 1,186E04 9,589
Endcap [Front] - Radial Area 039 1 8,791 1.446E04 7.868
Endcap [Front] - Axial Area 09 1 8.791 1.076E04 10,58
Endcap [Rear] - Radial Area 03 1 8.791 1.446E04 7.868
Endcap [Rear] - Axial Area 03 1 8,791 1.094E04 104

Figure 5.8 : Radiation settings.
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5.2.7 Natural convection settings

The majority of the heat transfer between the electric motors without fans and the
outer medium occurs through natural convection. Having no forced air circulation,
natural convection transfers heat only by the natural motion of the air around the
motor. In the natural convection settings in Motor-CAD include a dT temperature
change is inserted for the software to calculate the hnc heat transfer factors and
thermal resistances. Any dT value can be inserted, however the software uses the real
time dT values of the model for calculating the thermal resistances and the heat
transfer factors during the thermal analysis. The detailed natural convection settings

for dT=10 are given in Figure 5.9 below.

@ Geometry [ ] Winding 04 nput Data E Temperstures 25| Output Data |2 Transient Graph  ©i Sensitivity g Scripting
3% Cooling M Losses & Materials I Interfaces () Radiation TtHt Natural Convection @ End Space 1|: Duty Cycle €Y Settings <&

Mator Oriertation = Horizortal

dT used in table below [C]

Component Input h? Convection Comelation hlinput] hnc & Area Rt @ dT=10.0C
or dT=10.0C
hladjust]

Units Wim2/C Wim2/C mm? C/W
Housing [Active] 0] Horizontal Cylinder 1 4,049 1,186E04 20,82
Endcap [Front] - Radial Area 0 Horizontal Cylinder 1 4,049 1,446E04 17,08
Endcap [Front] - Auwial Area D ertical Flat Plate 1 455 1,045E04 21,04
Endcap [Rear] - Radial Area 0 Horizontal Cylinder 1 4,049 1.446E04 17.08
Endcap [Rear] - fAdal Area 0 Vertical Flat Plate 1 455 1.094E04 201

Figure 5.9 : Natural convection settings.
5.2.8 Front and rear end-space

In the front and rear end-spaces of the motor, air flow occurs due to the rotation of
the rotor. The parameter that affects the air motion in end-space is the type of the
rotor which is defined in end-space settings. In this analysis, the type of the rotor is
selected to be normal one, with a medium end-space velocity multiplier. According
to the rotor type, the software calculates a reference air speed on the end-spaces, and
using this reference speed, for all the motor parts separately that are in contact with
the end-space air, it calculates the air speed flowing around them. To calculate the air
speed around each part in the end-spaces, the software uses ki, k2 and ks constants.
Using these constants, the heat transfer factor in the end-space (h), is calculated using

the reference air speed with the following Equation 5.13.
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h= k1 x[1+ky xvel xk3] (5.13)

In this equation, “vel” is the reference speed in the end-space. This reference speed is
only used for the stationary parts of the motor. The air speed around the rotating
parts is calculated according to their rotational velocity and their average

distance(radius) from the shaft center.

Different researches give different values for the, ki, k2 and ks constants. However,
all researches give similar results while implementing the thermal circuit of the
motor. In the Scuber’s researches, the constants used for induction motor thermal
analysis are ki=15, ko=0.4 and k3=0.9 [42]. Because induction motor end-space is
similar to the synchronous reluctance motor end-space, the same constants are used
in this model’s thermal analysis also. The endcaps are completely closed, therefore
endcap ventilation is selected as closed, meaning that there is no air exchange
between the outer medium and the motor’s end-space. Details for the end-space

settings are given in Figure 5.10 below.

0 Geometry D Winding L]ﬂ Input Data F Temperatures E Output Data & Transient Graph Eﬂ Sensitivity ° Scripting
3% Cooling * Losses & Materials I Interfaces G‘j’n Radiation ITI1 Natural Convection @ End Space E Duty Cycle ﬁ Settings

Er:;t SEgdceSE"aelcoec;iw Multiplier [Frort]: | Momal Rotor ~ E:da rSE;i: Ef:?:t::ﬂ‘f Multiplier [Rearl: | Normal Rotor ~
End Space Reference Velocity [Front]: End Space Reference Velocity [Rear]:
End winding roughness [Front]: End winding roughness [Rear]:
Endcap Vertilation [Front]: Endcap Ventilation [Rear]:
(®) Closed () Vented (O Fully Open (@) Closed (O Verted () Fully Open
Intemal Surface k1 k2 k3 Air Velocity | Air Velocity h Area Rt
Units pu ms Wim2/C mm? CAW
Endcap [Front] 15 0.4 0.9 0.2 0.2282 14,33 8262 8.446
Endcap [Rear] 15 0.4 0.9 0.2 0,2282 14,33 8262 8,448
Bearing [Front] 15 04 0.9 0.7 0.7986 17.2 1410 4124
Bearing [Rear] 15 04 0.9 0.7 0.7986 17.2 1410 4124
Shaft [Front] 15 0.4 0.9 1 0.4466 15.47 1285 503
Shaft [Rear] 15 0.4 0.9 1 0,4466 15,47 1285 503
Rotor [Front] 15 04 0.9 1 1.251 15.3 3637 14,24
Rotor [Rear] 15 04 0.9 1 1.251 15.3 3637 14,24
Magnet [Front] 15 0.4 0.9 1 2,168 2337 8874 4823
Magnet [Rear] 15 0.4 0.9 1 2,168 2337 8874 4823
EWdg Bore [Front] 15 04 0.9 1 1,141 18.8 7670 6.936
EWdg Bore [Rear] 15 0.4 0.9 1 1141 18.8 7670 6.936
EWdg Outer [Front] 15 0.4 0.9 1 1.141 18.8 1.031E04 5,159

Figure 5.10 : Front and rear end-space settings.
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5.2.9 Washing mode thermal results of the sample prototype

After the settings related to the geometry and the thermal model are finished, the
software implements the lumped thermal circuit corresponding to the sample
prototype, giving the temperature results at each node of the motor. As it was
expected, the maximum thermal stress occurs in the stator windings. Referring to the
thermal circuit, radial and axial view of the motor, it can be concluded that the
maximum temperature value seen in the stator is 156.8°C, the maximum winding
temperature is 169.6°C whereas the maximum magnet temperature is 154.9°C. Figure
5.11 gives the radial view of the motor geometry and the distribution of the
temperature values. The thermal circuit implemented by the software including all
the node temperature of the motor is given in Figure 5.12. In the thermal circuit
implemented analytically, the flow of the heat from the winding nodes where is
generated to the nodes representing the outer medium is realized through the thermal
resistances between nodes. The key symbols used in the lumped thermal circuit are
thermal resistances of specific motor parts, interface resistances, convection and
radiation resistances, power loss sources and node labels. For each symbol, the
resistance, power flow and the temperature drop values are observable.

*154 6C
154 0C |

Figure 5.11 : Radial view of analytical temperature results of sample prototype.
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Figure 5.12 : Lumped thermal circuit of the sample prototype.
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The axial view of the temperatures calculated analytically is given in Figure 5.13.
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Figure 5.13 : Axial view of analytical temperature results of sample prototype.

To make sure that the analytical model of the sample prototype is accurate, thermal
analysis is performed using FEM also. The slot temperature distribution calculated
using FEM for the sample prototype is given in Figure 5.14.

Figure 5.14 : Slot temperature distribution using FEM.
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Figure 5.15 : Rotor temperature distribution using FEM.

The rotor and axial temperature distributions calculated via FEM are given in Figure
5.15 and Figure 5.16, respectively. FEM results are fairly close to the analytical ones,
meaning that the analytical model of the sample prototype is accurate.
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Figure 5.16 : Axial temperature distribution using FEM.
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5.2.9.1 Spinning mode thermal results of the sample prototype

The electric motors used in washing machines operate at spinning mode for short
periods of time, generally around 3 minutes. Depending on the motor and the
washing machine type, the spinning mode speed and time may be different. In this
thesis, the spinning mode speed of the sample prototype is 13000 min™ and the
average spinning time period is taken as 3 minutes. Since the sample prototype’s
input current and the core losses are different at spinning mode operation, they are
calculated in Motor-LAB module and given as shown below:

e Copper losses: Pcy=77.97 W

e Stator yoke core losses: Pyoke=15.87 W

e Stator tooth core losses: Piooth=12.41 W

e Rotor core losses: Protor=0.577 W
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Figure 5.17 : Spinning mode transient settings of the sample prototype.

In the transient settings shown in Figure 5.17, the losses of the model are changed for
3 minutes to calculate the spinning mode temperatures. Assuming that the model
operates initially at washing mode long enough so that it reaches steady-state
washing mode temperatures, the losses of the motor are changed accordingly to their
spinning mode values for 180 seconds, simulating the motor’s change of operations.
The transient change of the temperatures is given graphically in Figure 5.18. During
the spinning mode operation, the maximum winding temperature reaches 170°C at
the end of 3-minute period. To observe the temperature’s drop to the previously
calculated washing mode values as the motor’s speed decreases again, the speed and

the losses of the model are decreased accordingly for another period of 10*seconds.
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Figure 5.18 : Transient temperature results of the sample prototype.

As a results, looking at the maximum values of temperatures during washing and
spinning mode operations, the necessary thermal class of the winding insulation for

this model would be H class that can withstand temperatures up to 180°C [43].

5.3 Thermal Analysis of the Optimized Prototype

The optimized prototype is modelled similarly as the sample one in Motor-CAD. The
differences between the models are the geometry and the windings. Both models are
cooled down only by natural convection and radiation. The losses of the optimized
model are calculated using Motor-LAB module as given below:

e Copper losses: Pcy=47.24 W
e Stator yoke core losses: Pyoke=0.459 W
e Stator tooth core losses: Piooth=0.606 W

e Rotor core losses: Protor=0.018 W

The loss settings window of the optimized prototype is given in Figure 5.19. The
copper and losses are entered accordingly and the change of the copper losses with
temperature is activated so that the model encounters the phase resistance change as

the winding temperature increases.
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Figure 5.19 : Loss settings of the optimized prototype.

5.3.1 Washing mode thermal circuit and thermal results

After the settings related to the geometry and thermal model are finished, the

software implements the thermal circuit corresponding to the optimized prototype

giving the temperature results at each node of the motor. Figure 5.20 gives the radial

view of the geometry temperature values calculated analytically for the optimized

prototype.
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Figure 5.20 : Radial view of the temperature results of optimized prototype.
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Figure 5.21 : Lumped thermal circuit of the optimized prototype.
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The thermal circuit implemented by the software including all the node temperature
of the optimized prototype is given in Figure 5.21. In the thermal circuit
implemented analytically, the flow of the heat from the winding nodes where is
generated to the nodes representing the outer medium is realized through the thermal
resistances between the nodes. The axial view of the temperature values calculated

analytically is given in Figure 5.22.
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Figure 5.22 : Axial view of analytical temperature results of optimized prototype.

To check if the analytical model of the sample prototype is accurate, thermal analysis
is performed using FEM also. The slot temperature distribution calculated using
FEM for the sample prototype is given in Figure 5.23.
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Figure 5.23 : Slot temperature distribution using FEM.
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Figure 5.24 : Rotor temperature distribution using FEM.

The rotor and axial temperature distributions calculated via FEM are given in Figure
5.24 and Figure 5.25, respectively. FEM results are fairly close to the analytical ones,
meaning that the analytical model of the sample prototype is accurate.

Figure 5.25 : Axial temperature distribution using FEM.
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5.3.2 Spinning mode thermal analysis

The spinning mode losses of the optimized prototype are calculated in Motor-LAB
module as below:

e Copper losses: Pcy=78.31 W

e Stator yoke core losses: Pyoke=23.83 W

e Stator tooth core losses: Piooth=27.19W

e Rotor core losses: Protor=0.777 W
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Figure 5.26 : Spinning mode transient settings.
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Figure 5.27 : Transient temperature results of the optimized prototype.
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In the transient settings shown in Figure 5.26, the losses of the model are changed for
3 minutes to calculate the spinning mode temperatures. Similar to the sample
prototype, the model operates initially at washing mode, and then for 180 sec
changes its operation to spinning mode. During the spinning mode period the losses
of the model are changed accordingly. The transient change of the temperatures is
given in Figure 5.27. During the spinning mode operation, the maximum winding
temperature reaches 122°C at the end of 3-minute period. After the speed is
decreased again to washing mode speed of 563 min, losses and temperatures drop

again to the previously calculated washing mode values.

5.4 Comparison of Thermal Analysis Results

The final results of the thermal analysis are given in Table 5.1. Looking at the
maximum values of winding temperatures of both motors, it is clearly seen that the
sample motor undergoes larger thermal stresses than the optimized motor. Its
insulation class of the winding is required to be H class that can withstand
temperatures up to 180°C [43]. On the other hand, the optimized motor has much
lower losses and it undergoes lower thermal stresses during washing and spinning
mode operation. Insulation class B, withstanding temperatures up to 130°C, is
enough for this motor [43]. Considering the demagnetization of the ferrite magnet
due to temperature change, the remanent magnetic field of these magnets decreases

by 0.2% for each degree Celsius temperature increase [44].

Table 5.1 : Thermal analysis final results.

Model Sample Motor  Optimized Motor
Max. Winding Temp. [°C] 164.2 122
Insulation Class H B
Magnet Temp. [°C] 153.6 102.5
Ferrite Br. [T] 0.294 0.334
Max. Torque Capability [Nm] 1.11 1.18

Having a remanent magnetic flux density of B=0.4T at 20°C, at steady state
temperatures obtained above, the B values of the sample and optimized prototype
are calculated in Motor-CAD to be 0.294T and 0.334T. This decrease of the
remanent magnetic flux density decreases the capability of the prototypes to induce
torque at steady-state temperatures. The maximum torque capabilities of the sample

and optimized prototype, calculated in Motor-CAD are also given in Table 5.1.
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6. MECHANICAL STRESS ANALYSIS

Mechanical analysis of electric motors is another important issue to be considered
during their designs, especially for those that operate at high speed values. Electric
motors that are used in washing machines, at spinning mode operation get speed
values up to 13000 min*. At such high speed values, the mechanical stresses
resulting from the centrifugal force acting on the parts of the rotor cause
deformations. If these deformations are not limited, they may lead to the total failure
and breakage of the rotor. In order to determine whether the motor’s mechanical
integrity will be sustained, in this section the stress analysis of the sample and
optimized motors are simulated and analyzed in ANSYS’ Static Structural module.
The simulations are performed separately for washing (563 min™) and spinning mode
(13000 min™) for both models. The mechanical characteristics of the materials
composing the rotor are given in Table 6.1.

Table 6.1 : Mechanical characteristics of rotor materials.

Parameters M700 Ferrite
Mass Density [kg/m3] 7800 5000
Young Modulus [GPa] 210 180
Poisson Coefficient 0.31 0.28
Tensile Stress Limit [MPa] 405 34

6.1 Spinning Mode Test of the Sample Prototype

The mechanical test during spinning mode is performed to see the total deformation
and the equivalent stress on the rotor under constant rotational speed of 13000 min‘™.
The centrifugal force acting on the flux segments at high speed operations deforms
the rotor ribs as the segments are pushed outwards the center of the rotor. After the
mechanical properties are defined for the sample prototype, the model is solved for
the equivalent stress, equivalent elastic strain and the total deformation. The
equivalent stress simulation results are given in Figure 6.1, the equivalent elastic
strain simulation results are given in Figure 6.2 and the total deformation simulation

results are given in Figure 6.3.
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M: Sample Prototype-spinning mode test
Equivalent Stress

Type: Equivalent feon-Mises) Stress
Unit: Pa

Tirre: 1000
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Figure 6.1 : Equivalent stress results of the sample prototype at 13000 min™,

N: Sample Prototype-spinning mode test
Equivalent Elastic Strain
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Unit: i
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Figure 6.2 : Equivalent elastic strain results of the sample prototype at 13000 min™.
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H: Sample Prototype-spinning mode test
Total Deformation
Type: Total Defarmation
Unit: rr

Tirme: 1000

24082017 11:32

. 1,634e-5 Max
1,4524e-5
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— 1,0893e-5
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Figure 6.3 : Total deformation results of sample prototype at 13000 min™.
6.2 Washing Mode Test of the Sample Prototype

For the washing mode operation, the mechanical stress analysis of the sample is done
to observe the total torsion on the rotor under constant load of 1.2 Nm.

5: Sample Prototype-washing mode test
Equivalent Stress

Type: Equivalent feon-Mises) Stress
Unit: Pa

Tirme: 1000

24.08.2017 11:33

-. 3,3151eb6 Max
2,%68:60

— 2,5735e0

— 2.2102ef

— 1,841%86

—— 1,4736ed

— 1,1052ef

1 736935
3,0867e5

- 297.18 Min

Figure 6.4 : Equivalent stress results of the sample prototype at 563 min™.
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Similarly, the model is solved for equivalent stress given in Figure 6.4, Equivalent

elastic strain given in Figure 6.5 and total deformation given in Figure 6.6.

5: Sample Prototype-washing mode test
Equivalent Elastic Strain
Type: Equivalent Elastic Strain
Unit: rmfin

Tirne: 1000

24082017 11:34

. 1,5843e-5 Max
1,4083e-5
— 1,2323e-5
— 1,0563=-5
— B,8027e-A
— T.2Te-6
— 5,2826e-6
1 35225:-A
1,762de-6
2,3688e-9 Min

Figure 6.5 : Equivalent elastic strain results of the sample prototype at 563 min™.

%: 5Sample Prototype-washing mode test
Total Deformation
Type: Total Deformatian
Unit: rm

Tirne: 1000

24082017 11:34

. 24221e-6 Max
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— 1,883%:-6
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0 Min

Figure 6.6 : Total deformation results of the sample prototype at 563 min™.
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6.3 Spinning Mode Test of the Optimized Prototype

The spinnig mode equivalent stress results for the optimized prototype are given in
Figure 6.7.

P: Optimized Prototype-spinning mode test
Equivalent Stress

Type: Equivalent (van-kises) Stress
nit: Pa

Tirne: 1000

2408207 11:36
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— 1,176de8
— 100545
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— 672387
— 5,0438e7
— 3,3633e7

. 1,6838:7
37561 Min

Figure 6.7 : Equivalent stress results of the optimized prototype at 13000 min™.

P: Optimized Prototype-spinning mode test
Equivalent Elastic Strain
Type: Equivalent Elastic Strain
Unit: rmfrn

Tirre: 1000

24.08.2M7 11:38
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Figure 6.8 : Equivalent elastic strain results of optimized prototype at 13000 min™.
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The equivalent elastic strain and total deformation results for spinning mode of the

optimized prototype are given in Figure 6.8 and Figure 6.9, respectively.

P: Optimized Prototype-spinning mode test
Total Deformation
Type: Total Deformation
Unit: m

Tirme: 1000

24082017 11:37
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Figure 6.9 : Total deformation results of optimized prototype at 13000 min™.
6.4 Washing Mode Test of the Optimized Prototype

The equivalent stress results for the optimized prototype are given in Figure 6.10.

(: Optimized Prototype-washing mode test
Equivalent Stress

Type: Equivalent fvon-fdises) Stress
Unit: Pa

Tirne: 1000

24082017 11:37

. 3,198e6 Max
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Figure 6.10 : Equivalent stress results of optimized prototype at 563 min™.
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(: Optimized Prototype-washing mode test
Equivalent Elastic Strain
Type: Equinalent Elastic Strain
Unit: rmyrm

Tirne: 1000
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Figure 6.11 : Equivalent elastic strain results of optimized prototype at 563 min™.

The washing mode equivalent elastic strain and total deformation of the optimized

prototype are given in Figure 6.11 and Figure 6.12, respectively.

Q: Optimized Prototype-washing mode test
Total Deformation
Type: Total Deformation
Unit: m

Tirne: 1000

24,08.2017 11:39
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Figure 6.12 : Total deformation results of optimized prototype at 563 min™.
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6.5 Comparison of Mechanical Stress Analysis Results

The comparison of the maximum mechanical stress values for both models are given
in Table 6.2.

Table 6.2 : Mechanical stress analysis maximum results.

Model Sample Prototype  Optimized Prototype
Test Spinning Washing Spinning Washing
Equivalent Stress [MPa] 199.46 3.31 151.2 3.2
Equivalent Elastic Strain [m/m] 0.00095 15.84e-06 0.00073 15.24e-06
Total Deformation [um] 16.34 2.42 13.03 2.25

Referring to the mechanical analysis results, glue that is used between the magnets
and the ferromagnetic material has a significant positive effect on the rotor
deformation. Making the rotor more compact, the stresses and the maximum
deformation are reduced. Moreover, from the mechanical results in Table 6.2 it is
clearly seen that the optimized motor is advantageous also in mechanical aspect.
Larger magnets and smaller rotor radius, makes the optimized motor’s rotor better
than the sample motor. Maximum deformation of the optimized motor 13.03 pum,

which is negligibly small.
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7. RESULTS AND RECOMMENDATIONS

In this thesis, the performance optimization analysis of a sample PMaSynRM,
designed for washing machine application, is done so that the output torque is
increased to the target value for the same rated current of the sample prototype at
washing mode. The optimization work has been started from the air-gap length.
Decrease of the air-gap has a significant effect on the output torque. However, at the
same time the saturation of the stator and the torque ripple increases as the air-gap
length is decreased. Together with the air-gap length, permanent magnet volume and
position, and distance D effect is analyzed as further optimization work. Increasing
distance D increases the output torque of the motor. However, for applications where
larger volume of permanent magnet is required such method is not suitable since it
narrows the barriers and decrease the available space for placing the magnets.
Therefore, from this work it is concluded that the optimum D and magnet location is
the same as those in the sample prototype. Further analysis includes the stator yoke
and tooth optimization. This optimization work is done such that the output torque of
the motor is kept around the target value of 1.2 Nm, and the magnetic field density of
the stator yoke and tooth does not pass the limit of 1.3 T. For different air-gap length
different number of turns/phase are used in the models analyzed in this section. The
optimum model is chosen to be that with air-gap length of g=0.8 mm and number of
turns/phase of N=450. Further optimization on this selected model includes the
multilayer winding effect, ferromagnetic material type, slot opening, slot type and
tooth bottom form analysis. Referring to the results of multilayer winding effect,
such application does not prefer multilayered windings due to small space and
difficult production. The type of ferromagnetic materials considered are M700 and
M350 having quite similar B-H curves. However, the difference in the iron losses
makes the model having M350 slightly more efficient. Considering the slot form,
decreasing the slot opening decreases the reluctance between the stator and rotor
therefore the output torque of the motor increases. However, since the minimum
value of the slot opening acceptable is the diameter of the conductor used, for easier

production the slot opening is kept the same as that of the sample prototype. Slot
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opening height does not have a significant effect on the output torque of the motor,
therefore this parameter is also kept the same as that of the sample prototype. The
inner slot wall effect is also analyzed and seen to not have a significant effect on the
output torque. Finally, the effect of outwards and inwards tooth bottom is analyzed
and observed to have different impact on the output torque of the motor. Outwards
tooth bottom increases both the torque ripple and the saturation of the stator,
therefore the optimum tooth bottom is selected to be the inwards tooth bottom, the
same as the sample prototype. The final optimized prototype obtained from the
previous optimization analysis, is produced and tested. The test is done for different
current values and for each case the experimental efficiency and the torque is
compared to the FEM efficiency and torque, respectively. Moreover, the final
optimized prototype is compared to the sample prototype thermal and mechanically.
The thermal and mechanical analysis of both models performed, show that the
optimized prototype is not only electromagnetically better, but also thermally and

mechanically than the sample prototype.

Low slot fill factor used in this optimized prototype decreases its efficiency as the
conductor diameter is required to be small. If the production with higher slot fill
factor would be possible, the produced prototype would be much more efficient than
the actual case, since it would be possible to use wider conductor. Lower phase
resistance would increase the efficiency as well as decrease the thermal stress on the

windings of the motor.
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