ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL

COGGING TORQUE AND PERFORMANCE OPTIMIZATION OF AN
INTERIOR PERMANENT MAGNET SYNCHRONOUS MOTOR USED IN
COMMERCIAL WASHING MACHINES

M.Sc. THESIS

Ege UNLUTEPE KESKIN

Department of Electrical Engineering

Electrical Engineering Programme

JUNE 2021






ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL

COGGING TORQUE AND PERFORMANCE OPTIMIZATION OF AN
INTERIOR PERMANENT MAGNET SYNCHRONOUS MOTOR USED IN
COMMERCIAL WASHING MACHINES

M.Sc. THESIS

Ege UNLUTEPE KESKIN
(504181017)

Department of Electrical Engineering

Electrical Engineering Programme

Thesis Advisor: Assoc. Prof. Dr. Derya Ahmet KOCABAS

JUNE 2021






ISTANBUL TEKNIK UNIiVERSITESI % LISANSUSTU EGIiTiM ENSTITUSU

TiCARI CAMASIR MAKINELERINDE KULLANILAN GOMULU DAIMIi
MIKNATISLI SENKRON MOTORLARIN TUTUNMA MOMENTI VE
PERFORMANS EN UYGUNLASTIRMASI

YUKSEK LiSANS TEZI

Ege UNLUTEPE KESKIN
(504181017)

Elektrik Miihendisligi Anabilim Dal

Elektrik Miihendisligi Program

Tez Damismani: Do¢. Dr. Derya Ahmet KOCABAS

HAZIRAN 2021






Ege UNLUTEPE KESKIN, a M.Sc. student of iTU Graduate School 504181017,
successfully defended the thesis entitled “COGGING TORQUE AND
PERFORMANCE OPTIMIZATION OF AN INTERIOR PERMANENT MAGNET
SYNCHRONOUS MOTOR USED IN COMMERCIAL WASHING MACHINES”,
which she prepared after fulfilling the requirements specified in the associated
legislations, before the jury whose signatures are below.

Thesis Advisor : Assoc. Prof. Dr. Derya Ahmet KOCABAS ...
Istanbul Technical University

Jury Members : Assoc. Prof. Dr. Derya Ahmet KOCABAS ...
Istanbul Technical University

Prof. Dr. ibrahim SENOL ...,
Yildiz Technical University

Assoc. Prof. Dr. Salih Baris OZTURK  ........ccco.cocovvvnnnee.
Istanbul Technical University

Date of Submission : 11 June 2021
Date of Defense : 01 July 2021






To My Family,

vii






FOREWORD

Firstly; 1 wish to express my sincere gratitude to my supervisor Assoc. Prof. Dr. Derya
Ahmet Kocabas for his valuable guidance and support throughout this thesis work.
Besides, | would like to present my specific appreciation Arcelik Electronic Control
R&D Manager Sezgin Parmaksiz for his valuable support, sharing experience and
guidance. Especially, | would like to express my sincere gratitude to my colleague
Samet Gelme for his dedication to overcoming all difficulties of the project. My other
specific appreciation goes Ferhat Coskun for his eternal trust, encouragement and
patience. In addition, I would like to express my appreciation to Halil Atilla, who has
provided all kinds of support with his excellent coordination since the beginning of the
project. I would like to state one of my special thanks to Eren Dalgakiran, for his
guiding and supporting. Finally, 1 would like to thank my family for always supporting
me.

June 2021 Ege UNLUTEPE KESKIN
(Electrical Engineer)






TABLE OF CONTENTS

Page

FOREWORD ..ottt bbbttt bbb IX
TABLE OF CONTENTS ..ottt Xi
ABBREVIATIONS ... .ottt bbb Xiii
SYIMBOLS .ttt ettt et bt b e b e re e e XV
LIST OF TABLES ... XVii
LIST OF FIGURES ......coooieiee ettt XiX
SUMMARY ettt bbbttt st been e Xxiii
(0.2 3 AT XXVii
L. INTRODUCTION ...ttt sttt sttt st nne e nens 1
1.1 PUIPOSE OF TRESHS ...ttt 2
1.2 MOIVALION FOr TRESIS ....c.veiviiiiiiiiiieieie et 2
1.3 LITErature REVIBW .......oiuieiieieeiee sttt sttt sreente e sneenne e 3
1.4 Organization Of the THESIS .......c.ciiiiiiiec e 6

2. ELECTRICAL MOTORS IN WASHING MACHINE APPLICATIONS...... 8
2.1 PMSIM STTUCTUIE.....ceeeie ettt 9
2.2 Washing Machine Application-Oriented PMSM Selection.............c..ccocvevenee. 14
2.2.1 Advantages Of PMSIM ...t 15
2.2.2 Washing machine application reqUIrements ..........ccccceoeverenenennnieeniennn. 16

2.3 PMSM Control Method for The Commercial Product ...........ccccccoviiiininnnn, 19
3. ANALYSIS OF REAL SAMPLE COMMERCIAL IPMSM ........cccccvveiennnn, 23
3.1 Real SAMPIE MOTOK ......oviiiiiceeee e 24
3.1.1 Real sample MOtOr data..........ccueveiiereniiiieiesieeee e 24
3.1.2 Real sample MOotor reSUILS .........cveiieieiccece e 29
3.1.2.1 Disturbance effect reSUILS.........cccovevviieriiee e 30
3.1.2.2 Previous finite element modeling for transient analysis .................... 31
3.1.2.3 Experimental reSUIES...........cooviiiiiiiieee e, 32

3.2 Re-Analyzing and Confirmation of The Motor By FEA .........ccccoviviiiieiennen, 35
3.2.1 Fundamentals Of FEA .......ooioi e 35
3.2.2 Motor design with ANSY'S software program............ccceceeveeiveieeneciiennnn, 38
3.2.3 Designed MOLOr FESUITS. ........eieeieieierieieesie e 40
3.2.3.1 Disturbance effect reSUILS.........cccoerrieiiiiiisiee e, 41
3.2.3.2 Designed motor finite element modeling for transient analysis......... 44
3.2.3.3 Other reSUILS ..o s 46

3.3 Comparison of Real Sample and Designed Motor Results...........cccccceevevennen. 50
3.4 Interpretation Of RESUILS.......ccooiiiiiiiei e 51
4, DESIGN OPTIMIZATION ....oiiiiiceceeec ettt 53
4.1 Parametric MOGEIING ......ooviiieieeie e e 54
4.2 Parametric Optimization RESUILS...........cccceiiiiiiiiiiecee e 56
4.2.1 C0ogging tOrqUE rESUILS ......ccvveeiieiie et 56
4.2.2 TOrque ripple reSUIES ........ooviiiiiiiiceee e 67

4.3 Multi-Objective Genetic Algorithm (MOGA) Optimization...........c.cccecveeenne. 73
4.4 Optimization RESUILS ........ccoiiiiiiiiiee s 76

Xi



A4 SIMUIATION TESUIES ..ottt ee e eeeeeeeeeees 77

4.4.2 Comparison and iNterpretation ............cvecvevveieereeiesieese e 81
4.4.3 PrOtOLYPING .cveeieeiieieieiee sttt sttt 82
5. CONCLUSION ... .ottt ettt st 85
REFERENGCES ... ..ottt 91
CURRICULUM VITAE ...t 95

Xii



ABBREVIATIONS

PMSM : Permanent Magnet Synchronous Motor
IPMSM : Interior Permanent Magnet Synchronous Motor
IPM > Interior Permanent Magnet

BEMF : Back Electromotive Force

MOGA : Multi-Objective Genetic Algorithm

rpm : Revolution Per Minute

FOC : Field Oriented Control

DTC : Direct Torque Control

FEM : Finite Element Method

FEA : Finite Element Analysis

Xiii






SYMBOLS

Ke : Back EMF coefficient

Kt : Torque coefficient

0 : The angle between the rotating and stationary references frames
Va . o reference frame component of stator voltages
Vp . B reference frame component of stator voltages
w : Electrical angular velocity of the rotor

Ra : Armature resistance

¥rm : Magnet flux linkage

Tavg : Nominal torque

T peaktopeak : Peak to peak torque

Viine : Phase to phase voltage

Vphase : Phase voltage

Vrms : RMS voltage

B : Magnetic flux density

E . Electric field intensity

J : Current density

H : Magnetic field intensity

XV






LIST OF TABLES

Table 2.1 :
Table 3.1 :

Table 3.2 :

Table 3.3 :
Table 3.4 :
Table 3.5 :
Table 3.6 :
Table 3.7 :
Table 3.8 :

Page
Comparison for Interior PMs, Inset PMs and Surface PMs [23]............ 10
Real sample motor rated and maximum torque values for washing and
SPINNING OPEIALIONS. ....ecvveieeii ettt reesre e nnees 26
Real sample motor stator current frequency for the wash and spin cycles
N HZ. e s 27
MOtOr design rESLIICIONS. ......cc.orveiveriirieieieese e, 28
Design criteria for the real sample IPMSM. ..........ccccociviiiiive e 28
Real sample motor model design specifications. ...........c.ccoovvvevnieiiennn. 29
BaCk EMF SCENAIIO. ....vovvivieiiiieiiecie sttt 47
Back EMF and torque COffiCIENES..........ccoviieieiiieic e, 48
Peak to peak cogging torque CompariSoN. .........ccceeeereeieseerieeveseesnean, 50

XVii






LIST OF FIGURES

Figure 2.1 :
Figure 2.2 :
Figure 2.3 :
Figure 2.4 :
Figure 2.5 :
Figure 2.6 :
Figure 3.1 :
Figure 3.2 :
Figure 3.3 :
Figure 3.4 :
Figure 3.5 :
Figure 3.6 :
Figure 3.7 :
Figure 3.8 :
Figure 3.9 :

Figure 3.10 :
Figure 3.11 :
Figure 3.12 :
Figure 3.13 :
Figure 3.14 :
Figure 3.15 :
Figure 3.16 :
Figure 3.17 :
Figure 3.18 :
Figure 3.19 :
Figure 3.20 :
Figure 3.21 :
Figure 3.22 :
Figure 3.23 :
Figure 3.24 :
Figure 3.25 :
Figure 3.26 :

Figure 4.1 :
Figure 4.2 :

Figure 4.3 :

Figure 4.4 :
Figure 4.5 :

Page
Interior PM, Inset PM and Surface PM structures [24]........cccccceevevenen, 9
A single-phase equivalent circuit model [24].......ccccoooiiiiiiiiiiiiiee, 10
A single-phase equivalent circuit model [24].........cccovveviiieiieeiiieen, 12
The laundry positions on the drum for washing cycle [26]................... 16
A sample washing machine torque-speed CUIVe. ........c.cccevveviveresiennnn, 17
The field oriented control principle [28]. ... 20
A sample design of a front loading washing machine............c......c....... 25
COre 10SSES VS TTEQUENCY. ...cuveieiiieiiesicsie s 26
The real sample motor cogging torque result [NmMJ. .........cccoovevveinenenn, 30
The real sample motor torque ripple result [NM]. ..o 31
The mesh structure of the real sample IPMSM. ............ccccoevviieiiennenn, 31
The magnetic flux density of the real sample IPMSM.............cccceen...n. 32
The construction of the dynamic performance test system. .................. 33
The real sample motor torque-Current CUrVe. ..........coceeeveneneneeneneenns 33
The real sample motor torque-efficiency curve..........ccccccocvevveieieennenn, 34
The real sample motor line voltages [V]. .....ccoviiinniiiiiiceen, 34
The real sample motor phase voltages [V]. .....cccooevivveieciciieceee 35
2D design FloW diagram. .........cooeiiiiiininieieie e 39
The designed Motor gEOMELIY. ........ccevveieerie i 40
The designed motor cogging torque result. .........ccoocevveveeienceieeneenne 41
The designed motor torque ripple result............cooevevieieeieiie e, 42
The designed motor line back EMF harmonic spectrum..................... 43
The designed motor phase back EMF harmonic spectrum. ................ 43
The mesh of the IPMSM model. ..........ccoooveiviieiee 44
The magnetic flux density of the designed IPMSM model................. 45
The equi-flux distribution of the designed IPMSM model. ................ 45
The designed motor line VOItages. ..........ccvevveieeiveve i 46
The designed motor phase VOItages..........couveieiereniieniieeeeeeees 47
The designed motor phase CUITENTS. .......cccvevveeeeieeie e 48
The designed motor phase flux linkages. ..o, 48
The designed motor phase VOItages. .........ccccevvevveveiicieece e 49
The designed motor core losses on rotor and stator. .............ccccveneenee. 49
Cogging torque change for the different rotor pole face length. ........... 57
The effect of the rotor pole face on the peak to peak cogging torque
value and the cogging /nominal ratio change. ...........cccocveviiiiiciiecnen, 58
The effect of the rotor pole face on the peak to peak and average
COQGING TOTQUE. .vveeiie ettt ettt ettt e et e e reeene e 58
The influence of cogging torque for the magnet opening. ..........c........ 59

The effect of the magnet opening on the peak to peak cogging torque

value and the cogging /nominal ratio change. ...........cccocevveveiieveennene 60

Figure 4.6 :

The effect of the magnet opening on the peak to peak and average

(o100 [0 g To R (0] £ [U 1= OSSR 60

Xix






Figure 4.7 : The influence of cogging torque for the magnet thickness. .................. 61
Figure 4.8 : The effect of the magnet thickness on the peak to peak cogging torque

value and the cogging /nominal ratio change. ..........cccoceviviiiiieiciinnnnn, 62
Figure 4.9 : The effect of the magnet thickness on the peak to peak and average
(o]0 o g To R (o] {0 [U 1= SURTRUPUSPRPRRS 62
Figure 4.10 : The influence of cogging torque for the air gap. ........ccceovevvvivervenenne. 63
Figure 4.11 : The effect of the magnet length on the peak to peak cogging torque
value and the cogging /nominal ratio change. ...........cccoccevveveiieve e, 64
Figure 4.12 : The effect of the air gap on the peak to peak cogging torque value and
the cogging /nominal ratio Change............ccccoeviieiicie i 64
Figure 4.13 : The effect of the magnet length on the peak to peak and average
(o000 o g To R (0] (0 [V TSRS USSRPS 65
Figure 4.14 : The effect of the air gap on the peak to peak and average cogging
100 (0|1 PP UPR PP 65
Figure 4.15 : The cogging torque for the rotor slitless structure............cc.coovvvvenenn, 66
Figure 4.16 : The influence of the rotor pole face change on motor torque ripple
=151 L USSP 67
Figure 4.17 : The effect of the rotor pole face on back EMF coefficient (ke) and
torque COETFICIENT (Kt).....oiereeiieieiiie e 68
Figure 4.18 : The influence of the magnet opening change on motor torque ripple
=11 L USSR 69
Figure 4.19 : The effect of the magnet opening on back EMF coefficient (ke) and
torque COBTFICIENT (Kt)....ovreieeieieiiirie e 69
Figure 4.20 : The influence of the magnet thickness change on motor torque ripple
(=11 L USSR 70
Figure 4.21 : The effect of the magnet thickness on back EMF coefficient (ke) and
torque COBTFICIENT (Kt)......ooerierieieieee e 71
Figure 4.22 : The influence of the air gap change on motor torque ripple result. .... 72
Figure 4.23 : The effect of the magnet length on back EMF coefficient (ke) and
torque COETFICIENT (Kt)....cviverieeiicieict e 72
Figure 4.24 : The effect of the air gap on back EMF coefficient (ke) and torque
COBTFICIENT (Kt). cvevveveeti e 73
Figure 4.25 : The cOSt-iteration graph..........cccooeieiiriiinienieeeese s 76
Figure 4.26 : Design 1 cogging torque analysis result............cccoovvveiiieieiic e, 78
Figure 4.27 : Design 2 cogging torque analysis result............cccoceveiieieiie e, 78
Figure 4.28 : Design 1 motor torque ripple result...........ocoovieiiieniieniniseeee,s 79
Figure 4.29 : Design 2 motor torque ripple result..........cccccoeveiveieciciecce e 79
Figure 4.30 : Design 1 motor [ine VOITAgesS. .......cccooeiiiiiirieieeesc s 80
Figure 4.31 : Design 1 motor phase VOItAgES. .......cccccvveveeiieiie i 80
Figure 4.32 : Design 2 motor [ine VOITAgeS. .........ccoeiiririnieiceee e 81
Figure 4.33 : Design 2 motor phase VOItages. ........cccvovveviiiiie e 81
Figure 4.34 : Comparison of Design 1, Design 2 and existing motor simulation
TESUIES. ..ttt nr e b ne e 82
Figure 4.35 : The resultant design rotor part prototype. .........ccccovererienieninnninennn, 822
Figure 4.36 : The resultant design Prototype. .......cccvevveiieeiie e 83

XXI






COGGING TORQUE AND PERFORMANCE OPTIMIZATION OF AN
INTERIOR PERMANENT MAGNET SYNCHRONOUS MOTOR USED IN
COMMERCIAL WASHING MACHINES

SUMMARY

Recent world-wide interest towards permanent magnet synchronous motors (PMSMs),
especially impinge on various areas of applications such as home appliances, electric
vehicles, robotics, industrial drives and vehicular propulsion. Utilizing accurate torque
control capabilities and enabling variable speed motor drives yield a possibility to
increase demand of PMSMs when compared to conventional universal motors. In
addition; PMSMs outperform over other traditional motor types used in home
appliances in terms of efficiency, power density (power to volume ratio), torque to
mass ratio which enables compact structure, dynamic performance and low noise level.

One of the most dominated household appliances all around the world is the washing
machine. Considering the washing machine performance improvement, standard
features available in the washing machines are still being further developed so as to
gathering maximum efficiency, low energy consumption, decreasing existing torque
ripple and reduction of noise level for customer satisfaction.

Recently, researches related with the motor used for washing machine application are
focused on to ensure the same output with smaller volume also decrease the cost of the
used materials at the same time. In order to meet such requirements, instead of
traditional universal motors PMSMs are preferable due to the reduced audible noise,
long lifetime and more efficiency.

The fact that the washing machine has a high power density requirement as well as a
cost constraint is made the spoke type IPMSM motors widely used. Because, these
motors need airgap reduction and stack length reduction in order to meet the demanded
power density requirement is caused the noise problem. The source of the unwanted
noise in the spinning cycle, especially at high speeds, is the motor.

The most important components of the effects of harmonic torque distortions on the
PMSMs are the back electromotive force (back EMF) harmonics, cogging torque and
and torque ripple. It is proven with many researches that the disturbance effects on the
machine are reduced by the geometric improvements on motor design and the
development of the algorithms used in the motor control. Obtaining optimal pole pitch
and pole ratio, different magnet design, reducing slot opening width, rotor or stator
part skewing and slotless construction is the main contributers for motor geometrical
parameters optimization to get low cogging torque effect.

The aim of this thesis is to develop and to improve the performance of an existing
interior permanent magnet synchronous motor (IPMSM) which is being used in
commercial washing machine applications while the disturbante effects are reduced.
The actual motor used in commercial machine was modeled and analyzed numerically
in order to obtain a trustable mathematical model. After obtaining a reliable analysis
method and model, the motor was optimized by means of both parametric modeling
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and multi-objective genetic algorithm. The disturbing effects based on cogging torque
and torque ripple were decreased by changing major motor design parameter accoding
to the optimization results. In the practical stage of the study the calculated numerical
design was prototyped. Verification of the optimized design was proven with
simulations and experiments. Studies on performance optimization with motor control
technique were excluded from the scope of this thesis. The space occupied by the
motor in the washing machine was kept constant.

Firstly; the design specifications and design data of a real sample IPMSM used for a
typical horizontal belted-motor driven washing machine (H axis) were presented. The
design criteria for the motor to be used for comparison were evaluated in accordance
with the requirements and constraints for the washing machine application.
Disturbance effect, simulation and experimental results were presented and discussed
for existing IPMSM.

The real sample PMSM used in washing machine application with 12/8 slot-pole ratio
was designed in ANSYS 2D software. 2D design steps of the real sample motor used
in washing machine applications, which was aimed to improve cogging torque, were
presented in ANSY'S software program based on finite element method. After this step,
disturbance effect, finite element modeling for transient analysis and other simulation
results were obtained. Taking into consideration the requirements of the washing
machine in order to fully evaluate the motor performance the designed motor results
were evaluated under different scenarios including cogging torque, open circuit back
EMF and on load. The results were given in this section should be very important in
terms of evaluating and interpreting the performance of the designed motor.

It was aimed to verify 2D design by comparing the results obtained from the finite
element analysis with the actual performance of the real sample motor. Considering
all compatible results from the disturbance effect, finite element modeling for transient
analysis and the other simulation results of the designed motor validation was proved.
The simulation results were obtained with the designed model was found to be reliable
when compared with the existing motor. Optimization process was continued via this
model.

After confirming the reliability of the established model, the model was converted into
a parametric analysis model. It was proven with many researches that the disturbance
effects on the machine were reduced by the geometric improvements on motor design.
For this purpose, the rotor of the designed motor was completely parametrically
modeled.

The parametric analysis and design optimization were performed on the influence of
several geometrical parameters which were the rotor pole face, magnet opening,
magnet thickness, magnet length, air gap and rotor slit the investigated spoke type
IPMSM. The parametric analysis was configured with definition reasonable ranges for
each selected geometrical variable without ignoring the IPMSM motor requirements
of the washing machine.

In next step, the effects of determined rotor geometrical parameters on cogging torque
and torque ripple were investigated comprehensively. Taking into consideration the
requirements of the washing machine in order to fully evaluate the infuence of the
parameter on motor performance, results which were obtained from each paramater
change were evaluated under different scenarios including cogging torque, open circuit
back EMF and on load. Considering to the analyzes performed with the parametric
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model, the parameters most affecting the cogging torque value were rotor pole face
and magnet length.

In order to expand the data pool obtained cogging torque optimization of IPMSM was
performed by using multi-objective genetic algorithm integrated with ANSYS
software. It was obvious that the analysis results obtained by parametric modeling
were the basic building blocks for the genetic algorithm. In line with the evaluation of
the parametric analysis results, the most effective parameters were chosen on
disturbance effect and determined ranges for each parameter were reconstructed
considering the washing machine application motor requirements and restrictions. The
computational complexity and calculation time for the genetic algorithm optimization
was reduce with this approach.

Parametric values with the lowest cogging torque were selected from the data set to
provide the cost function determined for the genetic algorithm optimization. From the
analysis results on the parametric model, the approach of which parameter was
effective on the cogging torque and the results that was given the lowest cogging
torque value in the genetic algorithm were combined and the number of models
obtained was reduced to the best two design.

Disturbance effect and simulation results were compared for the two best models
obtained as a result of genetic algorithm and parametric optimization. According to
these results, the design of the motor to be prototyped was decided.

These two model which were optimized in terms of rotor geometrical parameters
cogging torque and torque ripple were investigated comprehensively. Taking into
consideration the requirements of the washing machine in order to fully evaluate the
infuence of the parameter on motor performance, results which were obtained from
genetic algorithm and parametric modeling were evaluated under different scenarios
including cogging torque, open circuit back EMF and on load. The optimized motors
was given as “Design 17 and “Design 2” after this part.

If a comprehensive comparison was made between Design 1 and Design 2, it was
observed that the Design 1 motor and Design 2 motor effect on reducing existing motor
disturbance effect was highly. Since the prototyping of optimized motor was aimed
when evaluating the appropriate results from the simulation results was taken into
account the production capabilities. Considering the producibility capabilities of the
prototype, the sample called Design 1 was chosen as resultant design.

In the final section, the prototyping of the resultant design was established. The
resultant design that had been analyzed and simulated in the previous chapters were
constructed in a real washing machine application. In this design, the rotor pole face
parameter has been created and the magnet length has been reduced when compared
to the existing motor design.

XXV






TiCARI CAMASIR MAKINELERINDE KULLANILAN GOMULU DAIMI
MIKNATISLI SENKRON MOTORLARIN TUTUNMA MOMENTI VE
PERFORMANS EN UYGUNLASTIRMASI

OZET

Sabit miknatisli senkron motorlara (PMSM'ler) yonelik son zamanlarda diinya ¢apinda
ilgi; 6zellikle ev aletleri, elektrikli araglar, robotik, endiistriyel tahrikler ve tasit tahriki
gibi ¢esitli uygulama alanlarina yoneliktir. Dogru tork kontrol yontemlerinin ve
degisken hizli motor siiriiciilerinin aktif olarak kullanilmasi, geleneksel iiniversal
motorlarla karsilastirildiginda PMSM'lere olan talebi artirma olanagi saglar. EK olarak;
PMSM'ler, verimlilik, gii¢c yogunlugu (gili¢ / hacim orani), kompakt yapi, dinamik
performans ve disiik giiriiltii seviyesi saglayan tork / kiitle orani agisindan ev
aletlerinde kullanilan diger geleneksel motor tiplerinden daha iyi performans gosterir.

Tiim diinyada en yaygin olarak kullanila ev aletlerinden biri ¢camasir makinesidir.
Camagir makinesi performans iyilestirmesi géz 6niinde bulunduruldugunda, ¢camasir
makinelerinde bulunan standart Ozellikler; maksimum verim, mevcut tork
dalgalanmasini azaltma ve miisteri memnuniyeti i¢in giriiltii seviyesini azaltma
amaciyla daha da gelistirilmektedir.

Son zamanlarda, g¢amasir makinesi uygulamasinda kullanilan motorla ilgili
arastirmalar, ayn1 ¢iktiy1 daha kiiciik hacimde saglamaya ve ayni zamanda kullanilan
malzemelerin maliyetini diisiirmeye odaklanmaktadir. Bu tiir gereksinimleri
karsilamak i¢in; diisiik giirtiltiilii galisma seviyesi, uzun 6miir ve daha fazla verimlilik
nedeniyle geleneksel universal motorlar yerine PMSM'ler tercih edilir.

Camasir makinesinin yiiksek gii¢ yogunlugu gereksinimi ve maliyet kisitlamasi, spoke
tip IPMSM motorlarin yaygin olarak kullanilmasini saglamistir. Ciinkii bu motorlar,
talep edilen giic yogunlugu gereksinimini kargilamak i¢in hava araliginin ve paket
boyunun azaltilmasina ihtiya¢ duyar, bu da giiriiltii sorununa neden olur. Sikma
devrinde, 6zellikle yiiksek hizlarda, istenmeyen giirtiltiiniin kaynagi motordur.

Harmonik moment bozulmalarimin PMSM'ler {izerindeki etkilerinin en Onemli
bilesenleri, endiiklenen gerilim harmonikleri, tutunma momenti ve moment
dalgaliligidir. Motor tasariminda yapilan geometrik iyilestirmeler ve motor
kontroliinde kullanilan algoritmalarin gelistirilmesi ile makine {izerindeki bozucu
etkilerin azaldig1 bir¢ok arastirma ile kanitlanmistir. Optimum kutup adimi ve kutup-
oluk orani elde edilmesi, farkli miknatis tasarimi, oluk agz1 acikliinin azaltilmasi,
rotor veya statora kayki verilmesi ve oluksuz yapi, diisiik tutunma momenti etkisi elde
etmek i¢in motor geometrik parametrelerinin optimizasyonuna ana katkilardir.

Bu tezin amaci, ticari gamagir makinesi uygulamalarinda kullanilan mevcut bir dahili
sabit miknatisli senkron motorun (IPMSM) bozucu etkilerinin azaltilarak motoru
gelistirilmesi ve performansinin iyilestirilmesidir. Giivenilir bir matematiksel model
elde etmek icin ticari makinede kullanilan gercek motor sayisal olarak modellenmis
ve analiz edilmistir. Glivenilir bir analiz yontemi ve modeli elde edildikten sonra motor
hem parametrik modelleme hem de cok amacgli genetik algoritma ile optimize
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edilmistir. Optimizasyon sonuglarina gore ana motor tasarim parametreleri
degistirilerek, tutunma momenti ve moment dalgalanmasina dayali bozucu etkiler
azaltilmigtir. Calismanin uygulama asamasinda, hesaplanan sayisal tasarim prototip
haline getirilmistir. Optimize edilmis tasarimin dogrulanmasi simiilasyonlar ile
kanitlanmistir. Motor kontrol teknigi ile performans optimizasyonu {izerine yapilan
caligmalar bu tez kapsamindan ¢ikarilmistir. Motorun ¢amasir makinesinde kapladigi
alan sabit tutulmustur.

Ik olarak; tipik bir yatay eksenli kayis kasnakli ¢amasir makinesi (H ekseni) i¢in
kullanilan gergek bir 6rnek IPMSM'nin tasarim Ozellikleri ve tasarim verileri
sunulmustur. Karsilastirma i¢in kullanilacak motorun tasarim kriterleri, ¢amasir
makinesi uygulamasi i¢in gereksinimler ve kisitlamalara gore degerlendirilmistir.
Bozucu etkiler, simiilasyon ve deneysel sonuglar sunulmus ve mevcut IPMSM igin
tartisilmagtir.

12/8 oluk-kutup oranina sahip ¢amasir makinesi uygulamasinda kullanilan gergek
ornek PMSM, ANSYS 2D yaziliminda tasarlanmigtir. Bozucu etkileri iyilestirilmesi
amaglanan ¢amasir makinesi uygulamalarinda kullanilan gercek 6rnek motorun 2
boyutlu tasarim adimlari, sonlu elemanlar yontemine dayali ANSYS yazilim
programinda sunulmustur. Bu asamadan sonra bozucu etkiler, gecici rejim analizi igin
sonlu eleman modellemesi ve diger simiilasyon sonuglari elde edilmistir. Motor
performansini tam olarak degerlendirmek i¢in camagir makinesinin gereksinimleri géz
oniinde bulundurularak tasarlanan motor sonuglari, tutunma momenti, endiiklenen
gerilimve yiikte olmak tizere farkli senaryolar altinda degerlendirilmistir. Bu boliimde
verilen sonuglar tasarlanan motorun performansinin  degerlendirilmesi ve
yorumlanmasi agisindan olduk¢a 6nemlidir.

Sonlu elemanlar analizinden elde edilen sonuglar ile ger¢cek 6rnek motorun gergek
performansi karsilastirilarak iki boyutlu tasarimin dogrulanmasi amaglanmistir.
Bozucu etkilerden elde edilen tiim uyumlu sonuglar géz oniine alindiginda, gecici
durum analizi i¢in sonlu eleman modellemesi ve tasarlanan motor dogrulamasinin
diger simiilasyon sonuglar1 kanitlanmistir. Tasarlanan model ile elde edilen
simiilasyon sonuglari, mevcut motor ile karsilastirildiginda giivenilir bulunmustur. Bu
model lizerinden optimizasyon islemine devam edilmistir.

Kurulan modelin giivenilirligi dogrulandiktan sonra model parametrik analiz modeline
donustiirilmiistiir. Motor tasariminda yapilan geometrik iyilestirmeler ile makine
tizerindeki bozucu etkilerin azaldig1 birgok arastirma ile kanitlanmistir. Bu amacla
tasarlanan motorun rotoru tamamen parametrik olarak modellenmistir.

Parametrik analiz ve tasarim optimizasyonu, rotor kutup yiizii, miknatis agikligi,
miknatis kalinligi, miknatis uzunlugu, hava aralig1 ve rotor yarigi gibi ¢esitli geometrik
parametrelerin etkisi {izerinde, arastirilan spoke tip IPMSM'de gergeklestirilmistir.
Parametrik analiz, ¢amasir makinesinin [IPMSM motor gereksinimleri goz ardi
edilmeden, secilen her bir geometrik degisken icin makul tanim araliklariyla
yapilandirilmistir.

Bir sonraki adimda, belirlenen rotor geometrik parametrelerinin tutunma momenti ve
moment dalgalanmasi {izerindeki etkileri kapsamli bir sekilde arastirilmistir.
Parametrenin motor performansi {izerindeki etkisini tam olarak degerlendirmek igin
camasir makinesinin gereksinimleri dikkate alinarak, her bir parametre degisikliginden
elde edilen sonuglar, tutunma momenti, endiiklenen gerilimve yiikte olmak iizere farkli
senaryolar altinda degerlendirilmistir. Parametrik model ile yapilan analizler dikkate
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alindiginda, tutunma momenti degerini en ¢ok etkileyen parametreler rotor kutup yiizii
ve miknatis uzunlugu olmustur.

Elde edilen veri havuzunu genisletmek i¢cin ANSYS yazilimi ile entegre ¢ok amacgl
genetik algoritma kullanilarak IPMSM'in tutunma momenti optimizasyonu
gerceklestirilmistir. Parametrik modelleme ile elde edilen analiz sonuglarinin genetik
algoritmanin temel yap1 taslar1 oldugu agiktir. Parametrik analiz sonuglarmin
degerlendirilmesi dogrultusunda, bozucu etki lizerinde en etkili parametreler se¢ilmis
ve her bir parametre i¢in belirlenen araliklar, camasir makinesi uygulama motor
gereksinimleri ve kisitlamalari dikkate alinarak yeniden olusturulmustur. Bu
yaklasimla, genetik algoritma optimizasyonu i¢in hesaplama karmasikli§i ve
hesaplama siiresi kisaltilmistir.

Genetik algoritma optimizasyonu i¢in belirlenen maliyet fonksiyonunu saglamak icin
veri setinden en disiik tutunma momentine sahip parametrik degerler secilmistir.
Parametrik model {izerinde yapilan analiz sonuglarindan, tutunma momenti {izerinde
hangi parametrenin etkili oldugu ile genetik algoritmada en diisiikk tutunma momenti
degeri verilen sonuglar birlestirilmis ve elde edilen model sayist en iyi iki tasarima
indirgenmistir.

Genetik algoritma ve parametrik optimizasyon sonucunda elde edilen en iyi iki model
icin bozucu etkiler ve simiilasyon sonuclar1 karsilagtirilmistir. Bu sonuglara gore
prototipi yapilacak motorun tasarimina karar verilmistir.

Rotor geometrik parametreleri, tutunma momenti ve moment dalgalanmasi agisindan
optimize edilen bu iki model kapsamli bir sekilde incelenmistir. Parametrenin motor
performansi iizerindeki etkisini tam olarak degerlendirmek i¢in ¢amasir makinesinin
gereksinimleri dikkate alinarak, genetik algoritma ve parametrik modellemeden elde
edilen sonuglar, tutunma momenti, endiiklenen gerilimve yiikte olmak tizere farkli
senaryolar altinda degerlendirilmistir. Optimize edilmis motorlar bu boliimden sonra
“Tasarim 1” ve “Tasarim 2” olarak verilmistir.

Tasarim 1 ve Tasarim 2 arasinda kapsamli bir karsilagtirma yapildiginda; Tasarim 1
motor ve Tasarim 2 motorlarinin mevcut motorun bozulma etkisini azaltmadaki
etkisinin yiiksek oldugu goézlenmistir. Optimize edilmis motorun prototiplenmesi
amaglandigindan, simiilasyon sonuglarindan uygun sonuglar degerlendirilirken iiretim
yetenekleri g6z oniinde bulundurulmustur. Prototipin iretilebilirlik yetenekleri géz
oniinde bulundurularak ortaya cikan tasarim olarak Tasarim 1 adi verilen 6rnek
secilmistir.

Son béliimde, ortaya ¢ikan tasarimin prototipine yer verilmistir. Onceki boliimlerde
analiz edilen ve simiile edilen nihayi tasarim, gerg¢ek bir camasir makinesi uygulamasi
icin gergeklenmistir. Bu tasarimda rotor kutup yiizii parametresi olusturulmus ve
mevcut motor tasarimina gore miknatis boyu kisaltilmistir.
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1. INTRODUCTION

One of the most dominated household appliances all around the world is the washing
machine. Standard features available in the washing machines are still being further
developed so as to gathering maximum efficiency, reaching maximum power,
decreasing existing torque ripple and reduction of noise level for customer satisfaction.
In order to meet washing machine requirements, instead of traditional universal motors
PMSMs are preferable due to the reduced audible noise, long lifetime and more

efficiency [1].

The fact that the washing machine has a high power density requirement as well as a
cost constraint is made the spoke type IPMSM motors widely used. Because, these
motors need airgap reduction and stack length reduction in order to meet the demanded
power density requirement is caused the noise problem [2]. The source of the unwanted

noise in the spinning cycle, especially at high speeds, is the motor.

The most important components of the effects of harmonic torque distortions on the
PMSMs are the back electromotive force (back EMF) harmonics, cogging torque and
and torque ripple. Obtaining optimal pole pitch and pole ratio, different magnet design,
reducing slot opening width, rotor or stator part skewing and slotless construction is
the main contributers for motor geometrical parameters optimization to get low

cogging torque effect [3].

Cogging torque is mostly related with motor structure because the cogging torque
effect is occured when flux passes under each stator teeth due to the permanent
magnets inside the rotor. Due to the magnetic fluxes are intended to direction of
rotation the spoke-type PMSM has harmonics and air-gap magnetic flux density

deformation which are caused to cogging torque [4].

Torque ripple occurs at loaded condition and is undesirable because it causes vibration
in the load response. Electromagnetic torque, reluctance torque results from saliency
and cogging torque is the major components which lead to torque ripple. The non-

sinusoidal flux distribution, saturation, incompatible slots structure in PMSMs will



decrease the motor starting and steady-state performances due to cause the torque
ripple. Reducing torque ripple is essential which is corresponding to a dynamic
oscillation during steady-state operation to use PMSMs more effectively. Thus,

unwanted mechanical impacts are reduced such as vibration, noise and rotor stress [4].

1.1 Purpose of Thesis

The purpose of the thesis is to develop and to improve the performance of an existing
interior permanent magnet synchronous motor (IPMSM) which is being used in
commercial washing machine applications while the disturbante effects are reduced.
The actual motor used in commercial machine was modeled and analyzed numerically
in order to obtain a trustable mathematical model. After obtaining a reliable analysis
method and model, the motor was optimized by means of both parametric modeling
and multi-objective genetic algorithm. The disturbing effects based on cogging torque
and torque ripple were decreased by changing major motor design parameter accoding
to the optimization results. In the practical stage of the study the calculated numerical
design was prototyped. Verification of the optimized design was proven with
simulations. Studies on performance optimization with motor control technique were
excluded from the scope of this thesis. The space occupied by the motor in the washing

machine was kept constant.

1.2 Motivation for Thesis

The fact that the washing machine has a high power density requirement as well as a
cost constraint is made the spoke type IPMSM motors widely used. Because, these
motors need airgap reduction and stack length reduction in order to meet the demanded
power density requirement is caused the noise problem. The source of the unwanted
noise in the spinning cycle, especially at high speeds, is the motor [2]. This overall
noise should be evaluated not only as an increase in noise level, but also as general

harmonic noise.

The most important components of the effects of harmonic torque distortions on the
PMSMs are the back electromotive force (back EMF) harmonics, cogging torque and
and torque ripple. There are many studies in the literature to eliminate disturbance

effects by reducing cogging torque and torque ripple. It is proven with many researches



that the disturbance effects on the machine are reduced by the geometric improvements
on motor design and the development of the algorithms used in the motor control.
Obtaining optimal pole pitch and pole ratio, different magnet design, reducing slot
opening width, rotor or stator part skewing and slotless construction is the main
contributers for motor geometrical parameters optimization to get low cogging torque
effect [3].

Torque ripple occurs at loaded condition and is undesirable because it causes vibration
in the load response. Electromagnetic torque, reluctance torque results from saliency
and cogging torque is the major components which lead to torque ripple. Thus, the
most crucial parameter should be evaluated for IPMSMs used in washing machine

disturbance effect will be the cogging torque [4].

The non-sinusoidal flux distribution, saturation, incompatible slots structure in
PMSMs will decrease the motor starting and steady-state performances due to cause
the torque ripple. Reducing torque ripple is essential which is corresponding to a
dynamic oscillation during steady-state operation to use PMSMs more effectively.
Thus, unwanted mechanical impacts are reduced such as vibration, noise and rotor
stress [4].

The definitions mentioned as disturbance effect on the IPMSM throughout this study
are included back EMF harmonics, cogging torque and torque ripple, similar to the

researches in the related literature.

1.3 Literature Review

One of the most dominated household appliances all around the world is the washing
machine. According to the resent researches based on washing machine performance
improvement, standard features available in the washing machines are still being
further developed so as to gathering maximum efficiency, low energy consumption,
decreasing existing disturbance effects and reduction of noise level for customer
satisfaction. In order to meet such requirements, instead of traditional universal motors
PMSMs are preferable due to the reduced audible noise, long lifetime and more

efficiency [1].

Various techniques have been adopted to get low cogging torque effect such as
obtaining optimal pole pitch and pole-slot ratio, different magnet design, reducing slot



opening width, rotor or stator part skewing and slotless construction which are the

main contributers for motor geometrical parameter optimization [2].

One of the most important component of the effect of harmonic torque distortions on
the PMSMs is the cogging torque. Cogging torque is mostly related with motor
structure because the cogging torque effect is occured when flux passes under each
stator teeth due to the permanent magnets inside the rotor. Due to the magnetic fluxes
are intended to direction of rotation the spoke-type PMSM has harmonics and air-gap

magnetic flux density deformation which are caused to cogging torque [4].

Torque ripple occurs at loaded condition and is undesirable because it causes vibration
in the load response. Electromagnetic torque, reluctance torque results from saliency

and cogging torgue is the major components which lead to torque ripple [4].

Recent world-wide interest towards permanent magnet synchronous motors (PMSMs),
especially impinge on various areas of applications such as home appliances, electric
vehicles, robotics, industrial drives and vehicular propulsion. Utilizing accurate torque
control capabilities and enabling variable speed motor drives yield a possibility to

increase demand of PMSMs when compared to conventional universal motors [5].

In addition; PMSMs outperform over other traditional motor types used in home
appliances in terms of efficiency, power density (power to volume ratio), torque to

mass ratio which enables compact structure, dynamic performance and noise level [6].

Recently, a various number of methods have been proposed by researchers to eliminate
disturbance effects. It is proven with many researches that the disturbance effects on
the machine are reduced by the geometric improvements on motor design and the

development of the algorithms used in the motor control [7].

Considering the most important effects of harmonic torque distortions on PMSMs
which are back EMF harmonics, cogging torque and torque ripple, and the
producibility conditions of the motor to be optimized, researches in the field of these
areas are formed the basis of this study.

In [8], combinations with various different pole number and slot design have been
created to be able to reduce the cogging torque value for better motor control at low
speeds in white goods application. It has been emphasised stator topology
improvement for cogging torque reduction in [9]. Cogging torque effect was decreased

in line with inserted wedges from soft magnetic composite to the stator tooth-slot area.



Besides, slot opening and skewing to the stator laminations for a sample PMSM have
been evaluated in terms of cogging torque, torque ripples and back EMF harmonics in
[10]. An appropriate skew angle use had eliminated cogging torque as possible,

reduced torque ripples and improved the back EMF harmonic spectrum.

Besides, it has been determined that magnet selection and magnet geometry had an
influence on cogging torque. Especially, it has been shown the magnet embrace was
an effective parameter directly on the cogging torque [11]. In [12], it has been stated
that optimizing the iron and the magnet materials on stator and rotor poles was

decreased the mechanical vibration and the acoustic noise arises from cogging torque.

In [13], an optimization has been proposed in order to reduce the torque ripple for the
interior permanent magnet (IPM) motor via permanent magnet (PM) and
ferromagnetic material (FM) part of the rotor design. These different materials,
referred to as PM, FM and air, were formulated to minimize torque ripple under
volume constraints. It has been emphasised that changing rotor permanent magnet
structure was directly associated with reluctance torque which was lead to increase
torque ripple [14]. An optimization has been implemented regarding to the rotor shape

to improve performance of IPM motor.

It has been proposed the various barrier shape designs for IPMSM used in a direct
drive washing machine to reduce high magnetic torque which was inversely

proportional with torque ripple at low speeds corresponding to the wash cycle [15].

In [16], the rotor of V type IPMSM has been parametrically modeled to ensure the
average torque, torque ripple, cogging torque, efficiency optimization. As a result of
the analyzes carried out for the selected parameters, it was determined which
parameter had more effect on the target size for improvement. By limiting the results
obtained within the limits and constraints, the most suitable design parameters have

been reached.

On the other hand, electromagnetic nosie in the washing machines has been anayzed
by load torque and radial force at stator tooth harmonics components. Stator tooth shoe
was redesigned as can be minimized the change in magnetic flux to eliminate the

harmonics of noise [17].

In [18], a genetic algorithm optimization of PMSM in order to ensure the high power

density and high speed requirement has been presented. By using high optimization



techniques such as genetic algorithm small volume with high power requirement was
satisfied. In [19], in order to minimize the cogging torque provided that the same
output power, torque or current, rotor structure has been changed in terms of thickness
and shape of the magnets and pole span by using a genetic algorithm optimization tool.
In addition; genetic algorithm has been used for minimum cogging torque requirement
by changing magnet shape [20]. For this purpose, permanent magnet pole slice
arrangement was performed with optimization tool in order to be able to define exact

values.

A novel method by using genetic algorithm has been conducted to be able to minimize
the magnitude and phase of the harmonic currents for an IPMSM [21]. Providing this
goal, genetic algorithm were applied to achieve decreasing the peak to peak torque
ripple, reducing the harmonic currents, and increasing the average torque component.
As a result of optimization the objectives have been achieved regarding to chosen

parameters.

1.4 Organization of the Thesis

In Chapter 2, electrical motor requirements in washing machine applications are
given. PMSM structure, washing machine application-oriented PMSM selection and
washine machine application requirements are the main topics that are covered in this

part.

Analysis of real sample commercial IPMSM is proposed in Chapter 3. In this chapter,
real sample motor data is shared and re-analyzing and confirmation of the motor by
FEM is presented. After design step, comparison between real sample motor and

designed motor results are given. Verification of the designed model has been proven.

Optimization process has been implemented in Chapter 4. The designed model is
transferred to the parametric model and re-analyzed. In order to confirm the parametric
model, multi-objective genetic algorithm optimization has been performed. In line
with the genetic algorithm and parametric modeling results, the best two models are
selected and the analysis results are compared. Prototyping of the best design is carried

out and experimental results are presented.

Finally, conclusion is given in Chapter 5. The results obtained throughout the study

are summarized.






2. ELECTRICAL MOTORS IN WASHING MACHINE APPLICATIONS

One of the most dominated household appliances all around the world is the washing
machine. According to the literature review based on washing machine performance
improvement, standard features available in the washing machines are still being
further developed so as to gathering maximum efficiency, low energy consumption,
decreasing existing torque ripple and reduction of noise level for customer satisfaction
[1].

Recent world-wide research towards to motor used for washing machine application
is to ensure the same output with smaller volume also decrease the cost of the used
materials at the same time. In order to meet such requirements, instead of traditional
universal motors PMSMs are preferable due to the reduced audible noise, long lifetime
and more efficiency [1]. Considering this approach, IPMSMs are well suited for such
applications enabling miniaturisation and cost competitiveness with better
performance. Additionally, PMSMs make possible incorporating precise torque
control features with sensorless control techniques to the system to utilize the
maximum motor torque required for motor acceleration while the motor/drum start-
up.

The washing machine application is complicated with regard to motor control due to
a wide speed range and load variation. Considering the dynamic drum load
characteristics of the washing machine, the motor start-up torque is changed according
to the load conditions, low speeds in washing mode and high speeds in spin mode.
PMSMs are designed to accomplish not only in the constant torque mode (washing
cycle) when their speed is below-rated speed but also in the constant power mode
(spinning cycle) when above-rated speed. PMSMs are used in washing machines have
a wide operating range because voltage control is performed below-rated speed and

field weakening control is applied above-rated speed [2].

In this chapter, the specifications of the IPMSM used for a typical horizontal belted-
motor driven washing machine (H axis) is presented. This features can be listed as

IPMSM structure, equivalent circuit and mathematical modelling. Also, it is



mentioned about the advantages of the PMSM over other conventional universal
motors used in today’s washing machines. According to the washing machine
application requirements; the selection of the PMSM motor is discussed for a belted-
motor type washing machine which is composed of two pulleys with the belt
transmitting the speed, torque and power from the motor to the drum. Finally, the
PMSM control method, based on washing machine application, is mentioned.

The topics mentioned in this chapter are considered as the basic building blocks,
beacuse they form the basis of determining the requirements of the selected application

and improving the motor design accordingly.

2.1 PMSM Structure

Literature and patent researches includes different permanent magnet synchronous
motor topologies in various slot-pole ratio combination. PMSMs are divided into three
main categories according to the position of the magnet on rotor: interior permanent
magnet motor (Interior PM), inset permanent magnet motor (Inset PM), and surface
permanent magnet motor (Surface PM). The configurations of these structures are

presented in Figure 2.1.
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Figure 2.1 : Interior PM, Inset PM and Surface PM structures, respectively [22].

The flux distribution, rotor structure complexibility, high speed response capability
and the characteristics of the control structure are compared for Interior PMs, Inset
PMs and Surface PMs in Table 2.1.



Table 2.1 : Comparison for Interior PMs, Inset PMs and Surface PMs [23].

Concepts Surface PMs Inset PMs Interior PMs
Flux Distribution Trapezoidal | Trapezoidal Sinusoidal
or Sinusoidal
Rotor Structure Complexibility Simple Medium Complex
High Speed Response Cannot be Possible Possible
Capability used without
protection.

Characteristics of The Control Simple Medium Complex

Structure

According to the requirements of the application to be used; PMSM stator structure
can be designed in various forms such as concentrated or distributed winding with
integer or fractional slot. PMSMs are constructed with fractional slot concentrated
winding with less end turns instead of distributed one for applications requiring higher
power density. In similar approach, spoke type interior permanent magnet (spoke IPM)
structure should be preferred to achieve maximum power density as well as satisfying
load demands. In literature, different radial flux interior or surface magnet

synchronous motor topologies with different slot-pole ratio are observed.

Permanent magnets in the rotor create the magnetic field in IPMSMs. According to
the Ampere's Law, the fundemental interaction between rotating magnetic field of the
stator which is created by the currents and constant magnetic field of the rotor produces
the electromagnetic torque that creates rotating torque. Due to the rotor rotation, time
varying magnetic field induces voltage in the stator windings. In this cycle, induced
voltage is called back electromotive force (EMF) based on Faraday's law. A single-

phase equivalent circuit model is demonstrated as below in Figure 2.2.

* R L T
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Figure 2.2 : A single-phase equivalent circuit model [24].
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Three phase equations are obtained as follow according to Faraday’s law via

equivalent circuit depicted in Equation (2.1), where EMF(t) is the induced back
electromotive force [24].
vu(t):Riu(t)+Lud|(”j—t(t)+EMFu(t)
_ di, (t)
v, (t)=Ri, (t)+ LV$+ EMF, (t) 2.1)
=R 0+, 2. e, 1)

Back EMF expressions are expressed as the time derivative of stator flux linkages to
recover equations from time dependency. The stator flux linkages for each phase are

defined in Equation (2.2) [24].
vi =L,y

vy =Li, +y)" (2.2)

Vo =Ly 93"

In order to obtain general representation Equation (2.1) and Equation (2.2) are

combined and the expressions are given in Equation (2.3) [24].

S
v, =Ri, +M
dt
o dy)
vy =Rl + == (2.3)
S
v, =Ri, +dﬂ
dt

Three phase system is transferred into to an equivalent two phase system by shifting uvw
reference frame to off frame with Clarke transformation, because IPMSMs are satisfied

below in Equation (2.4) [25].

v,+v, +v,=0
i, +i, +i,=0 (2.4)
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The Clarke transformation is shown with Figure 2.3 and transformation matrix is

represented as below Equation (2.5);

uvw ap
stationary frame stationary frame
i

u I{z
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Figure 2.3 : A single-phase equivalent circuit model [24].
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The two phase system can be depicted both in the fixed reference frame of the stator

and in the rotating reference frame of the rotor which is called d-g. The rotor position

which is denoted by 6, is represented the angle between the rotating and stationary

references frames. Park transformation is expressed as transformation from stationary

to rotating reference frame [25].

If Clarke transformation is applied to the Equation (2.1) and Equation (2.2), three
phase model is reduced two phase in matrix form as follows in Equation (2.6);

Vv R, + &, (L, + L, cos20) di, L, sin 20 i o
|: a:|: dt dt |:_”‘:|+Wl//pM|: :| (2 6)
v, ddlj:Llsin 20 R, erd'j:(L0 ~ L, cos26) iy cosd _

where; i, and ig are armature currents, V, and Vg are stator voltages, w is electrical

angular velocity of the rotor, @ is electrical angular position of the rotor, R armature

and yp,, is magnet flux linkage.

In addition Lo and L1, which are d and g axes inductances respectively is formulated

follow in Equation (2.7);
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L, -L (2.7)

Due to the d and q axes inductances are not equal in IPMSMs, obtained expressions
and equations are more complex. Besides, terms connected with torque and flux is not
seen obviously which are the critical parameters for motor control in aff reference
frame equations. If model is fictionalised in rotational reference frame substituted for
stationary reference frame, the model is simplified. In this way, it is possible to use
DC components instead of AC components that change with time [25].

By using Park transformation, stationary reference frame is transferred into rotating

reference frame with Equation (2.8).

fy| | cos@ sing|f,

f,| |-sin@ cosd| f, (2.8)
Mathematical expression complexity is reduced by using rotating reference frame
representation and IPMSM model is demonstrated as below matrix with Equation

(2.9), where ig and iq are armature currents, Vg and Vq are stator voltages. Differential

operator is symbolized as p [25].

Vo| [Ra+p(Ly)  —wr, i 0
= . |t (2 9)
Vq WL R, + p(Ld) lq WY om '
As mentioned previously, torque and flux related terms are obtained with d-q reference
frame representation. In addition; unlike stationary frame transformations, position-

dependent terms are also avoided. IPMSM torque equation is obtained as below in

Equation (2.10), where P is the pole pairs number [25].

3 1
T, =5P[WPM (I Lq)'d]'q (2.10)

Torque equation is demonstrated that g axis current component (ig) is contributed to

torque production and d axis current component (iq) is related with flux linkage.
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2.2 Washing Machine Application-Oriented PMSM Selection

One of the most dominated household appliances all around the world is the washing
machine. According to the literature review based on washing machine performance
improvement, standard features available in the washing machines are still being
further developed so as to gathering maximum efficiency, low energy consumption,
decreasing existing torque ripple and reduction of noise level for customer satisfaction

[1].

The washing machine application is complicated with regard to motor control due to
a wide speed range and load variation. Considering the dynamic drum load
characteristics of the washing machine, the motor start-up torque is changed according
to the load conditions, low speeds in washing mode and high speeds in spin mode.
Permanent magnet synchronous motors (PMSMs) make possible incorporating precise
torque control features with sensorless control techniques to the system to utilize the
maximum motor torque required for motor acceleration while the motor/drum start-
up. PMSMs are designed to accomplish not only in the constant torque mode (washing
cycle) when their speed is below-rated speed but also in the constant power mode
(spinning cycle) when above-rated speed. PMSMs are used in washing machines have
a wide operating range because voltage control is performed below-rated speed and

field weakening control is applied above-rated speed [2].

Recent world-wide interest towards PMSMs, especially impinge on various areas of
applications such as home appliances, electric vehicles, robotics, industrial drives and
vehicular propulsion. Utilizing accurate torque control capabilities and enabling
variable speed motor drives yield a possibility to increase demand of PMSMs when
compared to conventional universal motors [5]. In addition; PMSMs outperform over
other traditional motor types used in home appliances in terms of efficiency, power
density (power to volume ratio), torque to mass ratio which enables compact structure,

dynamic performance and low noise level.

A recent focus for the motor used in washing machine application is to ensure the same
output with smaller volume also decrease the cost of the used materials at the same
time. In order to meet such requirements, instead of traditional universal motors

PMSMs are preferable due to the reduced audible noise, long lifetime and more
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efficiency. Considering this approach, IPMSMs are well suited for such applications

enabling miniaturisation and cost competitiveness with better performance.

In this section, the advantages of the PMSMs are presented over other conventional
universal motors used in today’s washing machines. The most commonly used
washing machine specifications which is a typical horizontal belted-motor driven
washing machine (H axis) are introduced. According to the washing machine
application requirements; the selection of the PMSM motor is discussed for a belted-
motor type washing machine which is composed of two pulleys with the belt

transmitting the speed, torque and power from the motor to the drum.

2.2.1 Advantages of PMSM

Recent world-wide interest towards permanent magnet synchronous motors (PMSMs),
especially impinge on various areas of applications such as home appliances, electric
vehicles, robotics, industrial drives and vehicular propulsion. Utilizing accurate torque
control capabilities and enabling variable speed motor drives yield a possibility to
increase demand of PMSMs when compared to conventional universal motors. In
addition; PMSMs outperform over other traditional motor types used in home
appliances in terms of efficiency, power density (power to volume ratio), torque to
mass ratio which enables compact structure, dynamic performance and low noise level
[5].

Considering the requirements of commercial products, long lifetime and low noise
level are the most important factors to emphasise. It is observed that the universal
motor noise level is extremely high due to the brush and collector structure when the
universal motor performance on the washing machine is tested. In the spinnig
operation, where the washing machine operates at high speeds, unwanted audible noise
is occured due to the brush and collector structure of the universal motor. In addition,
the deteriation on brushes is reduced the motor lifetime. In order to meet such
requirements, instead of traditional universal motors PMSMs are preferable due to the
reduced audible noise, long lifetime and more efficiency. As a result, IPMSMs are well
suited for such applications enabling miniaturisation and cost competitiveness with

better performance [26].
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2.2.2 Washing machine application requirements

One of the most dominated household appliances all around the world is the washing
machine. In order to better understanding to the working of the washing machine,
washing and spinning operations are also examined. The washing cycle is the main
operation for cleaning and is also the longest operating period. Washing mode can
basically be interpreted as circulating dirty laundry with detergent and water. This
wash cycle, in which the laundry is constantly tumbled, can take up to 60 minutes. In
the patents related to the washing machine, it is stated that the drum should be rotated
at a speed of 40 to 80 rpm in order to provide an effective laundry cleaning. The water
pumped into the drum at the starting of cycle is created a heavy load for the motor and
is required a high startup torque. Washing machine load torque is not only affected by
weight of laundry, also it is showed periodic variation depending on the load drum
speed. The falling movement of the laundry causes a sudden change in speed [2,26].

The balance points of laundry on the drum for washing cycle is shown in Figure 2.4.
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Figure 2.4 : The laundry positions on the drum for washing cycle [26].

Washing machine rinse mode is the operation cycle in which the dirty water with
detergent is discharged and washed again with cold water only. The rinsing operation,
where the drum speed is lower than the washing cycle speed, is created a heavy load

and low speed condition for motor operation [2,26].

Lastly, in spinning mode washing machine operates in high speed and low torque. In

the spinning cycle, the main purpose is to drain the rinsed water. The main problem in
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spinning is the imbalance created by the loads that cannot be dissipated in distribution
cycle by sticking to the drum surface. To solve this problem, known as unbalanced
load, algorithms are used to determine the load is occurred at the which point of the
drum [2,26].

The washing machine application is complicated with regard to motor control due to
a wide speed range and load variation. Considering the dynamic drum load
characteristics of the washing machine, the motor start-up torque is changed according
to the load conditions, low speeds in washing mode and high speeds in spin mode.
PMSMs make possible incorporating precise torque control features with sensorless
control techniques to the system to utilize the maximum motor torque required for
motor acceleration while the motor/drum start-up. PMSMs are designed to accomplish
not only in the constant torque mode (washing cycle) when their speed is below-rated
speed but also in the constant power mode (spinning cycle) when above-rated speed.
PMSMs are used in washing machines have a wide operating range because voltage
control is performed below-rated speed and field weakening control is applied above-
rated speed [2]. A generic torque-speed curve of the washing machine which includes

both washing and spinning operations is given in Figure 2.5.
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Figure 2.5 : A sample washing machine torque-speed curve.

According to the literature review based on washing machine performance
improvement, standard features available in the washing machines are still being
further developed so as to gathering maximum efficiency, low energy consumption,

decreasing existing torque ripple and reduction of noise level for customer satisfaction.

A recent focus for the motor used in washing machine application is to ensure the same

output with smaller volume also decrease the cost of the used materials at the same
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time. In order to meet such requirements, instead of traditional universal motors
PMSMs are preferable due to the reduced audible noise, long lifetime and more
efficiency. Considering this approach, IPMSMs are well suited for such applications

enabling miniaturisation and cost competitiveness with better performance.

Considering to the washing machine requirements and the expected outputs from the
motor performance, there should be certain restrictions in the motor selection.
According to the washing machine application requirements; the selection of the
PMSM motor is important for a belted-motor type washing machines which are
composed of two pulleys with the belt transmitting the speed, torque and power from
the motor to the drum. The belt is used for connection between motor and drum. The
washing machine pulley is attached to the pulley of the motor through a belt. The motor
speed and the drum speed is not equal for this kind of washing machines, due to the
belt use, the speed is transferred in proportion with a transmission ratio. In line with
this information, the transmission ratio between the motion of the motor shaft and
drum is obtained. Considering this transmission ratio, drum torque-speed and motor

torque-speed data is interpreted [26].

In order to provide a higher power density, IPMSMs are commonly designed with
fractional slot concentrated winding with less end turns instead of distributed one. In
similar approach, interior permanent magnet (mostly spoke type) structure is preferred
to achieve maximum power density as well as satisfying load requirements. Apart from
this structure, surface magnet rotor topologies for washing machine application are
introduced in the literature. The advantages and disadvantages of the IPMSMs to have
an interior permanent magnet structure instead of surface or inset permanent magnet

are presented below based on the requirements of the application [27].
Advantages:
1. Achieving high speeds in the spinning mode using field weakening
2. High torque/weight ratio
3. Mechanical robustness

4. Lower cogging torque
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Disadvantages:

1. Complex and higher cost for rotor production
2. Current ls component

Due to the cost-optimization constraint of the washing machine, permanent magnet
(PM) material is chosen usually sintered ferrite instead of bonded rare earth PMs which

are inclined to increase since 2020 for IPMSMs.

Some of the important performance criteria are related to motor thermal performance
regarding to operation conditions. As an example, motor heating performance on
washing machine at different load and operation conditions is very essential to satisfy
IEC standarts. The fundamental standards that should be satisfied for washing machine

application as a commercial product are given as follows;
e EN 60335-1 / Safety general requirements
e EN 60335-2-7 / Safety particular requirements for washing machines

e |EC/EN 60704-2-4 / Particular requirements for washing machines and spin

extractors
e TS END55014-1 & 55014-2 / Electromagnetic compatibility (EMC)

e EN61000-3-2 & EN 61000-3-3 / Electromagnetic compatibility (EMC) Limits

2.3 PMSM Control Method for The Commercial Product

Determination of the rotor position information is critical to obtain an efficient control
for IPMSMs. Rotor position can be obtained by using sensors or estimating with
sensorless control methods. Using a rotor position sensor such as encoders, resolvers
and hall effect sensors on the motor shaft is not preferable for cost competitive
applications such as washing machine. Since the use of extra sensors in the motor
increase the cost of the product, it creates a disadvantage for product groups where
competition is critical. Therefore, in such kind of applications position estimation
techniques are preferred instead of mechanical sensor which measures the rotor
position directly. To summarize, the use of sensors might be lead to complex cable
structure, operation speed range limitation, misalignment on assembling and needing
calibration [24].
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The direction of the rotor magnetization flux direction relative to the stator windings
should be constantly known in order to effectively manage the control algorithms in
IPMSMs and to create a rotating stator magnetic field in syncronized with the rotor
magnetic field created by the permanent magnets. Field oriented control (FOC) and
direct torque control (DTC) are aimed to control angle between stator magnetic field
ile rotor magnetic field to reduce the torque ripple which is mentioned as one of the
major disturbing effects. The core structure of field oriented control principle is

summarized in Figure 2.6.
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Figure 2.6 : The field oriented control principle [28].

On the other hand, in sensorless control estimators are used instead of rotor position
sensors. Estimators use the stator voltages and the stator currents which are the results
of applied voltages as an input to the driver software implementation. Advanced motor
control algorithms are demanded more exactly motor electrical parameters such as Lg
(d axis synchronous inductance), Lq (q axis synchronous inductance) and ke (back
EMF constant). Electrical parameters are required to achieve the desired closed loop
performance and for back EMF observer constants by setting the PI controller gains.
By means of this electrical parameter implementation to the system, position and speed

of the motor is estimated properly.

At low speeds which is corresponding to the washing cycle, open loop start-up
technique is preferred in order to spin the motor in the case of high back EMF for back

EMF observer. If spinning cycle is considered, due to the high speed operation, d-q
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reference frame is used for back EMF observer. The field weakening algorithm is
needed for above the machine base speed operations. By using this algorithm speed
limitation obstacle is coped with. In these regions where high speed is required, the
negative d-axis current is applied with field weakening algorihtm and the back EMF
voltage is reduced by rotor field weakening in response to the need to provide an output
voltage higher than the output voltage limited by DC link voltage. As a result, a higher

stator current is allowed related with voltage limited by DC link voltage [25,28].
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3. ANALYSIS OF REAL SAMPLE COMMERCIAL IPMSM

The initial step of the studies related to IPMSM motor design is to determine the requirements
of the application in which the motor will be used and to evaluate the different motor topologies
used for this application in the literature. In this thesis; since it is aimed to improve the
performance of a real sample motor for washing machine application, the performance of the
designed motor should match with the requirements of the application. Recent world-wide
research towards to motor used for washing machine application is to ensure the same output
with smaller volume also decrease the cost of the used materials at the same time. Considering
this approach, IPMSMs are well suited for such applications enabling miniaturisation and cost
competitiveness with better performance. These principles are taken into account when

evaluating the real sample motor and designed data presented in this section.

First of all, the design specifications and design data of a real sample motor used in a washing
machine are given. Disturbance effect, simulation and experimental results are presented and
discussed. After the details of the existing IPMSM and the motor results are given, 2D design
is created with ANSYSS software program based on current motor specifications. In order to
make the analysis, simulation and experimentation feasible and sustainable, the model is

created to be accurate enough to represent existing production.

Taking into consideration the requirements of the washing machine in order to fully evaluate
the motor performance both real sample motor and designed motor results are assessed under
different scenarios including cogging torque, open circuit back EMF and on load. For these

different scenarios, the matching of the data of both motor is checked and compared.

In this chapter is focused on proving the accuracy of the model created in Maxwell 2D by
making a comparison between designed motor and existing motor. The topics mentioned in this
section include the design and validation of the real sample model in terms of electrical
performance that will be the base for the parametric analysis and multi-objective genetic

algorithm which are the main targets for the following chapters.
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3.1 Real Sample Motor

In this section, the design specifications and design data of a real sample IPMSM used for a
typical horizontal belted-motor driven washing machine (H axis) is presented. The design
criteria for the motor to be used for comparison is evaluated in accordance with the
requirements and constraints for the washing machine application. Disturbance effect,
simulation and experimental results are presented and discussed for existing IPMSM.

3.1.1 Real sample motor data

One of the most dominated household appliances all around the world is the washing machine.
According to the literature review based on washing machine performance improvement,
standard features available in the washing machines are still being further developed so as to
gathering maximum efficiency, low energy consumption, decreasing existing torque ripple and

reduction of noise level for customer satisfaction [1].

Recent world-wide research towards to motor used for washing machine application is to ensure
the same output with smaller volume also decrease the cost of the used materials at the same
time. In order to meet such requirements, instead of traditional universal motors PMSMs are
preferable due to the reduced audible noise, long lifetime and more efficiency. Considering this
approach, IPMSMs are well suited for such applications enabling miniaturisation and cost
competitiveness with better performance. Additionally, PMSMs make possible incorporating
precise torque control features with sensorless control techniques to the system to utilize the

maximum motor torque required for motor acceleration while the motor/drum start-up [2].

In this scope, the design specifications and design data of a real sample IPMSM used for a
typical horizontal belted-motor driven washing machine (H axis) is presented. A sample design

of a front loading belted-motor type washing machine is given in Figure 3.1.
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Figure 3.1 : A sample design of a front loading belted motor type washing machine.

A belted-motor type washing machine composed of two pulleys with the belt transmitting the
speed, torque and power from the motor to the drum as given in Figure 3.1. A large pulley is
combined on the drum shaft with a diameter of 300 mm whereas a smal pulley is mounted on
the motor shaft whose diameter is 20 mm. As a consequence, for the real sample IPMSM, the
transmission ratio between the motion of the motor shaft to drum is obtained approximately
1:15. This means if the motor to drum transmission ratio is 1:15, the drum speed for 1200 rpm
at spinning cycle with 1.08 Nm rated torque, motor torque-speed values can be computed
straightforwardly which are corresponding to the spinning cycle: speed as 18000 rpm and rated
torque as 0.07 Nm. The selected IPMSM for washing machine application has two load
characteristics as a washing mode at 780 rpm and a spinning mode at 18000 rpm. The rated
torque and maximum torque values of this motor both washing and spinning operations

(operational torques) are given in Table 3.1.
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Table 3.1: Real sample motor rated and maximum torque values for washing and spinning

operations.
Drum Torque-Speed Turn Motor Torque-Speed
Operation | Speed Trom Tpeak | Ratio Speed Thom Tpeak

Mode
Washing 52rpm | 140Nm | 285Nm | 15 780 rpm | 0.93 Nm | 1.90 Nm

Spininng | 1200 rpm | 1.08 Nm | 295 Nm | 15 18000 rpm | 0.07 Nm | 0.20 Nm

The washing machine application is complicated with regard to motor control due to a wide
speed range and load variation. Considering the dynamic drum load characteristics of the
washing machine, the motor start-up torque is changed according to the load conditions, low
speeds in washing mode and high speeds in spin mode. PMSMs are designed to accomplish not
only in the constant torque mode (washing cycle) when their speed is below-rated speed but
also in the constant power mode (spinning cycle) when above-rated speed. PMSMs are used in
washing machines have a wide operating range because voltage control is performed below-
rated speed and field weakening control is applied above-rated speed. Torque-speed
characteristics of the real sample IPMSM in the washing mode representing high torque, low
speed and in the spinning mode representing high speed, low torque are discussed by

considering motor control approach [2].

One of the critical disadvantage is the increased core losses depending on the frequency for the
operating conditions where the shaft power is kept constant and the motor rotates at higher

speed and requires low torque and is presented in Figure 3.2.
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Figure 3.2 : Core losses vs frequency.
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For the real sample IPMSM model with 8 pole, the stator current frequency in [Hz] is calculated
for wash and spin cycles as given in Table 3.2, where fs is the frequency of the stator supply, N

is the synchronous speed and p is the number of poles by using Equation (3.1).

_120.1s
P

N (3.1)

Table 3.2: Real sample motor stator current frequency for the wash and spin cycles in Hz.

Number of Pole: 8

Operation Speed Turn Ratio | Stator Current
Mode Frequency [Hz]

Washing 52 rpm 15 52.0

Spininng 1200 rpm 15 1200

The sample model is reached maximum torque up to 780 rpm through the voltage control with
in proportion to the incereased speed. In the case of the voltage limit is reached at the rated
speed, the voltage can be no increased in proportional to the speed. That is why the voltage
control can not be applied. After this phase, as the speed increases, the constant power region
becomes active and the magnetic flux is reduced step by step with field weakening operation.
The sample model is achieved a constant torque region of 0.93 Nm nominal at 780 rpm rated
speed through voltage control in the washing mode. Similary, for spinning cycle which is
executed a high-speed operation, 0.07 Nm nominal torque is required for 18000 rpm through
field weakening control.

The real sample IPMSM model is used for comparison has a 12/8 slot-pole ratio with
concentrated windings on the stator. According to the washing machine application
requirements; in order to provide a higher power density, sample motor is designed with
fractional slot concentrated winding with less end turns instead of distributed one [14]. In
similar approach, spoke type interior permanent magnet (spoke IPM) structure is preferred to
achieve maximum power density as well as satisfying load requirements [29]. Literature and
patent researches includes different radial flux interior or surface magnet synchronous motor

topologies in similar slot-pole ratio combination. The advantages and disadvantages of the
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sample motor to have an interior permanent magnet structure instead of surface or inset

permanent magnet are presented below based on the requirements of the application [27].
Advantages:

1. Achieving high speeds in the spinning mode using field weakening

2. High torque/weight ratio

3. Mechanical robustness

4. Lower cogging torque

Disadvantages:

1. Complex and higher cost for rotor production
2. Current lg component
According to the washing machine requirements and the expected outputs from the motor

performance, there should be certain restrictions in the motor design and given in Table 3.3.

Table 3.3: Motor design restrictions.

Motor Design Restrictions
Line EMF THD < %3
Bst. Peak < 1.7 T
Jrms < 8.0 A/mm?
Magnet Demagnetization < %5

Design criteria for the real sample IPMSM is presented in Table 3.4.

Table 3.4: Design criteria for the real sample IPMSM.

Motor Design Criteria

Ferrite Magnet Br: 0.40 T
Slot Fill Factor < 0.80

Torque for Wash / Spin: 0.65/0.15 Nm
n (speed) for Wash / Spin: 780 / 18000 rpm
Tpeak: 2.0 Nm

Nbase: 5000-6500 rpm

Max. Shaft Power: 400W
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Considering the cost-optimized criterion of the washing machine, the permanent magnet (PM)
material is sintered ferrite for the real sample motor, despite bonded rare earth PMs are inclined
to increase since 2020 [30]. In addition, as a result of the studies aimed at enabling the use of
rare-earth magnets, it is revealed that the cogging torque and back EMF THD components
obtained extremely high when taking into account the washing machine motor design
restrictions. As a different approach, when the PM material is chosen NdFeB the existing
magnet cross-sectional area could not be kept constant, requiring an alternative mounting

process which is required additional cost for production.

The existing motor model design specifications and design criteria are explained up to this point

based on the washing machine requirements are summarized below in Table 3.5.

Table 3.5: Real sample motor model design specifications.

Contents Washing Spininng
Speed [rpm] 780 18000
Load Torque [Nm] 0,65 0,15
Power [W] 55W 400W
DC Bus Voltage [V] 310V
Rated Voltage [V] 220V AC
Rated Current [Ams] 1,2 A

In the following part, current IPMSM motor results is examined in terms of the disturbance

effect, simulation and experimental results.

3.1.2 Real sample motor results

In this part of the thesis; the results of the real sample motor which is structurally introduced
and design criteria are given, is demonstrated. Disturbance effect, simulation and experimental
results are presented and discussed. Taking into consideration the requirements of the washing
machine in order to fully evaluate the motor performance real sample motor results are
evaluated under different scenarios including cogging torque, open circuit back EMF and on
load. The results given in this section are very important in terms of evaluating and interpreting
the performance of the existing motor. As a result, determining the existing condition of
disturbance effects, which are resulted from motor through analysis and experimental test

results, and the goal of improving motor performance is realized on the basis of these data.
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3.1.2.1 Disturbance effect results

The most important components of the effects of harmonic torque distortions on the permanent
magnet synchronous motor are the back electromotive force (back EMF) harmonics, cogging
torque and and torque ripple. There are many studies in the literature to eliminate disturbance
effects by reducing cogging torque and torque ripple. It is proven with many researches that the
disturbance effects on the machine are reduced by the geometric improvements on motor design
and the development of the algorithms used in the motor control. Obtaining optimal pole pitch
and pole ratio, different magnet design, reducing slot opening width, rotor or stator part skewing
and slotless construction is the main contributers for motor geometrical parameters optimization

to get low cogging torque effect [2].

Torque ripple occurs at on-load condition and is undesirable because it causes vibration in the
load response. Electromagnetic torque, reluctance torque results from saliency and cogging
torque is the major components which lead to torque ripple. For this part; the most crucial
parameter to be evaluated while giving the results of the existing motor's disturbance effect will
be the cogging torque. The real sample motor cogging torque result which is obtained from

numerical analysis is presented in Figure 3.3.
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Figure 3.3 : The real sample motor cogging torque result [Nm].

The real sample motor torque changing depending on rotor position is presented in Figure 3.4.
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Figure 3.4 : The real sample motor torque ripple result [Nm].

Based on the results given in this section, the undesirable effects of the existing motor are
revealed. Concordantly, the real sample IPMSM peak to peak cogging torque value is found as
81.12 [mNm]. It is noticed that the cogging torque and torque ripple are opened to improve to

obtain better performance.

3.1.2.2 Previous finite element modeling for transient analysis

In this section, the results of 2D transient magnetic analysis of the real sample motor are
presented. The mesh structure of the existing IPMSM via whole model and cross sectional area

are shown in Figure 3.5.

Figure 3.5 : The mesh structure of the real sample IPMSM.
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The magnetic flux density distribution of the real sample IPMSM is shown in Figure 3.6.
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Figure 3.6 : The magnetic flux density distribution of the real sample IPMSM.

Magnetic analysis are given at no-load condition to provide the created total magnetic field by
permanent magnets without stator effect. In line with this approach, the connection between
permanent magnets and the stator-rotor magnetic circuit is controlled. The results of the
magnetic analysis performed under no load condition are demonstrated that the flux
distributions are smooth and magnetic flux density distribution is not exceeded the Bst. Peak <
1.7 T limit value as discussed in Section 3.1.1. This result proved that the real sample motor
was designed in accordance with washing machine application magnetic field restrictions. As
expected, it is concluded that the flux density at no load condition is become higher in rotor

shape around magnets arising from permanent magnets.

3.1.2.3 Experimental results

At this stage, the solo performance curves of the real sample motor are indicated on the
dynamometer. The construction of the dynamic performance test system is presented in Figure
3.7.
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Figure 3.7 : The construction of the dynamic performance test system.

The existing motor characteristics curves in other words torque-current and torque-efficiency

are presented in below Figure 3.8 and Figure 3.9, respectively.
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Figure 3.8 : The real sample motor torque-current curve.

In the torque current graph, the point where the graph starts to go linear is represented the
saturation point.
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Torque-Efficiency Curve
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Figure 3.9 : The real sample motor torque-efficiency curve.

Besides, line (phase to phase) voltages and phase voltages were obtained as below in Figure
3.10 and Figure 3.11, respectively.
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Figure 3.10 : The real sample motor line voltages [V].
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Figure 3.11 : The real sample motor phase voltages [V].

In this section, the experimental results of the current motor are shared. The data obtained
experimental results will be compared with the motor to be designed, and model validation will
be checked based on the reliability of the simulation results.

3.2 Re-Analyzing and Confirmation of The Motor By FEA

In this section, the basic structure of the finite element analysis (FEA), which is widely used in
solving engineering problems, is explained. 2D design steps of the real sample motor used in
washing machine applications, which is aimed to improve cogging torque, presented in ANSYS
software program based on finite element method. After this step, disturbance effect, finite
element modeling for transient analysis and other simulation results are presented. Taking into
consideration the requirements of the washing machine in order to fully evaluate the motor
performance the designed motor results are evaluated under different scenarios including
cogging torque, open circuit back EMF and on load. The results given in this section are very

important in terms of evaluating and interpreting the performance of the designed motor.

3.2.1 Fundamentals of FEA

Solving engineering problems consists of two main steps as formulating the problem
mathematically, and numerical analysis of created mathematical model. The most commonly
used method for this analysis is finite element method. Finite element analysis is a numerical
modeling technique developed for the analysis of engineering problems involving nonlinear

materials and complex geometrical structure [31].
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A system expressed mathematically by performing finite element analysis can be considered as
a modeling consisting of sub-parts. In line with this approach; geometry is divided into a large
number of smaller parts that can numerically solve the problem with a specific approximation.
Nodal points are formed on the volume or surface geometry separated by these structures called
meshes. The properties of the defined material are assigned to each node. The equations are
solved so that the potential function for each node is the smallest. The solution of each element
is expressed as the combination of solutions obtained from the nodes that consist of this
element. Since finite element analysis is usually perform in two or three dimensions for many
applications, by using the symmetry and periodicity properties, the dimensions of the problems
are adapted [31,32].

The solution of the finite element equations is based on the analysis of static, frequency domain
and time varying electromagnetic and electric fields using basic Maxwell's equations. PMSMs
are consisted of a stationary magnetic flux source which is permanent magnets located on the
rotor part and the rotating magnetic field of the stator. Depending on the rotation, magnetic
fields that change with time induce electric fields which is given in Equation (3.2) with

Faraday’s law, where B is magnetic flux density and E is electric field intensity [31,32].

rOtE = VxE = yos (3.2)
ot
In case of electric field causes current according to Ohm's law is given in Equation (3.3), where

J is current density.

J=0oxE (3.3)

According to the Ampere's Law; interaction between the magnetic field of the rotor and
synchronous alternating current of the stator windings creates force (F) for rotor to rotate. As
soon as the rotor begins to rotate at synchronous speed with the stator field, the rotor poles are
interlaced with the rotating magnetic field of the stator. The equations proving that the current
density (J) is the source of the magnetic field intensity (H) are given as follows in Equation
(3.4), where D is the electric flux density [31,32].
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F=JxB
e 3.4
rotH=V><H=J+(%D (34

Gauss law is related with two main approach: the distribution of electric charge (p) is the source
of electric flux density and in an enclosed loop total magnetic field is zero, as expressed in
Equation (3.5).

\:

(3.5)

<y <l
s )

D=p
.B=0

In the simplest expression, FEA method is the division of geometry into small parts to eliminate
the difficulty of complex boundary conditions for engineering problems where it is not possible
to define the potential function to cover the entire solution. Then, equations are obtained for the

each element created and analytical analysis is performed by applying boundary conditions to

these equations.

PMSM electromagnetic field analytical calculation is based on Laplacian and Poisson equations
of a magnetic vector potential and magnetic scalar potential within the respective regions. In
this manner; conducting region of the permanent magnets and non-conducting regions of air
gap and rotor can be modelled by using magnetic vector potential (A) and magnetic scalar
potential (3), where Hr is total magnetic field intensity. Concordantly, relevant correlations and
Laplacian type equations are given for non-conducting regions as expressed in Equation (3.6),

where p is the permeance [31].

H, =-V.9

V.uV.9=0 (36)

Similar way; conducting regions can be formed as below Equation (3.7) by using magnetic flux

density (B) and electric field intensity (E) concepts, where V is scalar electric potential, @ is
the speed [31].
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B=VxA

E:—Z—?—V.V+a)xVxA 3.7)

In order to obtain the scalar potential function (V) equation; scalar electric potential is
denominated in terms of magnetic vector potential (A) and speed (w) values and is given in
Equation (3.8) [31].

V =Aw (3.8)

Ampere's Law and divergence theorem are combined as below in Equation (3.9) [31].

VxlexA:o{—a—A—a}xVxA+V.\/j
Y7 ot

OA
V.G(—E—G)XVXA-%V.V):O (39)

Vxlex A=o{—%—(w.V)A—(AV)w— Ax(an))j
yri

As a result; the electromagnetic field change of rotating electrical machines is mathematically

expressed with FEA basic Maxwell equations by applying the boundary conditions.

3.2.2 Motor design with ANSY'S software program

A real sample PMSM used in washing machine application with 12/8 slot-pole ratio is designed
in ANSYS 2D software. It is aimed to verify 2D design by comparing the results obtained from
the finite element analysis with the actual performance values of the real sample motor. The
flow diagram built for ANSYS 2D design is given in Figure 3.12.
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Positioning the rotor, stator and magnet objects is performed by revealing
the measurements of the real sample motor.

i

hd

Winding arrangement is done.

Since the sample motor to be designed has a spoke type rotor structure
and has slits on rotor part, it is not directly implemented from the default
rotor structures in the Maxwell 2D. Therefore, rotor structure is rebuilt.

hd

Assign material for objects and define core losses

¥
Set magnetization direction for magnets

¥
Define boundary conditions, excitations and mesh operations

Figure 3.12 : 2D design flow diagram.

The geometry of the designed motor that exactly matches with the mass production is shown in

Figure 3.13.
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/

Figure 3.13 : The designed motor geometry.

3.2.3 Designed motor results

In this study, ANSYS Maxwell 2D transient analysis is used for finite element analysis of the
designed sample motor. Transient analysis takes much longer than magnetostatic analysis.
Although it will extend the analysis process time, in order to obtain more accurate results and
to take into account the geometrical problems transient analysis is preferred. The reason is that
the problem is solved again for each time in transient analysis until reach the steady state. This
allows transients in the system to be taken into account. In addition, the more complex transient

equations extend the analysis time.

2D transient analyzes are performed using ANSY'S software program based on finite element
method. The geometry of the problem is automatically split into small triangles in Maxwell 2D
to obtain the set of algebraic equations to solve. Maxwell 2D adaptive meshing capability
provides the assembly of all triangles automatically which is called the finite element mesh of
the model. The materials, boundaries and source conditions are assigned for the created 2D
model and the electromagnetic field problems are solved by applying Maxwell's equations over
a finite space region with Maxwell 2D.
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In this step, disturbance effect, finite element modeling for transient analysis and other
simulation results are presented. Taking into consideration the requirements of the washing
machine in order to fully evaluate the motor performance the designed motor results are
evaluated under different scenarios including cogging torque, open circuit back EMF and on
load. The results given in this section are very important in terms of evaluating and interpreting
the performance of the designed motor.

3.2.3.1 Disturbance effect results

For this part; the most crucial parameter to be evaluated while giving the results of the designed
motor’s disturbance effect is the cogging torque. Cogging torque analysis is performed at no-
load condition in Maxwell 2D. Therefore, the cogging torque effect is occured when flux passes
under each stator teeth due to the permanent magnets inside the rotor. Due the fact that the real
sample IPMSM used in washing machine application with 12/8 slot-pole ratio, as proportional
to the number of poles, there should be 24 cogging steps in one rotor mechanical turn. In this
case, the cogging torque period is calculated to be 15 degree. Since the speed is held constant
at 1.0 deg/sec, 15 degree is corresponded to be 15 second. The designed motor cogging torque

analysis result is presented as below in Figure 3.14.

Cogging Torque
50,00
40,00
30,00
20,00
10,00
0,00
-10,000'OO
-20,00

-30,00

Cogging Torque[mNewtonMeter]

-40,00

-50,00

Time [s]

Figure 3.14 : The designed motor cogging torque result.

The designed motor torque changing depending on rotor position is presented in Figure 3.15.
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Figure 3.15 : The designed motor torque ripple result.

Accorrding to the above results, torque ripple, which is the other unwanted effect is computed
at loaded condition in 780 rpm with below Equation (3.10) and depends on peak to peak torque

(Tpeaktopeak) and mean torque (Tavg), Where is sembolized as Tripple.

T

T __ ' peaktopeak

ripple — T (310)

avg

Torque ripple percentage is computed as below for the designed motor in Equation (3.11).

Tripple (%) = Tpeaktopeak = 58,99[mNm]

T ~ 794,35[mNm|

avg

Based on the results are given until this part, the undesirable effects of the designed motor are
revealed. Concordantly, the designed sample IPMSM peak to peak cogging torque value is
found as 86,62 [MNm] and torque ripple percentage is defined as 7,43%. In the parametric

optimization to be capabled, it is aimed to reduce the cogging torque value.

Besides, back EMF THD results are presented for single phase and phase to phase voltages in

Figure 3.16 and Figure 3.17, respectively.
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Figure 3.16 : The designed motor line back EMF harmonic spectrum.
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Figure 3.17 : The designed motor phase back EMF harmonic spectrum.

FFT analysis for single phase back EMF is performed up to 1000 Hz in order to focus on the
frequency spectrum better. Thus, fundamental components of the harmonics are selected

obviously.

The results given in this section are very important in terms of evaluating and interpreting the

validation of the designed motor.
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3.2.3.2 Designed motor finite element modeling for transient analysis

In this section, the results of Maxwell 2D transient magnetic analysis of the designed motor are

presented. The mesh of the model automatically generated by ANSY'S for simulation is given
in Figure 3.18.

ST ]
o o
AT
AL

Figure 3.18 : The mesh of the IPMSM model.

The magnetic flux density and equi-flux distribution of the created IPMSM are shown in Figure
3.19 and Figure 3.20, respectively.
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Figure 3.19 : The magnetic flux density distribution of the designed IPMSM model.
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Figure 3.20 : The equi-flux distribution of the designed IPMSM model.
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Magnetic analysis are performed at no-load condition to provide the created total magnetic field
by permanent magnets without stator effect. In this way, the interaction between permanent
magnets and the stator-rotor magnetic circuit is examined. The results of the magnetic analysis
performed under no load condition are demonstrated that the flux distributions are smooth and
magnetic flux density distribution is not exceeded the Bst. Peak < 1.7 T limit value.
Accordingly, it is concluded that the flux density is high where the area is rotor shape around

magnets resulting from permanent magnets.

3.2.3.3 Other results

In this stage, open circuit back EMF analysis is performed to obtain line peak to peak, line rms,
phase peak to peak and phase rms values in Maxwell 2D. Open circuit analysis are carried out
under 1000 rpm to obtain easy transition to degree/per second. Line and phase voltages are

presented in Figure 3.21 and Figure 3.22, respectively.

Line Voltages [V]
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Figure 3.21 : The designed motor line voltages.
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Figure 3.22 : The designed motor phase voltages.

In line with these curves obtained, line peak to peak, line rms, phase peak to peak and phase
rms values that form the basis of the back EMF scenario are obtained and shown in the Table
3.6.

Table 3.6: Back EMF scenario.

Back EMF Scenario
Line peak to peak voltage: 78.9931 [V]
Line rms voltage: 27.1225 [V]
Phase peak to peak voltage: 44.7196 [V]
Phase rms voltage: 15.6474 [V]

After meausrement of the line-to-line and phase voltages, equivalent parameter determination,
which primarily show the characteristics of the motor, is performed. Because, today’s advanced
motor control algorithms are demanded more exactly motor electrical parameters such as Lq (d
axis synchronous inductance), Lq (q axis synchronous inductance) and ke (back EMF constant).
Electrical parameters are required to achieve the desired closed loop performance and for
BEMF observer constants by setting the PI controller gains. Necessary equation for back EMF
coefficient (ke) [V.s/rad] and torque coefficient (ki) which are the quantities to be controlled for

the motor to be optimized, are given in Table 3.7.
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Table 3.7: Back EMF and torque coefficients.

Back EMF and Torque Coefficients

Back EMF Coefficient (ke) : 0,377
Torque Coefficient (ki) : 0,562

The designed motor phase currents, phase flux linkages, phase voltages and core losses on rotor

and stator are presented in below at 780 rpm in Figure 3.23, Figure 3.24, Figure 3.25, and Figure

3.26, respectively.
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Figure 3.23 : The designed motor phase currents.
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Figure 3.24 : The designed motor phase flux linkages.
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Figure 3.25 : The designed motor phase voltages.
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Figure 3.26 : The designed motor core losses on rotor and stator.

Throughthout this study, since analysis and examinations are performed under constant
frequency, the losses are given only for the existing motor, the evaluation of the losses for

optimization is not given priority.

In this section, the simulation results of the designed motor are shared. The data obtained
simulation results will be compared with the real sample motor results, and model validation

will be checked based on the reliability of the simulation results.
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3.3 Comparison of Real Sample and Designed Motor Results

In this section, the disturbance effect, finite element modeling for transient analysis, simulation
and experimental results of the real sample motor and designed motor are compared. Actually,
the data obtained simulation results is compared with the real sample motor simulation results,
and model validation is checked based on the reliability of the simulation results. Taking into
consideration the requirements of the washing machine in order to fully evaluate the designed
motor performance both real sample and designed motor results are compared under different
scenarios including cogging torque, open circuit back EMF and on load. According to the

results given in previous section are used for evaluating and interpreting the design verification.

The results of the finite element modeling for transient analysis, disturbance effect, and other

simulation results are compared for the existing model and the designed model, respectively.

Firstly; the existing and the designed motor finite element modeling transient analysis results

are confirmed each other in terms of magnetic flux density.

The most crucial parameter to be evaluated while giving the results of the motor's disturbance
effect is cogging torque. The peak to peak cogging torque values are compared both the existing

model and the designed model in Table 3.8.

Table 3.8: Peak to peak cogging torque comparison.

Contents Peak to Peak Cogging Torque Result [mMNm]
The Existing Model 81,12
The Designed Model 86,62

It is observed that the cogging torque peak to peak values are close to each other.

Another important parameter to be evaluated while giving the results of the motor's disturbance

effect is torque ripple. The obtained torque ripple simulation results are confirmed each other.

On the other hand, when the back EMF scenarios are compared both the existing model and the
designed model according to the simulation results, line peak to peak and phase peak to peak

voltages are so close and are confirmed each other.
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3.4 Interpretation of Results

Consequently, determining the disturbance effects which are obtained from analysis results and

the goal of improving motor performance is realized on the basis of these compared data.

Considering all compatible results from the disturbance effect, finite element modeling for
transient analysis and the other simulation results of the designed motor validation is proved.
The simulation results are performed with the designed model is found to be reliable when is

compared with the existing motor. Optimization process is continued via this model.
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4. DESIGN OPTIMIZATION

The first stage of parametric modeling is to determine the motor geometric parameters
that will most affect the quantities which are the optimization targets and to evaluate
the different geometric optimization methods used for this application in the related
literature. In order to be able to evaluate and interpret the effects of geometric
parameters on motor performance more comprehensively, many studies have been
presented in the literature related with the optimization of geometric parameters. It is
proven with many researches that the disturbance effects on the machine are reduced
by the geometric improvements on motor design. For this purpose, the rotor of the
designed motor is completely parametrically modeled.

First of all, the parametric analysis and design optimization are proposed on the
influence of several geometrical parameters which are the rotor pole face, magnet
opening, magnet thickness, magnet length, air gap and rotor slit the investigated spoke
type IPMSM. The parametric analysis is configured with definition reasonable ranges
for each selected geometrical variable without ignoring the IPMSM motor

requirements of the washing machine.

After creating parametric model, the effects of determined rotor geometrical
parameters on cogging torque and torque ripple are investigated comprehensively.
Taking into consideration the requirements of the washing machine in order to fully
evaluate the infuence of the parameter on motor performance, results which are
obtained from each paramater change are evaluated under different scenarios including
cogging torque, open circuit back EMF and on load. Considering to the analyzes
performed with the parametric model, the parameters most affecting the cogging

torque value are rotor pole face and magnet length.

It is obvious that the analysis results are obtained from parametric modeling are the
basic building blocks for the genetic algorithm. In line with the evaluation of the
parametric analysis results, the most effective parameters are chosen on disturbance

effect and determined ranges for each parameter are reconstructed considering the
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washing machine application motor requirements and restrictions. The computational
complexity and calculation time for the genetic algorithm optimization is reduce with
this approach.

In second part, genetic algorithm optimization is performed with several geometrical
parameters which are the rotor pole face, magnet opening, magnet thickness, magnet
length and air gap parameters the investigated spoke type IPMSM with appropriate
intervals and results are obtained as minimizing the cogging torque. In order to achieve
the most proper design, the parametric analysis results and genetic algorithm results
are evaluated both the individual and the combined. From the analysis results on the
parametric model, the approach of which parameter is effective on the cogging torque
and the results that give the lowest cogging torque value in the genetic algorithm are

combined and the number of models obtained is reduced to the best two design.

Since the prototyping of optimized motor is aimed when evaluating the appropriate
results from the genetic algorithm are taken into account the production capabilities.
Disturbance effect, finite element modeling for transient analysis and the other
simulation results are compared for the two best models obtained as a result of genetic
algorithm and parametric optimization. According to these results, the design of the
motor to be prototyped is decided. After this step, a prototype is constructed base on
the best design.

4.1 Parametric Modeling

In this chapter is focused on constructing a parametric model using the motor design
validated in the previous section. The first stage of parametric modeling is to determine
the motor geometric parameters that will most affect the quantities which are the
optimization targets, similar to the design section, and to evaluate the different
geometric optimization methods used for this application in the related literature. In
order to be able to evaluate and interpret the effects of geometric parameters on motor
performance more comprehensively, many studies have been presented in the

literature related with the optimization of geometric parameters.

Recently, a various number of methods have been proposed by researchers to eliminate
disturbance effects. It is proven with many researches that the disturbance effects on
the machine are reduced by the geometric improvements on motor design [7].
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Besides, it has been determined that magnet selection and magnet geometry had an
influence on cogging torque. Especially, it has been shown the magnet embrace was
an effective parameter directly on the cogging torque [11]. In [13], an optimization has
been proposed in order to reduce the torque ripple for the interior permanent magnet
(IPM) motor via permanent magnet (PM) and ferromagnetic material (FM) part of the
rotor design. These different materials, referred to as PM, FM and air, were formulated
to minimize torque ripple under volume constraints. It has been emphasised that
changing rotor permanent magnet structure was directly associated with reluctance
torque which was lead to increase torque ripple [14]. An optimization has been
implemented regarding to the rotor shape to improve performance of IPM motor.

On the other hand, it has been proposed the various barrier shape designs for IPMSM
used in a direct drive washing machine to reduce high magnetic torque which was
inversely proportional with torque ripple at low speeds corresponding to the wash
cycle [15]. In [16], the rotor of V type IPMSM has been parametrically modeled to
ensure the average torgue, torque ripple, cogging torque, efficiency optimization. As
a result of the analyzes carried out for the selected parameters, it was determined which
parameter had more effect on the target size for improvement. By limiting the results
obtained within the limits and constraints, the most suitable design parameters have

been reached.

Moreover, in [19], in order to minimize the cogging torque provided that the same
output power, torque or current, rotor structure has been changed in terms of thickness
and shape of the magnets and pole span by using a genetic algorithm optimization tool.
In addition; genetic algorithm has been used for minimum cogging torque requirement
by changing magnet shape [20]. For this purpose, permanent magnet pole slice
arrangement was performed with optimization tool in order to be able to define exact

values.

According to the aforementioned literature researches, it is determined that the rotor
geometric structure optimization is the most effective in order to achieve cogging
torque, torque ripple and back EMF harmonics improvement. For this purpose, the

rotor of the designed motor is completely parametrically modeled.

In this study, the parametric analysis and design optimization are proposed on the

influence of several geometrical parameters which are the rotor pole face, magnet
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opening, magnet thickness, magnet length, air gap and rotor slit the investigated spoke
type IPMSM. One of the reason why the selected parameters include especially
magnets, magnetomotive force is created by permanent magnets. Also, permanent
magnet geomery is directly affected the cogging torque [16]. The parametric analysis
Is configured with definition reasonable ranges for each selected geometrical variable
without ignoring the IPMSM motor requirements of the washing machine.

4.2 Parametric Optimization Results

In this part, the effects of determined rotor geometrical parameters on cogging torque
and torque ripple are investigated comprehensively. Disturbance effect and simulation
results are presented and discussed as similar with Section 3.1.2 and Section 3.2.3.

Taking into consideration the requirements of the washing machine in order to fully
evaluate the infuence of the parameter on motor performance, results which are
obtained from each paramater change are evaluated under different scenarios including
cogging torque, open circuit back EMF and on load.

In order to achieve the most proper design, the parametric analysis results are evaluated
both the individual and the combined by considering on the interaction effects of

depicted parameters.

It is obvious that the analysis results to be obtained by parametric modeling are the
basic building blocks for the genetic algorithm. In next part, in line with the evaluation
of the parametric analysis results, the most effective parameters will be chosen on
disturbance effect and determined ranges for each parameter will be reconstructed
considering the washing machine application motor requirements and restrictions. It is
aimed to reduce the computational complexity and calculation time for the genetic

algorithm optimization.

4.2.1 Cogging torque results

For this part, the most crucial criteria to be evaluated while giving the results of the
the determined rotor geometrical parameters on disturbance effect is the cogging

torque.

Cogging torque analysis is performed at no-load condition in Maxwell 2D as similary

mentioned in previous sections. In this case, the cogging torque period is calculated to
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be 15 degree. Since the speed is held constant at 1.0 deg/sec, 15 degree is corresponded
to be 15 second.

In this part, the parametric analysis results are presented for the influence of cogging
torque for each parameter which are the rotor pole face, magnet opening, magnet
thickness, magnet length, air gap and rotor slit, respectively. Since it is a trade secret,
geometrical dimensions are not shared in the analysis results given in this section. In
order to better interpret the analysis results, the minimum and maximum points of the
defined intervals on the result graphs are specified for each geometric quantity and the

increase and decrease of these values within the defined interval are explained.

The parametric analysis results are presented for the influence of cogging torque for
the rotor pole face parameter as below in Figure 4.1. In this analysis, all parameters

except the rotor pole face were kept the same as the existing motor.

Cogging Torque

50

Cogging Torque[mNewtonMeter]

-50 .
Time [s]

Figure 4.1 : Cogging torque change for the different rotor pole face length.

The top curve is represented the existing motor without a pole face. The bottom curve
is represented the highest pole face value. The pole face value was solved by increasing

in the given range.

The effect of the rotor pole face on the peak to peak cogging torque value and the
cogging /nominal ratio change are given in the Figure 4.2, where nominal term is

corresponded to the cogging torque value of the real sample current motor.
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Figure 4.2 : The effect of the rotor pole face on the peak to peak cogging torque
value and the cogging /nominal ratio change.

The rotor pole face value is given by decreasing from left to right. The leftmost dot
represents the highest pole face value, and the rightmost dot represents the lowest pole

face value.

The effect of the rotor pole face on the peak to peak and average cogging torque are

given in the Figure 4.3.

Tpeaktopeak [mNm] Rotor Pole Face Effect on Cogging Torque Tavg [mNm]
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Figure 4.3 : The effect of the rotor pole face on the peak to peak and average
cogging torque.
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The rotor pole face value is given by decreasing from left to right. The leftmost dot
represents the highest pole face value, and the rightmost dot represents the lowest pole

face value.

As a result of the analysis, when the change of the rotor pole face parameter in
specified range on the cogging torque is examined, it is observed that this parameter
Is quite effective on the cogging torque. Increase in rotor pole face parameter is lead
to cogging torque decrease. Minimum cogging torque value is obtained at maximum

pole face length which is corresponding to the lowest cogging torque graph.

The parametric analysis results are presented for the influence of cogging torque for
the magnet opening parameter as below in Figure 4.4. In this analysis, all parameters
except the magnet opening and rotor pole face were kept the same as the existing

motor. The rotor pole face value was analyzed as maximum value.

Cogging Torque
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Figure 4.4 : The influence of cogging torque for the magnet opening.

The top curve is represented the highest magnet opening length. The bottom curve is
represented the lowest magnet opening length. The magnet opening length was solved

by increasing in the given range.

The effect of the magnet opening on the peak to peak cogging torque value and the
cogging /nominal ratio change are given in the Figure 4.5, where nominal term is

corresponded to the cogging torque value of the real sample current motor.
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Figure 4.5 : The effect of the magnet opening on the peak to peak cogging torque
value and the cogging /nominal ratio change.

The magnet opening length is given by increasing from left to right. The leftmost dot
represents the lowest magnet opening length, and the rightmost dot represents the

highest magnet opening length.

The effect of the magnet opening on the peak to peak and average cogging torque are
given in the Figure 4.6.
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Figure 4.6 : The effect of the magnet opening on the peak to peak and average
cogging torque.
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The magnet opening length is given by increasing from left to right. The leftmost dot
represents the lowest magnet opening length, and the rightmost dot represents the

highest magnet opening length.

As a result of the analysis, when the change of the magnet opening parameter in
specified range on the cogging torque is examined, it is observed that this parameter
Is effective on the cogging torque. Increase in magnet opening parameter is lead to

cogging/nominal ratio decrease.

The parametric analysis results are presented for the influence of cogging torque for
the magnet thickness parameter as below in Figure 4.7. In this analysis, all parameters
except the magnet thickness and rotor pole face were kept the same as the existing

motor. The rotor pole face value was analyzed as maximum value.

Cogging Torque

30

Cogging Torque[mNewtonMeter]

-30 )
Time [s]

Figure 4.7 : The influence of cogging torque for the magnet thickness.

The top curve is represented the highest magnet thickness length. The bottom curve is
represented the lowest magnet thickness length. The magnet thickness length was

solved by increasing in the given range.

The effect of the magnet thickness on the peak to peak cogging torque value and the
cogging /nominal ratio change are given in the Figure 4.8, where nominal term is

corresponded to the cogging torque value of the real sample current motor.
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Tpeaktopeak [mNm] Magnet Thickness Effect on Cogging Torque Coggin(%;r;ominal
0

50,00 6,60%
48,00 6,40%
46,00 6,20%
44,00 6,00%
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40,00 5,60%
38,00 5,40%
36,00 e c0ogging_peaktopeak e cogging ratio >,20%
34,00 5,00%

Magnet Thickness [mm]

Figure 4.8 : The effect of the magnet thickness on the peak to peak cogging torque
value and the cogging /nominal ratio change.

The magnet thickness length is given by increasing from left to right. The leftmost dot
represents the lowest magnet thickness length, and the rightmost dot represents the

highest magnet thickness length.

The effect of the magnet thickness on the peak to peak and average cogging torque are
given in the Figure 4.9.

Tpeaktopeak [mNm] Magnet Thickness Effect on Cogging Torque Tavg [mNm]
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48,00 740,00
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620,00
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34,00 560,00

Magnet Thickness [mm]

Figure 4.9 : The effect of the magnet thickness on the peak to peak and average
cogging torque.
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The magnet thickness length is given by increasing from left to right. The leftmost dot
represents the lowest magnet thickness length, and the rightmost dot represents the

highest magnet thickness length.

As a result of the analysis, when the change of the magnet thickness parameter in
specified range on the cogging torque is examined, it is observed that this parameter
Is quite effective on the cogging torque. Increase in rotor magnet thickness parameter

is lead to cogging torque increase also.

The parametric analysis results are presented for the influence of cogging torque for
the magnet length and air gap parameters as below in Figure 4.10. Since changes in
magnet length directly correspond to air gap change, the evaluation of these parameters
is given together considering their interactions with each other. In this analysis, all
parameters except the magnet length, air gap and rotor pole face were kept the same

as the existing motor. The rotor pole face value was analyzed as maximum value.

Cogging Torque

Cogging Torque[mNewtonMeter]

Time [s]

Figure 4.10 : The influence of cogging torque for the air gap.

The top curve is represented the higher air gap and lower magnet length when
compared to the existing motor. The bottom curve is represented the higher magnet
length and lower air gap. The magnet length was solved by decreasing and the air gap

was solved by increasing in the given range.
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The effect of the magnet length and air gap on the peak to peak cogging torque value
and the cogging /nominal ratio change are given in the Figure 4.11 and Figure 4.12,
respectively where nominal term is corresponded to the cogging torque value of the

real sample current motor.

Tpeaktopeak [mNm] Magnet Length Effect on Cogging Torque Cogging/nominal
0,
94 .00 (%) 15,00%
14,00%
84,00
13,00%
74,00 12,00%
64,00 11,00%
10,00%
54,00
9,00%
44,00 o
e c0gging_peaktopeak  e====cog ratio 8,00%
34,00 7,00%

Magnet Length [mm]
Figure 4.11 : The effect of the magnet length on the peak to peak cogging torque
value and the cogging /nominal ratio change.

The magnet length is given by decreasing from left to right. The leftmost dot represents

the highest magnet length, and the rightmost dot represents the lowest magnet length.

Tpeaktopeak [mNm] Air Gap Effect on Cogging Torque Coggingo//nominal
0

94,00 *) 15,00%

14,00%
84,00

13,00%
74,00 12,00%
64,00 11,00%

10,00%
54,00

9,00%
44,00 e c0ogging_peaktopeak  e====cogging ratio 8.00%
34,00 7,00%

Air Gap [mm]

Figure 4.12 : The effect of the air gap on the peak to peak cogging torque value and
the cogging /nominal ratio change.
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The air gap is given by increasing from left to right. The leftmost dot represents the
lowest air gap, and the rightmost dot represents the highest air gap.

The effect of the magnet length and air gap on the peak to peak and average cogging

torque are given in the Figure 4.13 and Figure 4.14, respectively.

Tpeaktopeak [mMNm] Magnet Length Effect on Cogging Torque Tavg [mNm]

94,00 900,00
\ 850,00

84,00
800,00

74,00
750,00

64,00
700,00

54,00
650,00

44,00
e Ccogging_peaktopeak === average, torque 600,00
34,00 550,00

Magnet Length [mm]
Figure 4.13 : The effect of the magnet length on the peak to peak and average
cogging torque.

The magnet length is given by decreasing from left to right. The leftmost dot represents

the highest magnet length, and the rightmost dot represents the lowest magnet length.

Tpeaktopeak [mMNm] Air Gap Effect on Cogging Torque Tavg [mNm]
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34,00 500,00

Air Gap [mm]

Figure 4.14 : The effect of the air gap on the peak to peak and average cogging
torque.
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The air gap is given by increasing from left to right. The leftmost dot represents the
lowest air gap, and the rightmost dot represents the highest air gap.

As a result of the analysis, when the change of the air gap in specified range on the
cogging torque is examined, it is observed that this parameter is quite effective on the
cogging torque. The decrease of the air gap below a certain value caused a decrease in
the cogging torque value, but also increased the ripple ratio. In addition, since reducing
the air gap below a specific value affects the producibility, this case is taken into

account in the changes applied for this parameter.

The parametric analysis results are presented for the influence of cogging torque for
the rotor slit parameter as below in Figure 4.15. The effect of this parameter is
evaluated as structure with and without rotor slit. Since the real sample motor has rotor
slit, the effect of cogging on torque is given for the slitless construction. In this
analysis, all parameters except the rotor slit and rotor pole face were kept the same as

the existing motor. The rotor pole face value was analyzed as maximum value.

Cogging Torque

30

Cogging Torque[mNewtonMeter]

-30 .
Time [s]

Figure 4.15 : The cogging torque for the rotor slitless structure.

As a result of the analysis, when the change of the rotor slit parameter in specified
range on the cogging torque is examined, it is observed that the slitless structure has a
lower cogging torque value. However, since the slit structure is preferred for

applications with high speed requirements, only the effect of this parameter on the
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cogging torque is shown. This parameter is not included in the genetic algorithm

optimization process.

4.2.2 Torque ripple results

For this part, the most crucial criteria to be evaluated while giving the results of the
the determined rotor geometrical parameters on disturbance effect is the torque ripple.
The parametric analysis results are presented for the influence of torque ripple for each
parameter which are the rotor pole face, magnet opening, magnet thickness, magnet
length, and air gap, respectively. Since it is a trade secret, geometrical dimensions are
not shared in the analysis results given in this section. In order to better interpret the
analysis results, the minimum and maximum points of the defined intervals on the
result graphs are specified for each geometric quantity and the increase and decrease

of these values within the defined interval are explained.

The parametric analysis results are presented for the change of the rotor pole face
parameter according to the motor torque changing depending on rotor position as
below in Figure 4.16. In this analysis, all parameters except the rotor pole face were

kept the same as the existing motor.
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Figure 4.16 : The influence of the rotor pole face change on motor torque ripple
result.
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The top curve is represented the existing motor without a pole face. The bottom curve
is represented the highest pole face value. The pole face value was solved by increasing

in the given range.

The parametric analysis results are presented for the change of the rotor pole face
parameter on back EMF coefficient (ke) and torque coefficient (k) results as below in
Figure 4.17.

Ke Rotor Pole Face Effect on Back EMF and Torque Coefficients K,

0,50 0,60
0,49 0,58
0,48 0,56
0,47 0,54
0,46 \ 0,52
0,45 0,50
044 = 0,48
0,43 0,46
0,42 0,44
0,41 ke =« 0,42
0,40 0,40

Rotor Pole Face [mm]

Figure 4.17 : The effect of the rotor pole face on back EMF coefficient (ke) and
torque coefficient (k).

The rotor pole face value is given by decreasing from left to right. The leftmost dot
represents the highest pole face value, and the rightmost dot represents the lowest pole

face value.

As a result of the analysis, when the change of the rotor pole face parameter in
specified range on the torque ripple is examined, it is observed that this parameter is
quite effective on the torque ripple. An increase in the rotor pole face parameter is

caused an increase in torque ripple.

The parametric analysis results are presented for the change of the magnet opening
parameter on washing cycle torque results as below in Figure 4.18. In this analysis, all
parameters except the magnet opening and rotor pole face were kept the same as the

existing motor. The rotor pole face value was analyzed as maximum value.
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Figure 4.18 : The influence of the magnet opening change on motor torque ripple

The top curve is represented the highest magnet opening length. The bottom curve is

result.

represented the lowest magnet opening length. The magnet opening length was solved

by increasing in the given range.

The parametric analysis results are presented for the change of the magnet opening

parameter on back EMF coefficient (ke) and torque coefficient (kt) results as below in

Figure 4.19.

Ke
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Kt
0,55
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0,53

0,52
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Figure 4.19 : The effect of the magnet opening on back EMF coefficient (ke) and

torque coefficient (k).
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The magnet opening length is given by increasing from left to right. The leftmost dot
represents the lowest magnet opening length, and the rightmost dot represents the

highest magnet opening length.

As a result of the analysis, when the change of the magnet opening parameter in
specified range on the torque ripple is examined, it is observed that this parameter is
effective on the torque ripple. An increase in the magnet opening parameter is caused

a decrease in torque ripple.

The parametric analysis results are presented for the change of the magnet thickness
parameter on washing cycle torque results as below in Figure 4.20. In this analysis, all
parameters except the magnet thickness and rotor pole face were kept the same as the

existing motor. The rotor pole face value was analyzed as maximum value.

Torque Result
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Figure 4.20 : The influence of the magnet thickness change on motor torque ripple
result.

The top curve is represented the highest magnet thickness length. The bottom curve is
represented the lowest magnet thickness length. The magnet thickness length was

solved by increasing in the given range.

The parametric analysis results are presented for the change of the magnet thickness
parameter on back EMF coefficient (ke) and torque coefficient (k) results as below in
Figure 4.21.
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K, Magnet Thickness Effect on Back EMF and Torque Coefficients K,
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0,45 0,53
0,44 0,52
0,43 0,51
0,42

0,50
0,41

0,49
0,40

0,48
0,39
0,38 0,47
0,37 0,46

—— e — [t

0,36 0,45
0,35 0,44

Magnet Thickness [mm]

Figure 4.21 : The effect of the magnet thickness on back EMF coefficient (ke) and
torque coefficient (k).

The magnet thickness length is given by increasing from left to right. The leftmost dot
represents the lowest magnet thickness length, and the rightmost dot represents the

highest magnet thickness length.

As a result of the analysis, when the change of the magnet thickness parameter in
specified range on the torque ripple is examined, it is observed that this parameter is
effective on the torque ripple. An increase in the magnet thickness parameter is caused

an increase in torque ripple.

The parametric analysis results are presented for the change of the magnet length and
air gap parameters on washing cycle torque results as below in Figure 4.22. Since
changes in magnet length directly correspond to air gap change, the evaluation of these
parameters is given together considering their interactions with each other. In this
analysis, all parameters except the magnet length, air gap and rotor pole face were kept
the same as the existing motor. The rotor pole face value was analyzed as maximum

value.
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Torque Result

950

Torque [MNewtonMeter]

Time [ms]

Figure 4.22 : The influence of the air gap change on motor torque ripple result.

The top curve is represented the higher air gap and lower magnet length when
compared to the existing motor. The bottom curve is represented the higher magnet
length and lower air gap. The magnet length was solved by decreasing and the air gap

was solved by increasing in the given range.

The parametric analysis results are presented for the change of the magnet length and
air gap parameters on back EMF coefficient (ke) and torque coefficient (ki) results as

below in Figure 4.23 and Figure 4.24, respectively.

- K
Ke Magnet Length Effect On Back EMF and Torque Coefficients !
0,60 0,65
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Figure 4.23 : The effect of the magnet length on back EMF coefficient (ke) and
torque coefficient (k).
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The magnet length is given by decreasing from left to right. The leftmost dot represents
the highest magnet length, and the rightmost dot represents the lowest magnet length.

Ke Air Gap Effect on Back EMF and Torque Coefficients K,
0,55 0,65
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0,50
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0,40
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Figure 4.24 : The effect of the air gap on back EMF coefficient (ke) and torque
coefficient (k).
The air gap is given by increasing from left to right. The leftmost dot represents the
lowest air gap, and the rightmost dot represents the highest air gap.

As a result of the analysis, when the change of the air gap parameter in specified range
on the torque ripple is examined, it is observed that this parameter is quite effective on

the torque ripple. An increase in the air gap parameter is caused a decrease in torque
ripple.

4.3 Multi-Objective Genetic Algorithm (MOGA) Optimization

In this chapter is focused on an optimization process by using multi-objective genetic
algorithm (MOGA\) according to the parametric model results. The first stage of multi-
objective genetic algorithm is to determine the quantities that will most affect the
which are the optimization targets, and to evaluate the different multi-objective genetic
algorithm optimization methods used for this application in the related literature. In

order to be able to evaluate and interpret the effects of geometric parameters on motor
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performance more comprehensively, many studies have been presented in the

literature related with the multi-objective genetic algorithm optimization.

Recently, a various number of methods have been proposed by researchers to eliminate
disturbance effects. It is proven with many researches that the disturbance effects on

the machine are reduced by the geometric improvements on motor design [7].

In [18], a genetic algorithm optimization of PMSM in order to ensure the high power
density and high speed requirement has been presented. By using high optimization
techniques such as genetic algorithm small volume with high power requirement was
satisfied. In [19], in order to minimize the cogging torque provided that the same
output power, torque or current, rotor structure has been changed in terms of thickness
and shape of the magnets and pole span by using a genetic algorithm optimization tool.
In addition; genetic algorithm has been used for minimum cogging torque requirement
by changing magnet shape [20]. For this purpose, permanent magnet pole slice
arrangement was performed with optimization tool in order to be able to define exact

values.

Besides, a novel method by using genetic algorithm has been conducted to be able to
minimize the magnitude and phase of the harmonic currents for an IPMSM [21].
Providing this goal, genetic algorithm were applied to achieve decreasing the peak to
peak torque ripple, reducing the harmonic currents, and increasing the average torque
component. As a result of optimization the objectives have been achieved regarding to

chosen parameters.

Genetic algorithm is a comprehensive optimization algorithm method which is aimed
to obtain the optimal solutions for given problem by maximizing or minimizing a
specific function. This algorithm is developed by John Holland in the 1960s and 1970s
which is a model matched with biological evolution separation in reference to Charles

Darwin's theory of natural selection [33,34].

Genetic algorithm is referred as evolutionary computation because of simulating the
breeding biological processes and natural selection. In accordance with this purpose,
many terms used in the algorithm are chosen by taking samples from biology literature
for example fitness. The fitness function is comed from evolutionary theory and is

tried to optimize by genetic algorithm [33,34].
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The basic structure of the genetic algorithm is examined, it is seen that it has a structure
established from certain components. As the most important components of the
algorithm can be expressed as a fitness function definition to be able to optimized, a
population of chromosomes, chromosomes extracting to identfiy the reproducement,
chromosomes crossovering to obtain next generation and random mutations of

chromosomes [33].

In this part, cogging torque optimization of IPMSM is performed by using multi-
objective genetic algorithm integrated with ANSYS software. It is obvious that the
analysis results to are obtained by parametric modeling are the basic building blocks
for the genetic algorithm. In line with the evaluation of the parametric analysis results,
the most effective parameters are chosen on disturbance effect and determined ranges
for each parameter are reconstructed considering the washing machine application
motor requirements and restrictions. The computational complexity and calculation

time for the genetic algorithm optimization is reduce with this approach.

Firstly, maximum number of generations, parents, mating pool, children and next
generation are defined on the basis of evolutionary theory. The number of evaluations
is determined by the optimizer in proportion to the inputs. Then, the cost function to
be solved by genetic algorithm is defined. The cost functions reflects the goals that the
algorithm is trying to achieve. Inputs are provided for the cost function by adjusting
the goal and weights. The preponderance setting has been made for the cost functions
defined with the weight content, and the cost function is rearranged according to the
input values. The expression of the defined cost funciton in terms of goal and weight

is given below in Equation (4.1);

Costl=(G1-1) *W1
(4.1)

where,

Gl=1+ (max(abs(Movingl.Torque))— X)*(Y /Z)
4.2)

According to the Equation (4.1) cost function tried to bring the G1 value closer to 1.

The number Y in the Equation (4.2) is used to give the worst case. Other values in the
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equation are given as input by converging to the maximum and minimum peak to peak

cogging torque values found as a result of parametric optimization.

4.4 Optimization Results

In this part, optimization results are obtained as minimizing the cogging torque by
analyzing the genetic algorithm with several geometrical parameters which are the
rotor pole face, magnet opening, magnet thickness, magnet length and air gap
parameters the investigated spoke type IPMSM at appropriate intervals. As a reminder,
since the slit structure is preferred for applications with high speed requirements, only
the effect of this parameter on the cogging torque is shown. This parameter is not
included in the genetic algorithm optimization process.

In line with the evaluation of the parametric analysis results, the most effective
parameters are chosen on disturbance effect and determined ranges for each parameter
are reconstructed considering the washing machine application motor requirements
and restrictions. The computational complexity and calculation time for the genetic

algorithm optimization is reduce with this approach.

The cost-iteration graph obtained as a result of the genetic algorithm is given in the
Figure 4.25.
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Figure 4.25 : The cost-iteration graph.

The iteration results are evaluated, parameter values that give the optimized cogging
torque result are obtained. Considering the requirements for the IPMSM used for the
washing machine, the intervals given for the parameters are limited and the
optimization is repeated so that the desired result remained within the solution set. In

order to achieve the most proper design, the parametric analysis results and genetic
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algorithm results are evaluated both the individual and the combined. From the
analysis results on the parametric model, the approach of which parameter is effective
on the cogging torque and the results that give the lowest cogging torque value in the
genetic algorithm are combined and the number of models obtained is reduced to the

best two design.

According to the results of the parametric model, it is observed that giving the rotor a
pole face quite affected the cogging torque value. It is also realized that changing the
magnet length is also affected the cogging torque greatly. Considering to the analyzes
performed with the parametric model, the parameters most affecting the cogging
torque value are rotor pole face and magnet length.

Since the prototyping of optimized motor is aimed the appropriate results from the
genetic algorithm that give these two parameters are taken into consideration as a
priority, taking into account the production capabilities. Disturbance effect and
simulation results are compared for the two best models obtained as a result of genetic
algorithm and parametric optimization. According to these results, the design of the

motor to be prototyped is decided.

These two model which are optimized in terms of rotor geometrical parameters
cogging torque and torque ripple are investigated comprehensively. Taking into
consideration the requirements of the washing machine in order to fully evaluate the
infuence of the parameter on motor performance, results which are obtained from
genetic algorithm and parametric modeling are evaluated under different scenarios
including cogging torque, open circuit back EMF and on load.

4.4.1 Simulation results

For this part; the most crucial parameter to be evaluated while giving the results of the
best two designs disturbance effect is the cogging torque. The optimized motors will

be given as “Design 1” and “Design 2” after this part.

Cogging torque analysis is performed at no-load condition in Maxwell 2D. The
cogging torque period is calculated to be 15 degree. Since the speed is held constant

at 1.0 deg/sec, 15 degree is corresponded to be 15 second.

Design 1 cogging torque analysis result is presented as below in Figure 4.26.
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Figure 4.26 : Design 1 cogging torque analysis result.

Design 2 cogging torque analysis result is presented as below in Figure 4.27.

Cogging Torque
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Figure 4.27 : Design 2 cogging torque analysis result.

The design 1 motor torque changing depending on rotor position is presented in Figure
4.28.

78



Torque Result
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Figure 4.28 : Design 1 motor torque ripple result.

The design 2 motor torque changing depending on rotor position is presented in Figure
4.29.

Torque Result

~
~
ul

~
[e)]
[95]

~
ul
[05]

745

~
w
5]

Torque [mNewtonMeter]

~
N
wv

~
iy
€]

0 5 10 15 20 25 30 35 40
Time [ms]

Figure 4.29 : Design 2 motor torque ripple result.

The design 1 motor line and phase voltages are presented in Figure 4.30 and Figure
4.31, respectively.
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Figure 4.30 : Design 1 motor line voltages.
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Figure 4.31 : Design 1 motor phase voltages.

The design 2 motor line and phase voltages are presented in Figure 4.32 and Figure
4.33, respectively.
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Figure 4.32 : Design 2 motor line voltages.
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Figure 4.33 : Design 2 motor phase voltages.
The results given in this section are very important in terms of evaluating and
comparing the two design in order to prototype.
4.4.2 Comparison and interpretation

In this section, a comparison summary of the simulation results obtained from the

previous section with the existing motor is given in Figure 4.34.
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Content | Cogging Torque | Line Peak | Phase Peak | Back EMF Torque
Torque Ripple to Peak to Peak Coefficient | Coefficient
Peak to (%) Voltages Voltages (ke) (ki)
Peak [V] [V]
[mNm]
Design 1 | 48,5269 6,79 92,6331 50,4110 0,4422903 0,526
Design 2 48,6119 6,78 92,7099 50,4543 0,4426572 0,527
Existing 86.62 7,43 78,9931 44,7196 0,3771643 0,562
Motor

Figure 4.34 : Comparison of Design 1, Design 2 and existing motor simulation

If a comprehensive comparison is made between Design 1 and Design 2, it is observed
that the Design 1 motor and Design 2 motor effect on reducing existing motor
disturbance effect is highly. Since the prototyping of optimized motor is aimed when
evaluating the appropriate results from the simulation results was taken into account

the production capabilities.

4.4.3 Prototyping

In this part, the resultant design that had been analyzed and simulated in the previous
chapters were constructed in a real washing machine application. Considering the
producibility capabilities of the prototype, the sample called Design 1 was chosen as

results.

resultant design and prototyping was constructed as Figure 4.35 and Figure 4.36.

Figure 4.35 : The resultant design rotor part prototype.
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Figure 4.36 : The resultant design prototype.

In this design, the rotor pole face parameter has been created and the magnet length

has been reduced when compared to the existing motor design.
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5. CONCLUSION

In this thesis, the performance of an existing interior permanent magnet synchronous
motor (IPMSM) which is being used in commercial washing machine applications
while the disturbante effects reduced has been developed and improved. The space and
geometrical dimensions of the motor occupied inside the washing machine was kept
unchanged as a design contsraint. Studies on performance optimization with motor

control technique were excluded from the scope of this thesis.

The first topics explained in this thesis were related with the disturbance effects. The
spoke type IPMSM motors which are widely used the commercial washing machines
are needing airgap reduction and stack length reduction in order to meet the demanded
power density requirement is caused the noise problem. The source of the undesired
noise in the spinning cycle, especially at high speeds, is the motor. The most important
components of the effects of harmonic torque distortions on the PMSMs are the back
electromotive force (back EMF) harmonics, cogging torque and and torque ripple. It
is proven with many researches that the disturbance effects on the machine are reduced
by the geometric improvements on motor design and the development of the
algorithms used in the motor control. Consequently, unwanted mechanical impacts are

reduced such as vibration, noise and rotor stress.

The second section under this thesis are the definition of the specifications of the
IPMSM used for a typical horizontal belted-motor driven washing machine. This
features were listed as IPMSM structure, equivalent circuit and mathematical
modelling. Moreover, it was mentioned about the advantages of the PMSM over other
conventional universal motors being used in washing machines. According to the
washing machine application requirements; the selection of the PMSM motor was
discussed for a belted-motor type washing machine which is composed of two pulleys
with the belt transmitting the speed, torque and power from the motor to the drum.
Addition to this, the PMSM control method, based on washing machine application

was presented. These topics are considered as the basic building blocks formed the
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basis of determining the requirements of the selected application and improving the
motor design accordingly.

In the third part of this study, the design specifications and design data of a real sample
IPMSM used for a typical horizontal belted-motor driven washing machine has been
examined. The design criteria for the motor to be used for comparison were evaluated
in accordance with the requirements and constraints for the washing machine
application. For this purpose, the disturbance effect, simulation and experimental

results were investigated for existing IPMSM.

Afterwards, the real sample PMSM used in washing machine application with 12/8
slot-pole ratio was designed in ANSYS 2D software. 2D design steps of the real
sample motor used in washing machine applications, which was aimed to improve
cogging torque, were presented in ANSYS software program based on finite element
method. After this step, disturbance effect, finite element modeling for transient
analysis and other simulation results were obtained similar with existing IPMSM.
Taking into consideration the requirements of the washing machine in order to fully
evaluate the motor performance the designed motor results were evaluated under
different scenarios including cogging torque, open circuit back EMF and on load. The
results were given in this section are very critical in terms of evaluating and

interpreting the performance of the designed motor.

It was aimed to verify 2D design by comparing the results obtained from the finite
element analysis with the actual performance of the real sample motor. Considering
all compatible results from the disturbance effect, finite element modeling for transient
analysis and the other simulation results of the designed motor validation was proved.
The simulation results were obtained with the designed model was found to be reliable
when compared with the existing motor. Optimization process was continued with this

model.

In the next chapter, after confirming the validation and reliability of the established
model, the model was converted into a parametric analysis model. Due to the fact that
it was proven with many researches that the disturbance effects on the machine were
reduced by the geometric improvements on motor design, the rotor of the designed

motor was completely parametrically modeled.
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The parametric analysis and design optimization were performed on the influence of
several geometrical parameters which were the rotor pole face, magnet opening,
magnet thickness, magnet length, air gap and rotor slit the investigated spoke type
IPMSM. The parametric analysis was configured with definition reasonable ranges for

each selected geometrical variable.

In the next step, the effects of determined rotor geometrical parameters on cogging
torque and torque ripple were investigated comprehensively. Taking into consideration
the requirements of the washing machine in order to fully evaluate the infuence of the
parameter on motor performance, results which were obtained from each paramater
change were evaluated under different scenarios including cogging torque, open circuit
back EMF and on load. Considering to the analyzes performed with the parametric
model, the parameters most affecting the cogging torque value were found as rotor

pole face and magnet length.

In order to expand the data pool obtained cogging torque optimization of IPMSM was
performed by using multi-objective genetic algorithm integrated with ANSYS
software. It was obvious that the analysis results obtained by parametric modeling
were the basic building blocks for the genetic algorithm. In line with the evaluation of
the parametric analysis results, the most effective parameters were chosen on
disturbance effect and determined ranges for each parameter were reconstructed
considering the washing machine application motor requirements and restrictions. The
computational complexity and calculation time for the genetic algorithm optimization
was reduce with this approach.

Parametric values with the lowest cogging torque were selected from the data set to
provide the cost function determined for the genetic algorithm optimization. From the
analysis results on the parametric model, the approach of which parameter was
effective on the cogging torque and the results that was given the lowest cogging
torque value in the genetic algorithm were combined and the number of models

obtained was reduced to the best two design.

Disturbance effect and simulation results were compared for the two best models
obtained as a result of genetic algorithm and parametric optimization. According to
these results, the design of the motor to be prototyped was decided.
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These two model which were optimized in terms of rotor geometrical parameters
cogging torque and torque ripple were investigated comprehensively. Taking into
consideration the requirements of the washing machine in order to fully evaluate the
infuence of the parameter on motor performance, results which were obtained from
genetic algorithm and parametric modeling were evaluated under different scenarios
including cogging torque, open circuit back EMF and on load. The optimized motors

was given as “Design 1” and “Design 2” after this part.

If a comprehensive comparison was made between Design 1 and Design 2, it was
observed that the Design 1 motor and Design 2 motor effect on reducing existing motor
disturbance effect was highly. Since the prototyping of optimized motor was aimed
when evaluating the appropriate results from the simulation results was taken into
account the production capabilities. Considering the production capabilities of the
prototype, the sample called Design 1 was chosen as resultant design. Concordantly,
it was observed that the existing motor peak to peak cogging torque value was
calculated 86.62 [mMNm] when the cogging torque of the optimized design was

calculated 48.53 [MNm] resulting in 56.0% improvement on cogging torque value.

In the final section, the prototyping of the resultant design were established. The
resultant design that had been analyzed and simulated in the previous chapters were
constructed in a real washing machine application. In this design, the rotor pole face
parameter has been created and the magnet length has been reduced when compared

to the existing motor design.

All in all, the purpose of the thesis is to develop and to improve the performance of an
existing interior permanent magnet synchronous motor (IPMSM) which is being used
in commercial washing machine applications while the disturbante effects are reduced.
The actual motor used in commercial machine was modeled and analyzed numerically
in order to obtain a trustable mathematical model. After obtaining a reliable analysis
method and model, the motor was optimized by means of both parametric modeling
and multi-objective genetic algorithm. The disturbing effects based on cogging torque
and torque ripple were decreased by changing major motor design parameter accoding
to the optimization results. In the practical stage of the study the calculated numerical
design was prototyped. Verification of the optimized design was proven with
simulations. According to the result of the study, the disturbing effect problems in

IPMSM used in a commercial washing machine were reduced dramatically and the
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new optimized design having less disturbance effects was made ready to be served for

the commercial market.
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